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FOREWORD 
Today, when several billions of fuses are manufactured each year, it is not generally 
known that they were used to protect submarine telegraph cables as long ago as 
1864. Few were produced at that time and it was not until after the establishment of 
electricity-supply systems, some 100 years ago, that their use started to increase 
greatly. 

Most people today are familiar with fuses and know how to replace them after they 
have operated. They are generally regarded as very simple devices which contain 
metal wires or strips that melt when currents above certain levels flow through them. 
It would therefore surprise the majority of people, and certainly those who first 
developed fuses, to know that their behaviour is still not fully understood and that 
much research is being conducted on them around the world as the end of the 20th 
century approaches. 

The extent of the research and development effort in recent years is evident from the 
fact that successful international conferences on fuses were held at Liverpool 
Polytechnic in the UK in 1976 and at the Technical Universities of Norway in 
Trondheim and Eindhoven in the Netherlands in 1984 and 1987 respectively. A total 
of exactly 100 papers were presented at these conferences. 

The University of Nottingham is pleased to host the Fourth International Conference 
at which over 50 papers are to be presented, the authors being from 16 countries. 
The delegates who are to be present are from many countries around the world and 
this provides further evidence of the international interest in electric fuses. A very 
warm welcome is extended to all of them and it is hoped that they will find the 
Conference activities to be both interesting and enjoyable. 

Dr Howe and I wish to thank the members of the Conference Organising and 
Technical Committees for their assistance. Thanks are also due to both Hawker 
Fusegear Ltd for the support they have provided and SOC Corporation for their 
generous sponsorship. 

Arthur Wright 
Chairman 
Technical Committee 
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LOW VOLTAGE FUSES 1919-1991 

J Feenan 
Consultant 

GEC ALSTHOM Installation Equipment Ltd 
Liverpool UK 

I am honoured to be asked to present the 
opening paper to this, the Fourth 
International Conference on Electric Fuses 
and Their Applications. These conferences 
are now established as an important event in 
the technical progress of fuses. The wide 
range of papers from an international 
assembly of authors reflects the extensive 
research which is continuing on what is 
probably the oldest electrical protective 
device - the fuse. 

In contrast to the detailed academic content 
of the majority of papers to be presented 
during this conference, I intend to concern 
myself with an historical review, together 
with a somewhat practical assessment of 
present and future trends. I have 
concentrated on low voltage fuses because 
this has been my main interest, although, as 
the conference papers show, tremendous 
strides in the design of high-voltage fuses 
have, and are taking place, and there are now 
exciting developments in miniature fuses. 

The first recorded discussion on fuses was in 
the early 1880's and in the first edition of 
the IEE Wiring Regulations in 1882, there is 
a reference to the fuse. 

Regulation II 9 states 

"Every part of the circuit should be so 
determined that the gauge of wire to be 
used is properly proportioned to the 
currents it will have to carry, and 
changes of circuit from a larger to a 
smaller conductor should be sufficiently 
protected with suitable safety fuses so 
that no portion of the conductor should 
ever be allowed to attain a temperature 
exceeding 150°F. 

NB.These fuses are the very essence of 
safety. They should always be enclosed 
in incombustible cases. Even if wires 
become perceptibly warmed by the 
ordinary current, it is a proof that 
they are too small for the work they 
have to do and that they ought to be 
replaced by larger wires". 

I am sure all delegates to this conference 
will heartily endorse the sentiments 
expressed in the note but it is also an 
interesting fact that even in the first IEE 
Wiring regulations a major consideration was 
the thermal protection of circuit conductors, 
which, as will be discussed later, has always 
been, and still is a very important design 
parameter for the low voltage fuse. 

The time scale of 1919 to 1991 given in the 
title of this paper covers a period from the 
first edition of the British Standard BS88 
'Low-voltage fuses' to the present day. 

Table 1 is a summary of the development of 
this standard from 1919 to the present time 
and it produces some interesting information 
on such subjects as : 

Breaking capacity 
Temperature rise 
Minimum fusing current 

What this summary does not reflect is the 
challenges which continuously arose during 
this period as electrical distribution grew 
and new applications emerged, testing the 
ingenuity of fuse designers, who as we know 
were proved equal to the task. Some examples 
of novel applications were fuses for 
warships, aircraft and rotating rectifiers. 
The shock, vibration and 'g' forces required 
to satisfy these applications are perhaps the 
most onerous to which any protective device 
is submitted and which few, if any, could 
equal. 

The ability to interrupt modest over-currents 
on highly inductive dc circuits,(e.g., 
traction applications and aluminium pot- 
lines) required detailed investigation into 
the design parameters of fuses suitable for 
these duties. Here again, satisfactory 
designs emerged and are in widespread use. 
The protection of large capacitor banks, 
particularly series-parallel arrangements, 
posed particular protection problems in which 
the ability of the fuse to exhibit effective 
cut-off even on high discharge currents with 
a rate of rise of l(FA/sec enabled 
satisfactory protection to be obtained. 

Breaking Capacity 

The summary of BS88 requirements (Table 1) 
shows that the cartridge fuse (or HBC fuse) , 
first included in the 1937 edition, was only 
tested at I^ (maximum prospective current) . 

These requirements, both for ac and dc, have 
grown steadily more searching and more severe 
as knowledge of the various onerous 
combinations of voltage, current, and power 
factor (or time constant) emerged, until, 
with the present edition which reflects IEC 
269, a very comprehensive and very reliable 
test series is specified which is adequate 
for the most onerous application 
requirements. 

Let through^current and I^t 

Breaking capacity alone however is not 
sufficient in modern installations: 
limitation of peak current and let through 
I^t is essential for the protection of other 
components of the electrical circuit, 
particularly as they become more compact and 
efficient. The two outstanding examples of 
associated equipment which require precise 
protection are semi-conductor devices and the 
modern compact motor starter. 

1 
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Perhaps the most significant development 
during the period under review was the 
emergence of semi-conductor fuses for the 
protection of semi-conductor devices with 
their ever increasing capability and 
application. The parallel evolution of 
suitable fuses for the protection of these 
devices is one of the great success stories 
and the fuse industry can claim to be a major 
contributor to the continuing development of 
the application of solid state devices. 

Papers included in this conference reflect 
the continuing development work on this 
subject. 

The other example, the protection of the 
modern compact motor starter, is of more 
recent origin. With the advent of these 
designs of starters, the question of their 
proper protection in electrical installations 
has arisen, mainly due to the need to comply 
with the requirements of the IEC Wiring 
Regulations and rapidly increasing demands 
for safety in electrical installations in 
many countries (exemplified in UK by the 
introduction of the "Electricity at Work 
Regulations - 1989" which is a mandatory 
document) . 

The fuse is undoubtedly the best means of 
providing the most economical and efficient 
means of protection to motor starters. This 
fact is widely recognised and the efforts of 
the Low-Voltage Fuse Committee IEC SC32B/WG8 
to determine internationally agreed 
parameters for let-through current and I^t 
for fuses for such applications is to be 
commended. When this work is complete it 
will add to the IEC fuse standard limiting 
values of I^t and Ip for L.V. fuses. This 
will improve the standard significantly and 
greatly assist the world-wide application of 
fuses to motor circuits, emphasising their 
superiority over other forms of protection. 

Time current characteristics 

Another significant achievement of IEC SC32B 
is the agreement reached on standardised time 
current characteristics for gG fuses in 
IEC269. This, coupled with the finalised 
agreements of I^t and Ip, will result in 
complete electrical interchangeability of 
fuses complying with IEC 269. The benefits 
of this achievement to the Fuse Industry are 
very significant, and it is up to the 
industry to exploit this achievement. For 
example, the 16th Edition of the IEE Wiring 
Regulations (which aligns with the IEC Wiring 
Regulations) includes one set of 
characteristics for fuses to BS88 (IEC 269-2- 
2) and five sets of characteristics for 
MCB's. The five sets of characteristics 
result from a combination of the types 1, 2 
and 3 characteristics of MCB' s to BS 
3871:1965 and types B and C characteristics 
of IEC 898 which are now included in a 
revision to BS3871. 

A table of values of Zs (earth loop 
impedance) for disconnecting times of 0.1, 
0-2, 0.4 and 5 seconds is given for each type 
of MCB compared with one Table of Zs values 
for fuses to BS88:Part 2 and Part 6 (Part 6 
fuses are the compact types submitted to IEC 
32B for inclusion in IEC269). 

Therefore the simplicity of fuse application 
and interchangeability compares very 
favourably with the very complicated problem 
of interchanging MCB's. In fact, it is true 
to say that despite the great effort which 
the MCB Industry has made towards dimensional 
standardisation, the proliferation of time 
current characteristics, coupled with the 
other design variations, such as position of 
arc chutes etc, makes a nonsense of 
dimensional interchangeability of these 
devices. This must be to the advantage of 
the fuse. 

Overload Protection 

Perhaps the most controversial problem for 
the modern fuse concerns the overload 
protection of cables, one which was mentioned 
in the first edition of IEE Wiring 
Regulations. This problem is more 
theoretical than practical because there is 
no record to suggest that the modern low- 
voltage fuse properly applied does not 
provide adequate overload protection to 
cables. This is particularly true of 
installations complying with the IEC Wiring 
Regulations which specify that circuits 
should be so designed that they are not 
subjected to repeated overloads of long 
duration. 

A study of the changes to minimum fusing 
current in the various editions of BS88 shows 
violent fluctuations, particularly in the 
earlier editions, until after considerable 
debate the values of If = 1.6 In and Inf = 
1.25 I- were agreed and included in IEC 269 
and reflected in BS88:1988. Even with the 
agreed value of If there is a need for an 
additional requirement to the fuse standard, 
called the conventional cable overload test, 
to prove that the fuse will protect a PVC 
insulated cable on a current of 1.45 Iz (Iz 

is the installation rating of cable) because 
this is a requirement of IEC364 'Wiring 
Regulations'. This agreement is now under 
further review in IECSC32B because the new 
MCB specification includes tripping currents 
of 1.45 Ip and this has produced a demand 
from certain countries that the fuse standard 
should be changed so that If = 1.45 In. 

This situation is further complicated by the 
fact that in IEC364 the rules of overload 
protection of cables still make reference to 
the characteristics of gl and gll fuses. It 
has already been agreed that these 
requirements must be reviewed in the light of 
the agreement now reached on gG fuses which 
replace the gl and gll types. The 
international cable overload protection 
problem is further compounded by the fact 
that the North American Code requires that 
overload protective devices shall have a 
fusing or tripping current of 1.35 In. 

Against this background there is a simplistic 
view by some national users that the fuse 
should have an If of 1.45 In and various 
complicated test arrangements are being 
investigated in an attempt to achieve this 
objective and solve a 'non-problem'. 

3 



A review of the trends in cable insulation 
and overload protection requirements over the 
period covered in Table 1 produces some 
interesting information. Initially 
vulcanised rubber was used for low voltage 
cable insulation and the minimum fusing 
requirement was ^ 2 I_. This was based 
upon the use of semi-enclosed fuses and is 
still valid today for the protection of PVC 
insulated cables by semi-enclosed fuses. 
Obviously the thermal capabilities of the 
cables were not fully utilised by this 
requirement. 

With the introduction of the cartridge fuse 
and the achievement of lower minimum fusing 
currents without thermal penalties at rated 
current, the value was reduced to 1.4 I_ but 
later increased to 1.75 In, as higher 
temperature rises were permitted on 
terminals. It is not clear why such a large 
variation was permitted but what is certain 
is that with the introduction of PVC 
insulated cables the value acceptable for 
close protection of these cables was agreed 
as If = 1.5 In. Subsequent discussion in 
IEC32B resulted in agreement on the value of 
1.6 In. This was a compromise based on 
existing fuse characteristics in the various 
national systems. The IEC364 requirement of 
If = 1.45 Ij. permits fuses with an If = 1.6In 

to comply with the overload protection rules 
of IEC364 without the necessity of derating 
the cable. It utilises the fact that the Iz 
of a cable, is with few exceptions, larger 
than the In of the protective device. 
Therefore in practice the fuse with If of 1.6 
Ip is used on an equal basis to the MCB for 
the overload protection of PVC insulated 
cables. 

If we review the North American requirement 
of If = 1.35 In it should be noted that there 
is an exception which permits the use of the 
next highest rating of fuse if the cable and 
fuse-rating do not concide, thus effectively 
providing a much higher ratio between the If 
of the fuse and the installation current 
rating of the cable. I presented a paper on 
this subject to the 1984 International Fuse 
Conference in Trondhiem. This fact is being 
taken into account in the IEC32B discussions 
aimed at including some types of North 
American fuses into IEC269. 

A further change is now taking place in the 
insulation used for low voltage cables. 
There is an increasing trend towards the use 
of cables with thermo setting insulation 
(XLPE) in preference to PVC in general wiring 
practice. Certainly in UK there is an 
increasing use of this type of cable which 
can run at 90°C compared with 70°C for PVC. 
Because of its greater fire resistance and 
reduced toxicity compared with PVC, this 
cable is being supplied without economic 
penalties because cable manufacturers, like 
other product manufacturers, have to consider 
the safety aspects of installations and their 
legal liabilities under modern safety 
regulations. There is no doubt that the use 
of thermo-setting insulation considerably 
reduces fire and toxicity risks, and cables 
so insulated are in increasing demand in a 
number of countries. 

The problem of its increasing use to LV 
equipment manufacturers will in future not 
lie with the question of overload protection, 
but with the possible derating of cable or 
equipment required to avoid overheating in 
normal service. This is because all LV 
equipment is rated on the basis of the use of 
'0 C PVC insulated cables and terminal 
temperature—rises at rated current are 
limited to 70°C. The popular use of cables 
with 90°C thermo-setting insulation will 
bring with it the need to consider either the 
derating of equipment or the decision that 
the extra thermal capability of the cable can 
only be used for higher ambient situations. 
There is already a warning in the IEC Wiring 
Regulations concerning the use of higher 
temperature cables with low voltage 
equipment. 

This aspect should figure largely in the 
future discussions of IEC TC64 when reviewing 
the rules for overload protection of cables. 
These may well reveal that an lf = 1.6 I is 
a satisfactory value for the future, and 
there is certainly no case for making a 
further intermediate change to an If = 1.45 
In to satisfy the simplistic view mentioned 
earlier. I cannot stress too strongly the 
importance of an effective presence from the 
Fuse Industry in this most influential IEC 
TC64 Committee because their decisions will 
affect future practice. I hope that the 
various national delegates at this conference 
will bear this in mind. 

Alternative Protective Devices 

In addition to the technical challenges 
facing the fuse arising from new applications 
and new materials, there is the challenge of 
alternative devices for the more popular 
applications, mainly the MCB and MCCB. There 
is no doubt that the MCB is the most popular 
device in new domestic installations because 
it is more user friendly than the fuse, and 
the modern current limiting MCB can quite 
easily cope with the fairly simple 
requirements of most domestic installations. 
In a number of countries, certainly in UK, it 
has apparent advantage over the semi-enclosed 
fuse which it is replacing. The increasing 
demand for residual current protection 
against electric shock is also more readily 
met with an MCB/ RCD package than with a 
fuse/RCD package. 

There is now an increasing use of MCB's in 
industrial applications but in this area 
there are many pitfalls for the MCB. 
Inadequate breaking capacity and the 
inability to provide proper protection to 
motor circuits are examples. The first 
problem can and is dealt with by proper 
co-ordination with the back-up fuse. This is 
another application problem which should be 
thoroughly investigated. The second can only 
be solved by accepting damage to the starter 
on certain faults and the use of a cable of 
the same current rating as the MCB, which is 
a considerable economic disadvantage. 

If the Fuse Industry is to fight back against 
these threats from alternative devices it 
must speak out more forcefully about the 
benefits of fuses. 
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The one thing that the MCB Industry has done 
very effectively is to advertise its 
products: this cannot be said of the Fuse 
Industry. As electrical installation practice 
becomes more precise and safety rules are 
more rigourously enforced, the advantages of 
fuses should weigh more heavily with the 
installers and users. For example : 

1. Full electrical and physical inter- 
changeability with fuses of any make 
complying with IEC269 and a given set of 
dimensions. 

2. Simplified planning of discrimination and 
co-ordination with final decision on fuse 
dimensions made at a later date. 

3. Unequalled limitation of damage at seat of 
fault. Now a very important consideration 
from the viewpoint of operator safety. 

4. Discrimination with a ratio as low as 
1.6:1 between major and minor fuse 
ratings. 

With regard to 1 and 2, as stated earlier the 
MCB cannot be readily interchanged 
electrically because of the variety of 
characteristics available and the various 
forms of arc dispersion used in the 
standardised dimensional package and the user 
is effectively tied to one make of MCB. 

With regard to 3, this is of great importance 
even within the breaking capacity of MCB's 
but absolutely essential in situations of 
high fault level. 

With regard to 4, no mechanical tripping 
device can match this performance and it can 
produce many economies in circuit lay-out. 

In the domestic application, fuse isolators 
dimensionally interchangeable with MCB's are 
Emerging and becoming popular for those 
circuits where the MCB cannot provide the 
same reliability as the fuse. In the 
industrial sector the emergence of compact 
ranges of fuses for the 240/415V applications 
has offset one of the criticisms of low 
voltage industrial fuses, i.e., the 
relatively large dimensions compared with 
MCB's. Fuse combination units utilising 
these compact fuses, having dimensions 
comparable with MCCB's, are already on the 
market and increasing in popularity (see 
figs 1 s 2) . This trend is happening with 
all dimensional systems of fuses. 

Modern safety legislation is producing an 
increasing demand for a high degree of safety 
to Operators in all situations. 

One area of application which requires 
further exploration is the combination of an 
automatic overload tripping device with the 
fuse to combine the benefits of both the fuse 
and circuit-breaker. This is not a new idea 
with MCCB's but the problems of protecting 
modern motor circuits with MCCB's gives a new 
impetus to this arrangement and it could also 
apply to Fuse/MCB combinations. The economic 
benefits of compact fuses and fusegear is the 
subject of some papers at this conference and 
perhaps this theme can be developed further. 

I have concentrated on low-voltage fuses with 
particular emphasis on practical aspects of 
applications, past, present and future. A 
similar picture could be presented on high- 
voltage fuses, where technical improvements 
are emerging at an impressive pace. The same 
can be said about the miniature fuse 
developments. All of these subjects will be 
discussed at length during this conference, 
from which we will gain further information 
and incentive to improve the technical 
excellence of the fuse and also improve 
appeal to the user. 

Considerable steps along these twin routes 
have already been observed since the first 
conference and the subject matter of this 
conference indicates that progress will 
continue. It is however essential to 
recognise the competition faced in the 
international electrical industry from other 
protective devices and we must ensure that 
the achievements which have and will be made 
are well publicised so that fuses and 
fusegear will continue to enjoy the 
popularity they have had in the past. I look 
forward, as you all do, to the presentations 
and discussions which will take place during 
this conference. I am sure they will be both 
informative and challenging and hopefully 
will further promote the benefits of the fuse 
which, as long ago as 1882, was described as 
being "The Very Essence of Safety". 

The Future 

There is no doubt that, despite the 
improvements in the technology of low-voltage 
fuses, the threat from the MCB and MCCB in 
popular applications is serious. The work 
in IEC32B to standardise the characteristics 
of fuses has made fuse application much 
easier. This point must be made forcefully 
to the Installer and User. 

Thought must continue to be given to ways of 
making the fuse more 'user friendly': for 
example, by ensuring safe and simple 
interchange of fuse-links by providing 
adequate shrouding of live parts. It is no 
longer acceptable to provide less shrouding 
on fuses for use by authorised persons than 
that provided on fuses for use by unskilled 
persons. 
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Fig.l Comparison of 32A compact 
fuse (BS88:Pt 6) with 32A 
conventional fuse (BS88:Pt 2) 

* 
J 

sp- 

rig.2 Compact 32A fuse combination 
unit with fuse-links to 
BS88:Pt 6 

6 



Session 1 

FUSE DESIGN I 



  



THERMAL PROCESSES IN SF6 - FILLED FUSES BELOW THE 

MINIMUM MELTING CURRENT 

D. Brechtken, D. König 
Technical University Darmstadt 
High Voltage Laboratory 
Germany 

B. Müller 
Fa. Jean Müller GmbH 
Eltville 
Germany 

Summary 

In conventional sand-filled fuses, heat transfer is 
predominantly determined by conduction. However, in case 
of gas-filled fuses, the influence of convection and radiation 
must be taken into account. 
The investigations described aim at calculating the 
temperature distribution in the fuse and thus determine the 
minimum melting current using an approximation procedure. 
The calculated results are compared with measurements on 
test samples. The comparison shows that the calculation 
model applied is a suitable one. 

1. Introduction 

For each fuse exists a current level, at which melting would 

theoretically commence after an infinite long time. This 

current, which is important for theoretical considerations, is 

called the minimum melting current Imm. For currents above 

the minimum melting current Imra, equ.(l) can be modified 

to 

Conventional high voltage fuses in general have a zone of an 

uncertain arc quenching capability and by this show an 

uncertain switching performance in the low overcurrent 

region. A fuse filled with SF6 overcomes this disadvantage if 

a quick lengthening of the arc happens and thus a fast 

recovery of the dielectric strength after current zero can be 

archieved [1], In that case extinguishing of the arc can be 

reached and all currents above the minimum melting current 

can switched off reliable . 

One of the major remaining problems is the exact 

determination of the minimum melting current, which leads 

to disintegration of the fuse wire. Therefore, a study might 

be useful, which aims at its determination by calculating of 

the relevant temperature field. In order to check the 

accuracy of these computations, the calculated temperatures 

are to be compared with measured ones. 

2- Minimum Melting Current Imm 

During high short-circuit currents heat transfer phenomena 

are assumed to be negligible. The expected melting time of 

the fuse wire can be calculated for this adiabatic case from 

[2]: 

jj2dt = const. (I) 
o 

where, tm - melting time 
J - current density 
t - time 

where, a characterizes the stored heat energy Qmre in the 

fuse wire. If heat flow from the fuse wire in axial and radial 

direction becomes more important, which is the case for 

decreasing currents, one more term must be added for the 

stored energy in the surroundings Qsur. 

Qsur may be assumed according to the empirical equation 

in which b is a constant. 

Thus, equ. (2) may be expanded by the term given by 

equ.(3) to 

U-Imj
L*t-a+b*tl'i (4) 

In principle, the unknown parameters a, b and Imm can be 

evaluated from the time-current characteristic by at least 

three independent experiments [2], However, the evaluation 

of the minimum melting current Imm as defined above is 

associated with a fairly high uncertainty. 

3. Test Arrangement 

Fig. 1 shows the subject of investigations in horizontal 

position as used for measurements and calculations. The 

fuse wire (1) is placed concentric in the insulating tube (4), 

which is closed by metal end caps (3) and filled with SF6. 

Due to the movement of the gas, upper parts of the model 

are at other temperatures than lower parts at the same 

distance of the wire. This was confirmed by measurements. 
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A 

1 

vertical cut 2 4 

1 

© 

100 

3 cut Aß 2 4 1 

2 

1 

1 - fuse wire 
2 - SF6 (pabs = 4 bar) 
3 - metal end caps 
4 - PMMA tube 

(T) - quarter, to which calculations are restricted 

Fig. 1: Test Arrangement 

Because these differences of temperature between upper 

and lower parts are smaller than 60 °C, it is useful to restrict 

measurements and calculations to the plain section with the 

height h = 0, marked by "1" in Fig. 1. The influence of the 

thermo couples on the gas flow is neglected. Thus axial and 

radial symmetry is assumed and further considerations are 

restricted to the quarter marked by "I". 

The test circuit and the measuring equipment is shown in 

Fig. 2. The specimen can be stressed by currents up to 60 A. 

The fuse wire and its surroundings is heated up by the 

current. The actual temperatures in the surroundings are 

measured with Ni-NiCr thermo couples, which are usuable 

up to 1000 °C. Table 1 gives their axial and radial horizontal 

positions. 

Table 1: Positions of the thermo couples in the test 
specimen 

number of thermo 

couples 

axial position radial position 

r 

1 42 mm 2 mm 

22 mm 3 mm 

41 mm 6 mm 

22 mm 14 mm 

The signals of the thermo couples are converted in a special 

signal transformer (ST) (Typ AD594, Manufacterer: Analog 

Devices) to a voltage proportional to the temperature. This 

voltage is led to a transient recorder (TR). The personal 

computer (PC) stores the measuring results for further 

usage. 

It seems to be unfavourable to measure the temperature of 

r L . R* 

220V © 

TS 

t t-l 

£H PC 

—rrv 
TR 

-C5E3- 
-cso- 

T - transformer 
L - variable inductance 
R - variable resistance 
TS - test specimen 
TR - transient recorder 
PC - personal computer 
PR - printer 
1,2,3,4 - number of the thermo couples (tc) 
x,r - position of the thermo couples (tc) 
ST - signal transformer 

Fig. 2: Test circuit and Measuring Arrangement 

the fuse wire with the help of a thermo couple, since it 

could cause an undesirable cooling of the relevant wire 

section. Therefore a different way to evaluate the wire 

temperature was used. Since with increasing temperature of 

the fuse wire the resistance and consequently the voltage 

drop at the fuse increases, too, this voltage drop is a 

measure for the wire temperature, provided that the current 

is kept constant. The measuring accuracy of the voltage drop 

is less than *5 mV. 

4. Calculation Model 

Heat is transferred by three basic modes: conduction, 

convection and radiation. The physical mechanisms and laws 

of heat transfer are different for each of these three modes. 

The influence of each mode on heat transfer depends on the 

physical properties of the materials, the geometry and the 

temperature gradients. 

Heat transfer can be described with the help of a system of 

differential equations. But, for most of the heat transfer 

8 



(8) 
problems, which are of practical importance, an analytical 

solution does not exist [3,4]. Therefore it is necessary to find 

other possibilities for solution. One of these could be the 

theory of geometric similarity [5], from which the relevant 

thermal processes can be deducated as depending on 

"dimensionsless numbers". If these numbers are known, a 

known solution may be transferred to similar problems. 

The desired "dimensionsless numbers" are defined as 

follows: 

Grashof number Gr = ß«-^—— *Ab (5) 
v2 

Prandti number Pr = x 
(6) 

Nusselt number 
Nu = a .1 (7) 

where is 
ß = coefficient of thermal expansion 
g = acceleration due to gravity 
1 = significant length 
v = kinematic viscosity 
0 = temperature 
h = dynamic viscosity 
cp = specific heat at constant pressure 
X = thermal conductivity 
a = heat transfer coefficient 

The Grashof number can be interpreted as the ratio of fluid 

flow inertia forces to viscous forces [6]. 

The Prandti number compares the kinematic viscosity for 

pulse transport by friction with the energy transport by 

conduction [4], 

The Nusselt number can be interpreted physically as the 

ratio of the temperature gradient in the fluid in contact with 

the surface to a reference temperature gradient [6], 

However, in the following Nu was not used, since a is 

unknown for this relevant problem. 

With the help of these numbers, the different mechanisms of 

leading away the heat generated in the fuse wire can be 

investigated. 

The area of the quarter section of the fuse model is 

subdivided in segments with an area of 1 mm2. The 

generated power per increment of the fuse wire dP is 

dP = I2* p(b)*-j 

where 
I - current 
p - specific resistance 
Ö - temperature 
dx - incremental length of the wire 
A - area of cross section of the wire 

For all currents below the minimum melting current Imra, 

this power has to be carried off to the surroundings. Thus 

the considerations can be restricted to the steady state [7]. 

In the gas, heat is transferred in radial direction by 

conduction, convection and radiation. Due to the cylindrical 

form of the fuse, the heat transported by conduction in 

radial direction Qlr can be written as: 

2n
*^SFt*

1 

in— 

*A0 
(9) 

XSF6 - thermal conductivity of SF6 

1 - length of the fuse wire 
ra - outside radius of the incremental layer 
q - inner radius of the incremental layer 
Ah - temperature difference between ra and r, 

The influence of convection Qc depends on the type of flow. 

In the vicinity of the wire, a boundary layer exists with a 

laminar flow. Inside this boundary layer, no heat transfer by 

convection, but only by conduction, exists. Outside this 

section, the influence of convection can be taken into 

account by an "effective" thermal conductivity X„((. Since Xcff 

is a function of the product of the Grashof and the Prandti 

number, it can be written [3]: 

10°<Gr*Pr< 103 

& , 1 GO) 

103<Gr*Pr< 106 

= 0,105 .(Gr.Fr)0-3 

106<Gr*Pr< 10" 

= 0,4»(Gr*Pr)°’2 

qq j . J 
(11) 

(12) 
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Equ. (12) signifies that the total heat transfer is considered 

as resulting only from conduction. The decrease of A.cff for 

large values of the argument (Gr*Pr) in equ. (12) can be 

explained with reciprocal disturbances between streams of 

rising and falling gas. 

Using the idea that an "effective" thermal conductivity A,cff 

exists, which takes into account convection effects, thermal 

resistances can be established to figure the influence of 

convection. Thus, the relevant heat Qc can be calculated by 

replacing A.SF6 in equ. (9) by the term (Xt„ -XSF6). 

Additional to conduction and convection, heat is transported 

by radiation Qrad as given by [3]: 

Qrai = ZAf($)*A*C* U°o 100 
(13) 

eA, - emission coefficient of silver 
A - surface area of the fuse wire 
C - radiation number 

- temperature of the fuse wire 
bw - temperature of the wall 

In solid materials, such as fuse wire and fuse wall, heat is 

transferred only by conduction. Heat is transferred from the 

outer surface of the fuse to the surroundings by conduction, 

convection and radiation. 

Heat is transferred in axial direction only by conduction Qln. 

(14) 

A.m - thermal conductivity of the medium 
A1 - incremental length 
ra - outside radius of the incremental layer 
r, - inner radius of the incremental layer 
Ah - difference of temperature along A1 

Based on the described considerations, a thermal equivalent 

circuit was developed. Thermal resistances are calculated 

taking into account the different relevant heat transfer 

mechanisms. This network has thermal current sources in 

each increment which correspond to the heat generated. 

Calculation of the temperature is reduced to a calculation of 

the network’s potentials. 

From these potentials, the temperatures in the fuse are 

known. Knowing the melting temperature of the fuse wire, 

the minimum melting current is calculatable. The knowledge 

of the temperatures and the resistances enable to analyse 

the contribution of the different mechanisms of heat 

transfer. 

5. Results 

As shown by Fig. 3 the temperatures at different test points, 

as given in Table 1, do not further increase after a time of 

90 minutes which signigicies that the "steady state" is 

reached. In that state the measured values can be compared 

100 

40 

20 

thermo couple 1 

thermo couple 2 

thermo couple 3 

thermo couple 4 

10 20 30 40 50 60 70 80 min 100 

Fig. 3: Measured temperatures as a function of time at 

the positions of the thermo couples number 1-4 

Parameters: I = 14.5 A 
fuse wire diameter 0.4 mm 

with those, which we calculated. Fig. 4 shows a calculated 

temperature distribution over the quarter of the specimen as 

marked in Fig. 1. Noticeable are the very strong temperature 

gradients in radial direction and in axial direction close to 

the caps. At 10 mm from the caps the temperature of the 

303.2 

\ "I 

x - control variable for the axial position 
r - control variable for the radial position 
0 - temperature 

Fig. 4: Calculated temperature distribution in a quarter 

of the cross section of the test body. 

Parameters: I = 11.04 A 
fuse wire diameter 0.35 mm 
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fuse wire has reached 95 % of the maximum value (303 °C). 

The temperature in the SF6-atmosphere is in the middle 

relatively low (about 50 °C). 

For the same conditions the temperatures were measured 

with the equipment according to Fig. 2. Fig. 5 shows the 

comparison between the calculated and the measured values 

in the four positions of the thermo couples. The deviations 

are smaller than 20%. This might be due to the applied 

simplifications. 

80   

60 

I 50 

r 
JO 

20 

10 

0 
to 1 to 2 tc 3 to 4 

... ... 

■■ calculated measured I 

Fig. 5: Comparison between measured and calculated 

temperatures at the positions of the thermo 

couples (tc). 

Parameters: I = 11.04 A 
fuse wire diameter 0.35 mm 

Fig. 6 shows a comparison of the measured voltage across 

the fuse and the calculated voltage drop calculated with the 

described model. These voltages differ essentially. 

By dividing the voltage difference by the relevant current, a 

constant contact resistance was obtained, which was 54 mfl 

in the case of Fig. 6. This resistance is given by the clip 

positions of the wire. Considering these contact voltage 

drops, the deviations between calculated and measured 

voltage are smaller than 60 mV, which is a fairly good 

agreement. 

Furthermore, Fig. 6 shows the calculated maximum fuse wire 

temperature. At 960 °C [8], the melting temperature is 

reached. The corresponding current value is 15.8 A, while 

the minimum melting current Imm as determined in chapter 

2 is 15.0 A. Measured and calculated values of the minimum 

melting current Imm are in a good agreement. 

1000 
960 

500 2 - 

Ü 
400 0,8 

■ 200 0,4 r 

6 8 10 12 A 16 0 2 

  mesa, voltage calc, voltage 

calc, temperature 

Fig. 6: Comparison between calculated maximum fuse 
wire temperature, calculated and measured 
voltage drop across the fuse wire as a function of 
current for a fuse wire diameter of 0.32 mm. 

The different mechanisms of transporting the heat from one 

wire element to the neighbouring is investigated. The wire 

diameter here is 0.32 mm and the current 15.6 A. Fig. 7 

150 

mW - 

90 

60 

30 - 

10 20 30 mm 50 

 Qlr —t— Qc Ola -e- Qrad j 
Fig. 7: Transported heat portions per wire 

increment by different mechanisms 
such as radial conduction Q,„ 
convection Qc, axial conduction Q„ 
and radiation Qrad. 
Parameters: I = 15,6 A 

fuse wire diameter 0.32 A 
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gives the result. Heat is transferred in axial direction bv Qla 

(conduction) and in radial direction by Qlr (conduction), Qc 

(convection) and Qrad (radiation). 

The axial heat conduction influences the heat transport only 

near the caps. Thereafter, the heat transport is dominated by 

radial conduction and convection. Coincidentally in this 

example their values are nearly identical. The surprisingly 

high portion of Qlr results from the laminar boundary layer, 

in which heat transfer is possible only by conduction [3], 

Outside this boundary layer, Qc dominates Q,r. Combining 

these conditions by applying two parallel resistances for the 

first segment in the SF6-gas, a high value for Q,r results. The 

contribution of radiation Qrad to the heat transfer is only 

5%. This might be due to the very small surface of the fuse 

wire. Thus, the important mechanisms in radial direction are 

conduction and convection. 

6. Conclusions 

Approximate calculations of the heat transferred from the 

fuse wire to the surroundings with help of a model as 

described in chapter 4 enable to calculate the temperature 

distribution in a fuse filled with SF6. 

Based on the calculated wire temperatures, the minimum 

melting current can be determined. Furthermore the heat 

transfer mechanisms can be analysed. Further investigation 

are under way to get improved informations on the 

permissible limits for the application of the model. 
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STEADY-STATE CURRENT-SHARING IN FUSES WITH ASYMMETRICAL ARRANGEMENTS 

OF PARALLEL ELEMENTS 

R. Wilkins 
Consultant 
Heswall, UK 

Summary 

The paper is concerned with calculation of the 
steady-state temperature distribution in fuses with 
multiple parallel elements, in cases where the 
elements have unequal radial thermal impedances. In 
such cases some elements run hotter than others, and 
their share of the total current diminishes, due to 
the positive temperature coefficient of resistance. 
The paper gives methods of calculating the radial 
thermal resistances and the current share between 
elements. 

1. Introduction 

Calculation of the steady-state temperature 
distribution for fuses is useful for prediction of 
temperature rises and voltage drops under specified 
loading conditions, and determination of the minimum 
fusing current. For fuses with parallel elements, 
such calculations are usually based upon the 
assumption that the elements share the total current 
equally. 

Most fuse designs have cylindrical symmetry, which 
allows reduction to a 2-dimensional (r,z) form, 
rather than the very complicated truly 3-dimensional 
form. [1,2]. 

(a) isothenoals and heat-flux lines 

e 
Current-carrying fuse elements lose heat firstly by 
axial conduction to the ends, and secondly by 
"radial" conduction through the filler and fuse body 
to the ambient. A further common assumption is to 

consider these two loss paths separately. This is 
equivalent to neglecting axial flow of heat in the 
filler. 

This paper is principally concerned with calculation 
of the radial loss. Fig. 1 (a) shows the heat-flux 

lines and isothermals produced by six equal 
infinitely long strip sources of heat (computed by 
methods to be described later). At a relatively 
short distance from the strips, the isothermals 
become circular, and we can choose one of these to 
coincide with the inner diameter of the fuse tube, 
which permits calculation of the thermal resistance 
between the elements and the inside of the tube. 
Since the problem has cylindrical symmetry, heat 
flow from each element is restricted to an angle 
2it/n and so the equivalent thermal resistance model 
shown in Fig. 1(b) can be used, for a typical 
element. [1,2]. 

However, for many practical fuse designs the thermal 
Impedance differs from element to element, e.g. when 
they are arranged in rows, or when one layer of 
elements is enclosed within another. Elements in 
the middle of a group get hotter than the average. 
Heat generation in them is increased due to the 
temperature coefficient, but this is offset by a 
decrease in current in the hotter elements, due 
their higher resistance. In this paper a method for 
calculating the radial thermal impedances for a 
general, asymmetric, arrangement of strips is given, 
together with an iterative procedure for determining 
the share of current between elements. Application 
to practical designs for fuses of finite length with 

notched elements is also discussed. 

q 
filler tube 

external 
medium 

(b) equivalent thermal resistance model, per sector 

Fig. 1 Heated strips with axial symmetry (n=6) 

In Fig. 1 (b) the element temperature-rise is 
obtained from 8 = q.(g + g" + g"). Calculation of 
g' and g" is straightforward [1]. The rest of this 

paper is concerned with the calculation of the 
filler thermal resistance g. 

2. Temperature field due to a strip source of heat. 

Fig. 2 shows an infinitely thin strip source of 
width 2a emitting a total heat q, located at (0,0) 
and lying along the x-axis. The isothermals for 
this case are ellipses surrounding the strip [3], 
which is represented as an infinitely thin ellipse. 

P(x,y) 

12 

+a 

Fig. 2 Strip source of heat located at the origin. 
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The isothermeIs and the heat-flux lines correspond 
to constant values of the potential function 9 and 
the flux function si respectively in the inverse 
cosine transformation [3] 

— 1 
9 *■ j0 - cos (x +■ jy) (1) 

From (1) the potential at P with respect to the 
strip is easily obtained. The form used by Sato [4] 
is convenient, i.e. 

q S + J S* - a1 

e - -   In (2) 
2itk a 

where S - 111 + lz)/2 and the distances li and 12 
are as defined by Fig. 2. S may be thought of as the 
"effective distance" of P from the strip, k is the 
thermal conductivity of the filler, and q is the 
power emitted per unit length. 

2.1 Temperature rise with respect to a remote point 

For a point at a large distance R from the strip, 
S K R and S a, so that the temperature of the 
remote point with respect to the strip is given by 
9R = (i/2nk) .ln(2R/a). The temperature difference 
between P(x.y) and the remote point is therefore 
given by 
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Fig. 3 Strips without cylindrical symmetry 
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2.2 Superposition of strip sources 

For a number of sources an approximation to the 
total temperature rise at any point P can be 
obtained by adding the contributions from each strip 
using (3), S being calculated as the "effective 
distance" from P to each strip in turn. This 
procedure has been used to obtain the field 
distribution shown in Fig. 1. 

The above method gives a slight variation in 
computed temperature across the width of each strip. 
For a given strip the temperature rise due to its 
own heat generation is constant across its width, 
bjt the field due to the other strips gives rise to 
a variation. If the strips were perfect thermal 
conductors there would be no such variation. To 
obtain the field in this case a true Green's 
function would need to be used [5], with a very 
great increase in the complexity of the 
calculations. 

For fuse elements, which are good but not perfect 
thermal conductors, and which are thin, there will 
be a slight variation of temperature across the 
strip, such as can be seen in Fig. 1, so the 
solution obtained by superposition method used here 
may well be as accurate as a true Green's function 
solution. 

3. Radial thermal resistance matrix 

Fig. 3 shows the isothermals and heat-flux lines for 
15 heated strips arranged as a (5 x 3) array, 
computed using the method of superposition described 
above. Although the arrangement does not possess 
cylindrical symmetry, the isothermals again soon 
become circular as we move away from the strips. The 
outermost isothermal shown deviates by less than 2% 
from a true circle, and so very little error will 
result in choosing an isothermal in this region to 
represent the inner surface of the fuse tube. In the 
case shown the heat emitted is the same for all 
strips. Note that the element in the centre is 
hotter than the others. 

Let us assume that the inner radius of the fuse tube 
is R. By superposition of potential contributions 
given by (3) we can obtain the temperature rise at 
any point with respect to R, but our main interest 
is in the temperature of the strips. These are given 
by : 

01 = gl lqi + gl 2q2 + ... + girvqn 

0i = gilql + ... + gi jqj ... + girvqn 

9n = gniqi + gn2q2 + . . . + gnnqn 

or in matrix form, 

[9] = [g] [qj 14) 

where [8] is a vector of the strip temperature 
rises, [g] is an (n x n) thermal resistance matrix, 
and [q] a vector of powers emitted from the strips. 

The element gi j of the thermal resistance matrix may 
be interpreted as the temperature rise produced at 
strip i due to unit power emitted from strip j with 
all other powers set to zero. Using (3) this is 
given by : 

1 2R 
gi j - — In       (5) 

2rtk Sij*> + / Sij2 - a2 

The diagonal elements of [g] are all equal to 
(l/2itk) ln(2R/a), but there is some ambiguity about 
the off-diagonal elements, depending upon the point 
on strip j for which Sij is calculated - as already 
stated, use of the strip function gives rise to a 
variation in temperature across strip j. This can be 
resolved by calculating Sij at selected points on 
strip j. This is repeated for Sj1 and the geometric 
mean of all the distances is taken to be 
Sij (= Sjt). 

[g] is then a symmetric matrix, and is easily 
assembled given a list of the coordinates of each 
strip and its inclination to the x-axis. 
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4. Solution for strip temperatures 

4.1 Equal current sharing and zero temperature 
coefficient 

Although this is not a realistic situation, it 
provides the starting point for analysis. If the 
strips have an electrical resistance ro per unit 
length and share the total current I equally the 
power generation is the same for all elements, i.e., 

qi = (I/n)*ro = Q = constant, for all i 

From (4) the temperature rise of strip i is then 

9i = gilQ + g i 2Q + ... + ginQ 

or 0i = gi Q (6) 

n 

where gi = Z gij 
j = i 

* 

gi is the sum of row i of [g] and is the effective 
thermal resistance of strip i, a value which takes 
account of the self heating and the mutual heating. 
The situation can be represented by the thermal 

resistance model shown in Fig. 4. 

4.2 Effect of temperature coefficient alone 

If we assume for the moment that equal sharing of 
the current is maintained, but the strip temperature 
coefficient (a) is positive, the heat generation in 
the hotter strips will be enhanced, and the "spread" 
of temperatures between the strips will be 
increased. For strip i, 

qi = (I/n)a ro (1 + a0i) = qo (1 + a9i) 

where qo is the "cold" strip power, (I/n)*ro. 

Thus [q] is a linear function of [9], and 
substitution in (4) gives a relationship which 
requires the inversion of [g] to determine [9], A 
good initial approximation to [9] can obtained 
however, using the "average" model of Fig. 6. 

9av gav 
qo(l + a9av)  » O 1 }■ 

Fig. 6 Approximate model for average temperature 

Solving the thermal network of Fig. 6 the average 
temperature rise is 9av = qo/{(l/gav) - aqo}. The 
individual strip temperatures can then be found 
using (8). 

zero 
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■| at R 

-i 

Fig. 4 Thermal resistance model for q ~ constant 

The average temperature-rise of the n strips is 

4.3 Current-shift effect 

In reality the current per strip does not remain 
constant. The hotter strips will have a higher 
resistance and therefore there will be a shift of 
current away from these strips to the cooler strips. 
This current-shift has an effect opposite to that 
described above due to the temperature-coefficient 
alone, in that it reduces the heat generation in the 
hotter strips, and reduces the spread in strip 
temperatures. The current-shift effect is about 
twice as strong as the effect of temperature 
coefficient alone. 

The current in strip i is given by rtl/ri, where rt 
is the resistance per unit length of all the strips 
in parallel. This then gives 

Q 
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i.e, 9av gav Q (7) 

where gav is the average thermal resistance per 

strip,and is the average of the rowsums of [g]. The 
average strip temperature-rise can then be found 
from the very simple model shown in Fig. 5. 

9av gav 

1 
Ii     I (9) 

" 1 

(1 + a0i) Z   
j=l (1 + O0j) 

and the heat generation in each strip is then 
obtained as 

1 
qi = naqO   (10) 

r r? 1 -|2 
(1 + a9i) Z   

Li=l (1 + a9j)J 

Fig. 5 Thermal resistance model for determining 9a v 

The individual strip temperature-rises can be 

evaluated if 9av is known, by using (6) and (7), to 
give 

Substitution for the qi in (4) gives a non-linear 
set of equations for the temperatures which cannot 
be solved directly for [9], but an iterative 
solution is possible. Substituting for qi in the 
i'th equation of (4), we obtain 

gi 
0 i — .. ■ - 0av 

gav 
(8) 0i c 

gil 

1 + a9i 
+ 

gin 

1 + a9n 
(ID 
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1 
where C = n*qo / 

-j = i (1 + a9j) 

Equation (11) is suitable for iterative calculation 
of the strip temperature-rises. At the start of each 
iterative sweep the multiplier C is evaluated using 
the temperatures from the previous iteration, while 
the term in square brackets is evaluated using the 
Gauss-Seidel procedure, i.e. using the latest 
available estimates of 0i. The process converges 
rapidly. 

Typical results are given in the table below, which 
is for an array of 15 strips positioned as shown in 
Fig. 3, carrying a total current of 300A. The 
strips were assumed to be 4mm x 0.1mm silver in a 
tube with R = 20mm and k = 4 x 10-4 Wmm-idegC-i. 

c. Solve for the complete temperature distribution 
in the equivalent circular arrangement, by any 
convenient method, e.g. the finite difference or 
finite element method. Then by integration 
axially along the element in the equivalent 
circular arrangement, determine the average 
element temperature-rise, 9av. 

d. Calculate the value of qo corresponding to this 
value of 9av. From Fig. 6 this is found to be 

6av 
qo (av) =   (12) 

gav (1 + a9av) 

e. Use the iterative procedure (11) to generate the 
"spread" of average temperature-rises for the 
real element system. 

21.34 20.01 21.34 

90.83 111.68 90.83 

19.98 18.64 19.98 

112.27 136.38 112.27 

19.59 18.25 19.59 

118.94 144.18 118.94 

19.98 18.64 19.98 

112.27 136.38 112.27 

21.34 20.01 21.34 

90.83 111.68 90.83 

f. Assuming that the "shape" of the axial 
temperature distribution is the same for all 
elements, determine the maximum element 
temperature, the element resistances and the volt 
drop, and the current in each element. 

The justification for using the full element width 
for evaluating [g] and Rp is that the bulk of the 
heat loss to the filler is lost from the full strip, 
since the notch zones only constitute a small 
fraction of the total element surface area. 

It has not been possible to verify these predictions 
by direct measurement of the currents in individual 
elements within a real fuse. However the predictions 
of temperature-rises, volt-drops and m.f.c.'s for 
fuses with asymmetrical arrangements of elements, 
obtained by the above method, have been found to be 
of the same order of accuracy as the predictions 
obtained for symmetrical designs. 

In the table the figure above the line is the strip 
current in A, while the lower figure is the 
temperature rise in degC. Equal current sharing 
would give 20A per strip, but the current in the 
centre strip is significantly lower than this. 
Despite its lower current the centre strip is much 
hotter than those at the comers. 

5. Application to practical designs 

The methods described above are for infinitely long 
strips, for which the heat loss is solely radial. 
Practical fuse elements are of finite length, and 
the axial heat loss along the elements to the ends 
is considerable. Furthermore practical fuse elements 
usually have reduced sections along their length, so 
that the element width also varies in the axial 
direction. 

Nevertheless the ideas in section 4 can be used to 
obtain an approximate solution for real fuses with 
asymmetrical arrangements of elements, by the 
following procedure : 

a. From the coordinates of the elements evaluate [g] 
and hence gav using the full widths of the 
elements in the calculation. 

b. Replace the actual asymmetric arrangement of 
elements by an equivalent circular arrangement 
with the same number of elements, like the one 
shown in Fig. 1. The only parameter to be 
determined for the equivalent circular 
arrangement is the radius of the circle around 
which the elements are to be situated (Rp). The 
basis for determining Rp must be that the average 
thermal resistance is the same as for the real 
fuse. Rp can be found by a very simple iterative 
process. 

6. Conclusions 

Steady-state radial losses by conduction from an 
general arrangement of heated strips have been 
calculated using the inverse cosine transformation 
to represent each strip and superposition to obtain 
the total temperature-rise and heat flux. From this 
a formulation for the radial thermal resistance 
matrix has been developed, which relates the strip 
temperature rises to the emitted powers. 

An iterative procedure may be used to determine the 
strip currents, and this can be used in modified 
form for real fuses with asymmetrical arrangements 
of elements. By replacing the real system of 
elements by an equivalent circular arrangement, the 
need for solving a truly 3-dimensional problem is 
avoided. 
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Summary 

Recently the authors were involved in the solution 

of problems related to frequent premature operation 

of fuses for the protection of rolling-mills 

used in the lamination of steel ingots which are 

subjected to frequent overload currents. 

Based on this experience and existing literature, 

some applications and typical circuits are 

presented including a description of the inherent 

thermal and dynamical effects. Standardized tests 

and their comparison with actual situations are 

described. Finally, in order to facilitate the user 

some suggestions are given to improve the current 

technical standards. 

1. Introduction 

Being an equilibrium point between users and 

manufacturers, international standards represent 

the state of the art of products and have a very 

large number of readers all over the world. 

Due to the very big number of specific situations 

that they shall cover it is not always possible to 

describe in a sufficiently clear way to the medium 

reader, the fundamentals/objectives of some of the 

specifications, which are clear to the experts 

during the preparation of the standards. 

It is a natural fact that the higher the 

development of one country in one knowledge area 

the bigger is its concern regarding to the 

participation in the elaboration of the standard. 

Even when not participating many other countries 

will use these documents in the whole or as the 

main reference for the national ones, sometimes 

without a good understanding of the extent. 

In a certain way this is the main reason for this 

paper in which it is tryed to resume in an easy way 

to the user some aspects related to overload cycles 

inherent to the application of fuses in the 

protection of circuits involving semi-conductors, 

in particular for the protection of variable speed 

dc motors used in the rolling of steel ingots. 

For these fuses it is very important to the user to 

supply the manufacturer with the correct 

informations about the actual use. 

Only with these informations it is possible to the 

manufacturer to indicate the adequate fuse avoiding 

consequences as fast deterioration of the 

fuse-element, premature operation and bad 

performance when the fuse operates in severe 

failures. 

For the good understanding of the text it is 

valuable to resume some definitions as used in IBC 

Publication 269-4: 

a) Pulsed current - an unidirectional current the 

instantaneous value of which varies cyclicaly 

and includes intervals of small values of 

current as in Figure 1. 

b) Rated-current - a value assigned by the 

manufacturer and verified by temperature rise 

and repetitive duty tests. 

c) Tests for the verification of rated current - 

composed of a temperature rise test at rated 

current of the fuse and one test consisting of 

the application during 100 h of a cycle with an 

on-period of the conventional time with 1.05 

rated current and an off-period of 10% the 

on-period. 

d) Overload tests - a test in which the fuse is 

subjected to 100 load cycles, each having a 

total duration equal to 0.2 the conventional 

time. The currents and durations are based on 

the conventional overload curve to be verified. 

The "on" periods have a current value and 

duration corresponding to the coordinates of the 

curve, the "off" forming the rest of interval. 

CURRENT(A) 
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183 107 
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41 ,4, 151 i5 I |51 |5 I |61 |8| ,10 

"275 A 

time(s) 

4, 15 I 161 l4l 151 141 |61 15 I l8l l8l 

16.6 ms 
_ 1208 A 

DETAIL B 

—(8.3ms I 

FIGURE 1-ACTUAL CYCLE IN A FUSE FOR ROLLING-MILLS. 
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2. Typical Application of Fuses in Rolling-Mills 

One typical application is shown in Figure 2. 

Currents/cycles as in Figure 1 may be applied to 

the fuses about 10s times per year. In Section 4 a 

comparison is made between the actual cycle and the 

conventional overload cycle for overload tests. 

CONVERSOR A 

-I F 

CONVERSOR B 

M 

V 

-R 

i 
CURRENT AS IN FIGi 

FIGURE 2-TYPICAL APPLICATION OF FUSES IN 

ROLLING-MILLS. 

references [3] to [5] are plenty of useful 

informations. In theses references the processes of 

fatigue, creep and crack propagation inherent to 

the materials are described under several points of 

view. Basically the cannon objective is also how to 

predict the service life of materials and/or 

components considering temperatures, cycles and 

frequency of application, mean stress applied, 

environment, finishing of materials, tests, elastic 

stresses distribution around a notch and others. 

It can be seen that general formulas are not also 

available for simultaneous conditions. One resume 

of the more relevant points from these references 

as they were interpreted by the authors is in the 

lines bellow. 

Every time one material (or a part of one 

equipment) is subjected to compression or tension 

stresses strains are produced. These strains may be 

elastic with the material, from the macroscopic 

point of view, returning to its original, dimensions 

after the end of stress or plastic when one limit 

is exceeded. In this case the material after the 

end of the stress does not recover its previous 

dimensions. The effect can be seen by an hysteresis 

curve as in Figure 3. 

3. Thermal and Dynamical Effects of Overloads 

Both effects conduct to ageing during these fuses 

life as the overload currents are the usual ones 

and considerably greater than the rated current IN 

(3 up to 6 IJJ ). 

3.1 Thermal Effects 

Several references among them [1] and [2] describe 

the thermal effects that may occur in fuses for 

semi-conductors applications. 

They present approaches on the influence of many 

factors as type of materials, sand compactation, 

rigidity of the fuse-elements, values and duration 

of overload, looking always for the estimation of 

the fuse life. 

STRESS 

£t / 

Hz') j N| CYCLES 

(UNCRACKEDX (CRACKING/BEGINNING) 

STRESS 

"3> "2 N. > N 

STRAIN 

STRAIN 

FIGURE 3-TYPICAL HYSTRESIS LOOP DURING 
CYCLING TEST SHOWING CRACK INDICATIONS. 

In all of them it is not possible to define a 

general calculation method valid for all general 

conditions. 

To the readers that want to go deeper in the 

fundaments of the behaviour of materials under 

cyclic loading at low and high temperatures 

From the microscopic point of view if one material 

is perfectly plain and a percentage of the elastic 

limit is not exceeded, stress cycles could be 

applied indefinitely without reduction of the life. 

As this does not occur materials may exhibit 

fatigue characteristics due to the propagation of a 
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surface microcrack from seme initial defect or 

flaw. If the cyclic stress level is sufficiently 

high the microcrack will spread across the surface 

and penetrate into the body by continuing 

to-and-from slip processes until it has reached 

such a size that it is able to grow as a 

macrocrack, that is, its growth will depend on the 

amount it opens and closes under the normal cyclic 

stress across its faces. 

A fuse subjected to an up and dewn current may be 

seen as a beam fixed in the two ends (Figure 4). 

When the current and consequently temperature 

increases the length of the element tends to 

increase. As the ends are fixed the internal 

stresses increase leading eventualy to the rupture 

of the element (if it is very rigid). When the 

current is lowered the temperature and the length 

decreases. The repetition of the processes is 

exactly what is shown in Figure 3 and the 

consequence is the propagation of microcracks along 

the time. 
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FIGURE 4 - FUSE - MECHANICAL SYSTEM X 

VARIATION IN TEMPERATURE 

This could also be seen as if in each cycle one 

small plastic strain is retained and is "added" to 

the previous one up to the point of rupture. 

In reference [1 ] a good description is made on how 

to minimize the stresses increasing the life by 

reducing the rigidity of the fuse element. It is 

also stated that fuse elements without bends 

shall not be used. 

In the literature whichever is the application of 

the material the estimation of the life is based in 

stress-strain and thermal tests and leads to a 

formula of the type: 

Na . £P = C (1) 

where N is the number of load cycles up to failure 

(as in Figure 3), £P is the plastic strain, C is a 

constant dependent on the temperature taking for a 

fixed one the form of: 

C = y ef = y In ( ) (2) 

1 - 0 

e f being the fracture ductility and 0 the 

percentual reduction in cross-sectional area when 

the rupture occurs after a fatigue test at a 

specific temperature as in Figure 3. 

The higher is the test temperature the lower is C. 

It shall be mentioned that the plastic strain ( ep ) 

is the difference between the total strain (elastic 

+ plastic) and the elastic one (ee). In the case of 

fuses the total strain is: 

et = ß . A0 (3) 

- the temperature coeficient and A0 the 

temperature difference. , 

For this reason it is not very good to assume for 

calculations that the plastic strain is nearly 

equal to the total strain specially when the ratio 

overload/rated current is not high. In these cases 

the plastic strain may reach insignificant values. 

Concerning to the constant a, we go to the point 

that the literature mentions two types of processes 

as in Figure 5. When low endurances are involved, 

lets say N< 10 , the fatigue process is the 

predominant one. For long endurances (>10' ) creep 

processes are the relevant ones. Values of a to be 

considered are in the range 0.3 up to 0.5 (the most 

used) for low-temperatures fatigue and from 0.6 up 

to 1.0 for high-temperature-fatigue in the creep 

range. 

For these reasons expressions for prediction of 

life as the useful example shewed in Reference [2]: 

N =    . (---)2 . (——)2 (4) 

I ß. 40 m)1 K S2 
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FIGURE5- PREDOMINANT PROCESSES TO FAILURE 

where A0 m is the temperature rise of the melting 

point, K - factor to consider the rigidity of the 

fuse-element and S - ratio between overload-current 

and current from the melting-time characteristic 

for the same pulse duration, shall be used with 

special attention for the conditions that they are 

developed from assumptions as a = 0.5 and 

A0 = A 0m . S2 for any value of S and consequently 

temperature. 

The effects of local concentration of stresses due 

to the existence of notches and of the mean value 

of the applied stresses (function of the higher and 

lower temperatures during the cycle and not only of 

the difference) may be seen by expressions like: 

a , 22. (i - SSL) 
rm Kt 

(5) 

where: 

a - the nominal notched fatigue strength, at a 
nm 

given endurance N 

a0 - the plain (without notches) fatigue strength 

at zero mean load (as in Figure 3) at the 

same endurance 

o_ - the applied nominal tensile mean stress 

- the tensile strength of the material 

Kt 

3.2 

geometric elastic stress concentration 

factor = onotch/o applied 

Dynamical Effects 

In the used references there were no specific 

details about these effects but it is a known 

phenomena that the circulation of currents in 

neighbour conductors generate electrodynamical 

forces/stresses as in Figure 6, the way as these 

forces will stress the "fuse-element beam" 

dependent on the ratio between the natural 

frequency of the beam and the frequency of the 

overload current. As the natural frequency 

changes with the span length and there are 

several micro-span formed by conductor-sand grain 

it is reasonable to assume that even when the 

dynamical forces are not high they actuate in 

parallel fuse-elements forming a high frequency 

vibrator and trying to reduce the distance between 

them. Along the time the tendency is that more and 

more . it will be difficult for the fuse-element to 

recover to its original dimensions and consequently 

giving a contribution for the growth of cracks. 

4 
/- 2 fuse elements parolell 

‘di 1-length » 140,0 mm 

r/TTTTTTryTTITrl—1 S-spacingssl,! mm 
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elements 

{■Sr*10»10'1"/“' 
current - 240 A/element 

— silver 
— 6 %0,3mm (cross-section) 
— weight - 0,2 kg/cm(gt) 

Natural frequency (without sand^fOO^-jjg— = 43 Hz 

Natural frequency (with sand^lmm) WtxJ" 
.1 1,1mm 

force »Vf* force 
actual calc. 

Vf 
5.0 

1.45 

1.0 

without sand foo 0.3 

'with sand 

-T.0 “255- 
Figure 6 - Electrodynamical stresses 

Maybe this aspect explains one statement in 

Reference til about the increase in the thermal 

stability of some tested fuses when the sand 

ccmpactation decreases, in despite of the poorer 

heat exchange through the sand. 

4. Standardized Tests and Comparisons with Actual 

Situations 

In IEC Standard 269-4 it is specified one test 

related to overloads as explained in Section 1 of 

this paper. 
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This text is used only to verify if overloads 

within the limits of the conventional overload 

curve supplied by the manufacturer can be applied 

to the fuse 102 times without problems. 

If the actual duty cycle of a fuse is kncwn then, 

it is possbible by transforming the actual duty in 

an equivalent conventional one to knew by 

comparison with the conventional overload curve if 

the fuse is adequate to the 102 cycles. 

The conversion is done by integrating I2t (actual) 

along 0.2* conventional time, and using the maximum 

value of actual current (1^^ ). The "on" period 

duration is equal to I2t (actual J/I^^ . 

As the obtained point is to the right side of the 

conventional overload curve the fuse would 

probably melt before 100 cycles. An adequate fuse 

to resist more than 100 cycles should have a higher 

rated current in this case. 

The main problem in this actual example of a fuse 

protecting one very big slab mill is that the 

actual cycle may in certain occasions occur around 

10** times per month or 105 per year and for this 

500 A fuse the "informed N = 104 overload curve" 

is as in Figure 7, although the experience in use 

indicates higher values of N. 

5. Proposals for Improvements in Standards 

As an example we will take one fuse rated 1^ = 500 

A with pre-arcing and conventional overload curves 

as in Figure 7 and an actual duty cycle in service 

as in Figure 1. 
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FIGURE 7-EXAMPLE OF OVER LOAD CURVES(N=l(f- N=I0*) 

To convert the actual cycle in a conventional one 

it is necessary to integrate I2t (actual) along 

0.2 * 4 h = 48 min. This integral is around 27,60 x 

106 A2
.S. 

As the maximum actual current is 1208 A the "on" 

time for the convertion to conventional cycle would 

te ton = 
27 x 1°6/12082 = 180 s and the "off" 

period would be 48 x 60 - 180 = 2700 s. 

If we go to Figure 7 it can be seen that 1208 A 

can be applied on fuse during approximately 20 s 

100 times. 

Taking into account all the observations in the 

previous paragraphs it can be stated that the great 

number of informations which the user shall 

supply the manufacturer to obtain the appropriated 

fuse are normally, in the first moments, out of the 

understanding of the medium user. 

Improvements in the standards are necessary in 

order to facilitate the user and to avoid waste of 

money and time until the understanding of the 

reasons for frequent failures .leads to the 

satisfactory solution. 

Some suggestions for inclusion in IEC 269-4 are: 

a) to include a note concerning to the 100 cycles 

overload test mentioning that the test itself 

provides only a relative comparison between 

fuses of different manufacture, but gives, in 

the present state of the art, no real indication 

of the ability of the fuses to withstand a very 

large number of pulses during their service 

life. By that it is meant that the conventional 

overload curve is only applicable to an 

occasional pulse situation, where in the 

lifetime of the fuse-link it will only be 

subjected to a small number of such overloads 

b) to include one statement mentioning that when 

required the manufacturer may provide 

additionaly to the conventional overload curve 

(102 pulses), overload curves for 10‘* and 106 

pulses (without the inclusion of a test for 

verification) 

c) to reevaluate the conventional overload test 
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method as the values of t (on) and t (off) are 

very different from the actual cycle (compare 

Figure 1 with transformed curve in Section 4). 

The much higher values of t (off) in the 

conventional cycle may generate a mean value of 

the applied stresses (see Equation 5) much lower 

than the actual one. 

Maybe this is one part of the explanation for a 

fact that is occuring with one test that is 

still running giving unexpected results. 

One fuse of the type in Figure 7 is being 

subjected to a continuous cycle as in Figure 8 

in the last months. After 17000 cycles the 

resistance of the fuse and the temperature rise 

of the end caps which are under measurement 

from the beginning did not show variations 

greater than 11%. The test will run until the 

fuse melts. 

CURRENT(A) DETAIL @ 

I00 72 72 

time (s) 

CURRENT(A) 72(DETAIL A) 

6j 6 6 6 6 | 6 6 6 6 

1300 A 

-500 A 

time (s) 

22222 |2 22 2 

16 6 ms 
-1300 A 

DETAIL B 

—I 8.3ms J 

FIGURE 8-CYCLE FOR TEST RUNNING FOR FUSE IN FIG 7 

6. CONCLUSIONS 

method and we think that now with a better 

understanding of the parameters involved this is 

very difficult and a task for manufacturers which 

shall involve at the same time electrical engineers 

and experts actuating in materials 3' **'5 . 

We think that the objetive of reporting in easy 

words the aspects related to overload in fuses was 

reached up to the point of our limited knowledgment 

on the subject. 

The main conclusion was that if this subject is 

still not very clear for us after the end of the 

work, it is much more difficult for the medium user 

to know and to evaluate the informations to be 

supplied to the manufacturer to specify or to 

replace a fuse for the applications in the scope of 

this paper. By this reason we are sure that the 

proposals for improvements in standards are valid 

and have space for consideration from the experts 

in this subject. 
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A -SfttPtrE -METHOD TO CAtjCUlJATE THE MflXIlftM VOLTAGE THAT ARISES" 

WHEN A FUSE LINK BREAKS A DC SHORT CIRCUIT CURRENT. 

Hans-Günter Rex . Berlinerstraße 5 . Ö-6902 Sandhausen 

The breaking of a short circuit current 
needs a rising resistance of the breaking 
gap in the melting element of a fuse link. 
The voltage across the breaking gap 
increases simultaneously to a maximum 
value. In some cases this maximum value 
reaches ten times the value of the driving 
voltage. In the time interval before the 
maximum voltage experiments have 
demonstrated that the electric arc has a 
positive characteristic. The rise of the 
voltage has been found to depend allways 
in the same way on the arcing time. 
On the following pages a simple method 
dovelopped from experiments is described 
to calculate the maximum voltage with good 
accuracy for melting elements with one or 
more rows of restrictions and for dc short 
circuit currents of more than 20 times the 
rated current. 

Das Unterbrechen eines Kurzschlußstromes 
erfordert einen zunehmenden Widerstand in 
der Schaltstrecke des Schmelzleiters. Die 
Spannung über der Schaltstrecke des 
Schmelzleiters wächst mit dem Widerstand 
zu bis zu einem maximalen Wert. In einigen 
Fällen kann der maximale Wert das 
Zehn-fache der Betriebsspannung erreichen. 
Experimente haben gezeigt. daß in dem 
Zeitraum vor der maximalen Spannung der 
Lichtbogen eine positive Charakteristik 
aufweist. Es hat sich auch gezeigt. daß 
das Ansteigen der Spannung immer auf 
dieselbe Weise von der Lichtbogenzeit 
abhängt. 
Aul' den folgenden Seiten wird ein 
einfaches aus Versuchen abgeleitetes 
Programm beschrieben mit ausreichender 
Genauigkeit für Schmelzleiter mit einer 
oder mehreren Engsteilenreihen und für 
Kurzschlußströme von mehr als dem 
20-fachen Nennstrom. 

Equ.(6) is the base assumption for the 
model of the arcing process. All 
experiments were done at a time constant 
of 15ms. The melting element differs in 
the shape of the restrictions, in the 
number of the row of the restrictions and 
in the material. 
The model informs about the voltage along 
the fuse link during the arcing period. 
We only develop a model which gives 
necessary information about the current 
breaking process. The information is 
sufficient accurate and available in a few 
minutes without much effort. 
In this paper I refer to melting elements 
with one.or more rows of restrictions. The 
technical data of a manufactured fuse 
allow to develop a safe-fuse model and 
compare the calculated results with the 
experiment. You get necessary data with a 
minimum of experiments. 
In the Lodz paper 1989 I did some 
assumptions to the arcing process in an ac 
circuit (L8). I had the opportunity to get 
detailed information about experiments in 
ac circuits (L9). When I compared the 
calculated results with the experimental 
values I found the error to be less than 
+- 10 percent. The short circuit current 
in an ac circuit is limited to the 
breaking time of about 15 ms. This is 
nearly the time of the first half wave of 
a 50 cycle ac current. In a dc circuit the 
region of the short circuit current is 
widened up to about 50ms breaking time. 
The arcing time sometimes exceeds 10ms. 
This needs a more precise model for the 
arcing process. Therefore I modified some 
assumptions of the Lodz paper 1989. 
The dc-circuit model calculates ac 
circuits too. 
The model is for a safe-operating fuse 
link only and not when limiting values are 
reached. 

1. The purpose of the model and 
the range of application 

In the last 15 years succesful attempts 
have been accomplished to get information 
about the current breaking process inside 
a fuse link (L3. L4. L5. L6). Today 
pc-programs are available to calculate the 
'melting and the arcing process (L2. L7) . 
This paper deals with tile arcing process 
inside a fuse link. The model of the 
arcing process is a mixture of theory arid 
experiment. 
This model informs about the reaction of a 
h.r.e fuse link with the melting element 
embedded in quartz sand of optimum grain 
size 4mm and its reactions to dc short 
circuit currents and breaking times up to 
50 milliseconds. 
If you know the numerical values of the 
arcing process evaluated for one 
characteristic experiment you can 
calculate the values for other 
experiments. 

2. mathematical model of the arcing 
process 

When we discuss electrical processes we 
refer to diagram no. 1. This means a 
circuit build up with dc voltage source Uo 
with the internal resistance Ri. resistor 
Ro and inductance L to control the short 
circuit current without fuse link, the 
resistor Rs of the fuse link solid melting 
element, a rising arc resistance Ra, a 
constant dc voltage Ue for each arcing gap 
in the element and switch s for breaking 
the melting current and for starting the 
arcing process. 
Switch s in the closed position means the 
melting process is going on. 
When switch s opens arcing begins. The 
current does not change very abruptly. 
When a restriction is cut its Joulian 
resistance is replaced by an arc 
resistance Ra and a minimum arcing voltage 
Ue, the ignition voltage of the arc. 
A changing current i(t) creates in the 
inductance L a counter voltage Ul(t) which 
delayes the changing of the current. 
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This effect can be expressed by 

Ul(t) = - L *(di/dt) (1) 

The values of voltage and current in the 
circuit can be calculated by means of the 
differential equation 

Uo = i(t)*(Ro+Ri+Rs) + i(t)*n*Ra 

+ n*Ue + Ul(t) (2) 

The values Rs, Ro, Ri. L and Uo are known 
from the fuse link and the circuit. The 
values Ra and Ue belong to each cut 
restriction of the melting element. That 
means they do not belong to the solid 
restrictions during the melting period. 
Inside the fuse link body shall be a 
melting element which contains n rows of 
equally shaped restrictions with the cross 
section Qe. Each restriction and the part 
next to it forms a single breaking device. 
This does not limit the applicability of 
the model. 
In the prearcing period the fuse link in 
the circuit behaves like a resistor Rs. 
The value Rs and the whole melting process 
can be calculated by known methods. 
In the prearcing period there is no arcing 
voltage Ue and no arc resistance Ra. When 
the melting element disrupts the 
resistance of each row of restrictions 
turns into a rising arc resistance value 
Ra and a voltage value Ue. We simplify and 
state the resistance Rs of the solid 
melting element material remains at nearly 
the same value Rs. 
The process of creating the arc resistance 
Ra needs a minimum of time and energy. 
Therefore I propose the variable 
resistance Ra for the arcing process to be 
a function f(E) of the arcing energy E 
already done in a single arc. Other 
authors do assume other functions. 
The breaking moment is set to zero and the 
arcing time begins at t=0. Thus after 
disruption of n rows of restrictions of 
the melting element the current i that 
flows through the melting element creates 
an arcing voltage value Ua measured along 
the fuse link. 

The arcing factor Ao is of the dimension 
mOhm*mm4/(W*s). 
The numerical value of Ao depends on the 
fuse link body and on the melting element. 
The value q is the cross section of the 
restrictions of the melting element in a 
defined fuse link body. 
For the arcing process no significant 
difference between Ag- and Cu-material has 
been measured. The model therefore does 
not know any difference between the arcing 
of copper or silver material. 
The current value i(0) in the moment t=0 
at the beginning of the arcing process is 
the known melting current is. The voltage 
value i(t)*Rs is very small. 
In the first time interval dt the energy 
dE(o) is 

dE(o) = ( Ra*is*is*dt )/n (7) 

In each following time interval the arcing 
energy increases with the value dE(t) 

dE(t) = ( Ra*i(t)*i(t)*dt )*n (8) 

Equ.(8) delivers the value of the variable 
arcing voltage at the end of the first 
time interval. 
We calculate the value di/dt in the moment 
t=0 according to equ.(5) and determine the 
alteration di of the current within the 
time interval dt. In the moment (1) 
current has changed to 

i(l) = 1(0) + dt*(di(0)/dt) (9) 

i(t) = i(t-l) + dt*( di(t-1)/dt ) (10) 

The formulas (3). (5) and (8) are simple 
equations to calculate the breaking 
process of a melting element inside a fuse 
link body for a wide variety of test 
conditions. The time interval dt = 25us 
delivers a good resolution in a program 
for accurate calculation and plotting. The 
program calculates simultaneously the arc 
voltage curve given by equ.(3). 
We allways get the result within one 
minute and have allways sufficient 
accuracy. But we must not forget it must 
be a safe-operating fuse link. 

Ua = n*Ue + i(t)*(Rs+n*Ra*f(E)) (3) 

Therefore equ.(2) changes into 

The accuracy of 
comparable with 
experiment. 

the calculation is 
the accuracy of the 

Uo = i(t)»( Ro+Ri+Rs+n*Ra*f(E)) 

+ n*Ue + L*di/dt (4) 

We look in equ.(4) for the derivation di 
of the current in the time interval dt 

di/dt = (1/L) * ( Uo- n*Ue - i(t) 

*(Ro+Ri+Rs+n*Ra*f(E)) ) (5) 

Nearly all numerical values belong to the 
prearcing process. The value Ue belongs to 
the arcing process and does not depend on 
any cross section of the melting element. 
The numerical value of Ue has little 
influence on the result. 
The product Ra*f(E) must create a 
sufficient steep rise of the arcing 
voltage Ua and begin at a minimum value 
for t=0. The method try and error 
delivered for the function 

(6/ 

3. The melting element 

A fuse can be designed with single strip 
or multiple strip melting element. When 
the melting process ends, the last row of 
restrictions in each strip is cut in the 
same moment. The arcing process starts 
when the melting current cuts the first 
row of restriction. 
In order to get sufficient voltage 
withstand capability the disintegrated 
restrictions need a minimum gap and a 
minimum build-up energy. The necessary arc 
cross section carries the arc current, 
builds up an area with rising arc 
resistance Ra and develops the ability to 
withstand the rising voltage. 
In real melting elements the cross section 
in each row of equally shaped Restrictions 
is not equal. A difference in the cross 
section of +1% means an increase of the 
melting time of about 100 us. This means 
that tne beginning of the arcing is Ra * f (E) r An/q- * i*-ir*d1r 



delayed about lOOus, too. When we take 
into account this uncertainity of the 
beginning of the arcing process in each 
row of restrictions then the measured rise 
of the arcing voltage along the melting 
element is delayed and can show several 
steps. 
There are melting elements with very much 
lead in the middle of one restriction. The 
heating up and the melting of such a 
restriction sometimes can be delayed so 
much that the restriction breaks only when 
current goes to zero. The arcing process 
then is controlled by one row less than 
intended. That means that less rows join 
the arcing process than the operator 
running the experiment expects. 
It is easy to calculate a single or double 
strip melting element in a fuse link body. 
When there are three or more strips then 
often the arcing process does not need all 
strips. The arcing current reduces the 
necessary cross section and the arcing 
curve changes. 
The value of the arcing resistance Ra 
increases. 
You can calculate the arcing voltage when 
you reduce the value of the cross section 
for one strip less and when you reduce 
additionally the value of the inner cross 
section of the fuse link body proportional 
to the cross section of the melting 
element. The arcing process needs at least 
two strips of a multiple strip melting 
element. 
Equ.(3) delivers the curve for the arcing 
voltage and equ.(10) the curve of the 
arcing current of a melting element. 
The arcing process is controlled by the 
arcing factor Ae. Now the value Ae does 
not depend on the cross section of the 
restrictions. 

'I. The spacings of the dividing gaps 

Stepwise calculation delivers both the 
voltage and the current. 
Charge carriers leave the current path, 
carry away energy and go into the sand 
around the electric are. Therefore I use a 
kind of non-adiabatic model. 
When we have equally shaped rows of 
restrictions with equal spacings then all 
material between these restrictions is 
heated up by the arc current and 
especially by the arc heat and will change 
from liquid to gaseous within a few usee. 
This result in a remarkable decrease of 
the number n of the rows of restrictions 
and therefore in the values n*Ue and n*Ra. 
The current and the arcing voltage change. 

It is significant for a well designed fuse 
element that this occurs only when the 
arcing voltage has passed its maximum 
value. 
Melting elements with unequal spacings can 
be calculated or estimated separately for 
each spacing. 
It is not difficult to calculate the 
arcing energy and adds it up until the 
necessary vaporizing energy of the gap 
connecting material is reached. 
When we calculate the arcing process with 
a model that taken Into account this 
breaking of the gap connecting material, 
then the displayed arcing voltage of the 
calculation shows the breaking of arcing 
voltage often at exact the same moment as 

5. The arcing voltage 

In the first 25 usee a cutting voltage Ue 
is created along each gap and must be 
added to the voltage drop Rs*i(t) along 
the fuse element. 
The arc resistance Ra increases and 
controls the arcing process. Gradually the 
current changes. 
The rising arc resistance Ra and the 
falling current result in a maximum 
voltage within a few milliseconds after 
the beginning of the arcing process. Then 
the voltage decreases to supply voltage 
even when no disturbing process is going 
parallel. 
When the current has fallen to zero the 
measured voltage becomes the emf-value of 
the voltage source. 
We assume that n dividing gaps exist all 
over the arcing time. The gaps are 
separated by the gap connecting material 
(gem). Then equ.(2) describes the arcing 
voltage curve. 
When arcing begins the surrounding sand is 
an excellent insulating material and 
withstands high voltage values. When 
arcing goes on heat energy, electrons and 
positive ions leave the electric arc, 
disappear into the surrounding sand and 
heat it up. When the inner surface of the 
arc channel has reached a minimum 
temperature value then the inner surface 
of the arc channel begins to carry a 
resistive current parallel to the falling 
arc current. In this moment measurements 
show that the arcing voltage breaks to the 
supply voltage. The insulating capability 
of the sand decreases. 
The arc resistance Ra increases. 

6. Inside the volume of the fuse link body 

The inner volume of the fuse link body 
influences the arcing process due to the 
pressure of the arcing material. The inner 
cross section of the fuse link body 
controls the arcing resistivity value Ae 
and changes the voltage value Ue. 
The rising arc resistance can be realized 
by the increase of the gas pressure in the 
arc and by the decrease of the temperature 
in the arc. 
When sand is not packed with normal 
density the compressibility of the sand 
increases and the arc quenching effect is 
lowered. Then the voltage rises less fast 
and arcing is delayed. 
When the gap connecting material of the 
melting element vaporizes then gaseous 
material is added to encrease the pressure 
in the arc channel. This results in a 
better arc quenching but it lowers the arc 
voltage because it decreases the number of 
rows of restrictions. 
When the arc is burning inside the quartz 
sand in a fuse link body then the 
surrounding sand is heated up and slowly 
begins to carry a fault current. When 
arcing does not decrease fast enough the 
fault current reaches a value equal to the 
arcing current. Then the arcing voltage 
falls to zero. The fault current is 
mu i ntallied . 
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7. How to use the program in practice Trondheim papers 1984 

It is necessary to have the evaluated 
measurements of at least one experiment 
with the specified fuse link. Set the 
arcing factor Ae to 1 and calculate 
according to the above mentioned formulas. 
When the result is not as desired then 
change the arcing factor Ae and repeat the 
calculation until you get good 
approximation. Then calculate the fuse 
link with this same arcing factor Ae at 
modified test conditions. 
Enter the complete mechanical information 
of the fuse link and the short circuit 
test conditions. Define the initial 
conditions for the beginning of the arcing 
process. Then the calculation is continued 
to the end of the breaking process. 
It also helps to know the critical 
conditions of a given melting element. It 
helps to know the behaviour of a "not yet 
built" fuse link under various short 
circuit test conditions. 
In practice it is important to get 
information fast and sufficient accurate. 
Extreme accuracy is not needed. 
The program asks a minimum of questions 
and gives the needed information. 
When the calculation is done it delivers 
numerical values about the arcing process, 
the arc current, arcing integral and 
arcing voltage. 
At the beginning we did the limitation of 
equally shaped restrictions. We can 
neglect this limitation when we do extra 
calculation for each type of restriction 
as described above. 
With modern small personal computers the 
calculation of the arcing process of a 
simple melting element needs about five 
minutes dialog time between computer and 
operator and less than one minute 
run-time. 
The before mentioned method is part of a 
comfortable computer program STROMex. The 
program does not only the calculation of 
the arcing process of a simple fuse link 
but additional the melting process and 
heating up processes. It displays the 
curve on the monitor or external plotter 
and allows curve discussion. 
Handling of the program is most simple. 
The answer is brought very fast. You can 
test various short circuit conditions 
without danger to material and with nearly 
no extra costs. 
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melting element: double strip 
material : Ag 
cross section : .1 mm1 

number of rows : 3 
fuse link body 

inner cross section: 380 mm 
test current : 1200 A 
measured values: a , h 
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The calculation of the arcing process 
delivers both values. 
Umax, calculated as double strip: a 
Umax, " " single strip: b 

26 



Spectrum Analysis of 
An Ablation-Stabilised Arc in Ice 

L. J. Cao and A. D. Stokes 
School of Electrical Engineering 

The University of Sydney 
NSW 2006, Australia 

Abstract 

The spectrum of an ablation-stabilised arc has been recorded 
using ice as the test material. The intensity of neutral oxy- 
gen lines was found to reach the blackbody radiation limit 
and subsequently the temperature of the vapour layer was 
determined by the Planck function. The arc diameter, pres- 
sure at stagnation point, arc column temperature and vapour 
temperature were measured by spectroscopic methods. The 
results are in agreement with a two-zone, isothermal arc 
model [7], 

1 Introduction 

The ablation-stabilised arc is very common in expulsion fuses 
and puffer circuit breakers. The arc is of high current-density 
being confined in a narrow channel and radiation is the dom- 
inant energy-transfer process. Strong radiation causes wall 
material ablation and a vapour layer exists between the arc 
column and wall. High pressure is built up and the arc column 
consists mainly of wall materials [6,7,9]. 

Under the powerful ablation conditions associated with 
expulsion fuses, it is normally impossible to view the interior 
space of the high-current arc. By selecting ice as the confining 
material, no solid products were produced during arc ablation 
and it has been possible to record the spectrum of such an 
arc without the obscuring effect of solid particles. 

Among the previous experimental measurements of the 
arc characteristics [10,11,12], there has been no attempt at 
spectroscopic temperature measurement. In this paper, the 
spectrum of the ablation-stabilised arc was taken by side-on 
spectroscopy and was recorded on a photographic plate. The 
arc temperature, pressure and diameter were measured by 
using these results. The test material was a block of ice. The 
length of the bore was 110 mm and the diameter 10 mm. The 
theoretical characteristics of such an arc have been calculated 
in advance [6,11]. 

2 Preliminaries 

2.1 Optical setup 

A ray-tracing method [4] was used to calculate the optical 
setup, in which Gaussian optics is described by matrices. Two 
doublets were used in this system so that the location of the 
images and object-to-image ratio could be easily determined. 
By considering the diameter of the lens and the maximum 
aperture angle of the spectrograph, a simple program was 
written to calculate the position of each lens. Figure 1 is the 
actual optical setup during the experiment. 

A shutter was placed at position S to control the expo- 
sure. Exposure time was around 2 ms and it was used in all 
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Figure 1: Optical layout of spectrum measurement. 

spectral measurements. A Helium-Neon laser beam was used 
to align the optical elements on the optic axis. A Steinheil 
universal spectrograph, model GH, and type I-N Kodak pho- 
tographic plates were used to photograph the arc spectrum. 
To construct the H-D curve of the plate, an intensity refer- 
ence spectrum was taken from a standard tungsten filament 
lamp with an attenuation wheel between the lamp and the 
spectrograph. 

2.2 Influence of the fuse wire 

It is well known that metal vapour contamination markedly 
increases the net radiation emission [13,14], because excita- 
tion energy levels of metal atoms are much lower than that 
of nitrogen and oxygen. The arc column of the ablation- 
stabilised arc was assumed to be composed of wall-ablation 
materials. 

To investigate the influence of the metal wire on the 
arc column, two copper wires of different diameters (0.07mm 
and 0.35 mm) were used. Spectra were taken from the onset 
time (0ms) of the main current to the 9th ms of the first half 
cycle, in 1 ms steps. The exposure times were around 2 ms. 
A photomultiplier was mounted inside the spectrograph and 
its voltage signal was sent to an oscilloscope so that precise 
exposure time could be recorded. 

For a given wire, /[t sin(ojt)]2 dt is a constant. Exper- 
imental results showed that it took 0.32 ms to evaporate a 
0.07-mm wire at 2.4kA. Copper lines were observed in the 
spectra for observation times up to 3-5 ms from onset of the 
main current. No copper lines were observed for 4-6 ms obser- 
vation times. Figure 2 shows the spectra of a 2.4-kA arc taken 
between 2.0-3.9 ms and 4.9-6.S ms. Strong copper lines can be 
clearly distinguished for the early exposure (top), while there 
are no copper lines in the later exposure (bottdm). 
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Figure 3: Typical process of spectrum line reconstruction on 
the singly ionised oxygen line 466.1 nm. See text. 

By contrast, it took 1.78 ms to evaporate a 0.35-mm wire 
for a current of 2.4 kA, and copper lines were detected on the 
plate throughout the first half cycle. Since 0.07-mm fuse wire 
was used for all experiments, it was not necessary to consider 
the effect of metal vapour on arc behaviour. 

2.3 Spectral line reconstruction 

The photographic plate containing the image of the spec- 
tral lines was scanned by a microdensitometer. A spectral 
line reconstruction code [5] was modified to meet the present 
requirements. The program calculated the H-D curve from 
scanned data and converted the emulsion density to expo- 
sure according to the H-D curve. Then FFT filtering was 
performed to eliminate noise due to plate granularity, line 
rotating and bending techniques were used to eliminate the 
astigmatic effect and Abel inversion was performed to recover 
the emissivity of the arc cross-section. The maximum expo- 
sure was kept below the upper limit of the linear region of the 
H-D curve. 

Figure 3 shows a typical spectral line recovery process on 
the On line at 466.1 nm. From top to bottom, there are three- 
dimensional and contour plots of the emulsion density of the 
photographic plate, radiance after correction and recovered 
spectral emissivity, respectively. For the three-dimensional 
plots, the X axis is in the wavelength direction and the Y axis 
is in the radial (arc diameter) direction. The axis notation 
for contour plots is the opposite. 

3 Electron density and pressure 
measurement 

If inelastic collisions can be ignored, line broadening by 
charged particles is mainly attributed to the linear Stark effect 
in the case of hydrogen. The half-width of the line depends 
on the electron and ion densities and may be used to measure 

N. [15]. 
The effect of Doppler broadening is much smaller than 

that of Stark broadening in such a high-pressure arc. The 
half-width contributed by Doppler broadening is 

ivD = 7.16 x 10"7
I/O(T/M)

1/j, 

where M is the mass number. At 20 000 K the half-widths of 
Ha and H(? are 0.66 Ä and 0.49 A, respectively, while they are 
over 100 A in this experiment. The effect of Doppler broad- 
ening was thus ignored. 

For quasi-static (ionic) broadening, the line width is pro- 
portional to NV3 [1]. The hydrogen lines are well described 
by the quasi-static model in which the smearing effect from 
electron impacts changes the line profile but has little effect 
on the actual half-value width. Nc can be obtained from the 
relation 

N' = C(Nc,\)(A\f2, 

where C depends only weakly on Ne and T and it can be found 
from tables [1,3]. Figure 4 shows the measured half-width 
and electron number density calculated by equation (3). Fig- 
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ure 5 shows the calculated pressure [11] and evaluated pres- 
sure from measured electron number density. Since, in the 
LTE condition, the material functions are uniquely determined 
by temperature and pressure, the pressure was evaluated from 
the calculated material function table by assuming a theoret- 
ical temperature. 
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Figure 4: Measured half-width and electron number density. 
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Figure 5: Calculated and measured pressures. 

The half-width of the H0 line was widely broadened 
since- the pressure inside the tube was very high. The half- 
widths of the Ug and H-, lines were so wide that these lines 
interfered with each other and therefore could not be used for 
measurement. 

4 Temperature measurement 

The transitions of internal energy levels of atoms and ions can 
be classified into three groups, that is, bound-bound, bound- 
free and free-free transitions. Bound-bound transitions occur 
at a particular spectral wavelength and produces a line spec- 
trum of the atomic species. The other two kinds of transition 
produce a radiation continuum. 

Spectroscopic analysis includes measurement of the 
spectral radiance and identification of the atomic and molec- 
ular processes giving rise to the observed spectra. The tem- 
perature determination may depend on measurements at a 
single spectral frequency or on some relationship among mea- 
surements at several frequencies. 

4.1 Absolute line intensity 

Gas temperature can be determined by measuring radiance 
integrated over the frequency bandwidth of a single line. 
When self-absorption is negligible, the integrated radiance 
(/nm in W m-3ster-1) of an atomic emission line is [16,17] 

Inm 47TPoQ Anm
£ E"/kT' 

where the subscripts n and m refer to the upper and lower en- 
ergy states respectively, Anm is Einstein’s coefficient of spon- 
taneous emission (transition probability), A„m is the wave- 
length of the line, h is Planck’s constant, k is Boltzmann’s 
constant, c is the velocity of fight, and p0 is the number den- 
sity of atoms or ions, gn is the statistical weight of the upper 
state of the transition n -* m, Q is the partition function, 
and En is the energy of the upper state. To determine the 
temperature of a gas specimen, one measures Inm, and looks 
up the temperature on the I„m vs. T plot. One does not solve 
equation (4.1) explicitly. 

Figure 6 shows a typical measurement result. Since the 
radiance varies with approximately the fourth power of tem- 
perature, the decrease of radiance is much greater than that 
of temperature. Beyond the arc boundary, the measured ra- 
diance reduces to a very small value and even to a “negative” 
value, due to the granular noise of the photograph plate. The 
edge of the temperature profile then was simply taken as the 
abrupt of intensity. It can also be seen that the temperature 
profile is not flat but is higher in the centre. 

Figure 7 plots both the measured temperature by the 
absolute fine intensity method and the calculated tempera- 
ture [11]. Since the temperature profile over radius was not 
a constant, the experimental points were plotted as a range 
rather than a point. The upper boundary is the temperature 
at the arc centre and the lower boundary is the temperature 
taken at one third of the radius from the arc centre since the 
variation of radiance and temperature at the edge of the arc 
column are quite large and can lead to a certain degree of 
uncertainty there. 

4.2 Boltzmann plot and line intensity ratio 

Temperature can also be determined from the relative inten- 
sities of spectral fines of the same atomic species. When the 
fines belong to the same ionisation level, the partition func- 
tions and number densities of particles in the ground state 
are the same. 

Equation (4.1) can conveniently be re-written [8] to per- 
form the Boltzmann plot, 

log 
gnAnm 

CmSt kr 

A plot of log IX/gA against E for several spectral fines of 
the same ionisation level should be a straight fine of slope 
1/kT. Deviations from the Boltzmann distribution should 
show up as deviations from the straight fine, due to optical 
depth (absorption). Figure 8 shows such a plot of a 2.4-kA 
arc. 

To compare the intensities of two fines by using equa- 
tion (4.1), we obtain the equation for the fine intensity ratio 
method [8], 

A Mg\X2 -S1&P- 
Iz iWi 
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where the indices 1 and 2 refer to the first and the second 
line respectively. To be able to evaluate the temperature ac- 
curately, the energy difference of the upper terms of the two 
lines, Ei — E2, must be large (>2eV). 

The line intensity ratio method and Boltzmann plot 
method offer the possibility to evaluate the temperature with- 
out knowledge of the number densities and partition func- 
tions of the atomic species, which will hopefully bring down 
the calculation errors. These two methods are basically the 

same. Figures 9 and 10 are the results of the measurements. 
The measured temperatures are higher than those calculated, 
which indicates significant self-absorption. 
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Figure 10: Temperature measured by line intensity ratio 
method. 

4.3 Relative line intensity 

As in equation (4.1), the radiance of a single line increases 
with increase of plasma temperature and number density of 
the atomic species. At a constant pressure, increase of plasma 
temperature is accompanied by decrease of number density. 
As temperature goes higher, the influence of the decrease of 
number density on the radiance will eventually surpass the in- 
fluence of the increase of temperature. The radiance will then 
start to fall off. If a line radiance profile has an off-axis peak, 
its temperature can be determined by considering the relative 
intensity of the atomic line, the Fowler-Milne method [2], 

One then normalises the maximum of the I vs. T plot 
with the maximum of the I vs. r plot. The temperature pro- 
file can be determined by matching the maxima of both ra- 
diance plots. In the current experiment, neutral oxygen and 
hydrogen lines were found to have off-centre peaks. It was 
further found that the measured radiance was 50-100 times 
lower than expected. With such heavy absorption, the Abel 
inversion and line intensity methods were no longer applica- 
ble. These lines were dealt with differently, ad described in 
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section 5. 

4.4 Absolute continuum intensity 

Continuum radiation arises from the interaction of initially 
free electrons with the positive ions or atoms that are 
present. The interactions may be either free-free transitions 
(Bremsstrahlung) or free-bound transitions (recombination 
radiation). The total intensity at any particular frequency 
I(v) is the sum of the contributions from all such processes 
having components at the specified frequency. The radiance 
of the continuum is given as [15] 

where constant C(v) is a function of wavelength but not of 
population density nor temperature in the wavelength range 
considered here. Ne and N{ are the electron and ion densities 
respectively. From the known temperature distribution of the 
arc, the value of C(v) can be calculated. The same value can 
then be used to calculate temperature at other pressures and 
population densities since it is independent of temperature 
and pressure. 

During the analysis, it was found that C(v) was not a 
constant. It decreases with the increase of current. Again 
this indicated that self-absorption has taken place. 

5 Absorption and vapour layer tem- 
perature 

The arc has been described by a two-dimensional, isothermal 
channel model [7], At large optical depth, each photon must 
be absorbed and re-emitted many times on its way out. The 
surface brightness must reach a saturation value equal to that 
of a blackbody at some points. Thus the major fraction of 
the energy is dissipated by radiation, which is absorbed in the 
cooler outer regions of the arc. This self-absorption produces 
a shelf in the temperature profile as a function of radius. As 
a consequence, a zone of vapour usually exists between the 
wall and the arc plasma. Not all of the radiation from the 
centre of the arc is of a wavelength short enough to ionise the 
ablated material from the wall. The vapour is transparent to 
some of the radiation. 

As in section 4.3, the intensities of neutral lines was 
much lower than those of theoretical predictions. A typical 
radiance profile (Ol715.6nm) is shown in Figure 11. It can 
be clearly observed that line profile is flat over a large dis- 
tance from the axis, which can be explained by Figure 12. 
At the particular wavelength, the blackbody radiation limit 
is reached and radiation from the arc core is absorbed almost 
completely. The line profile recorded on the plate is the in- 
tensity profile of the vapour layer. It reaches the saturation 
value of blackbody radiation. The flat profile is evidence of 
extremely heavy absorption of the arc radiation. 

As the pressure inside the bore becomes large, the radia- 
tion intensity approaches the blackbody radiation limit. The 
line shape will saturate by redistributing its energy within a 
larger bandwidth. The half-width of singly ionised oxygen 
lines in this experiment is around 3 Ä while that of neutral 
lines is around 12 Ä. Widely spread line-width is further evi- 
dence that the blackbody radiation limit has been attained. 

On the other hand, larger amounts of particles are 
concentrated at the related energy levels (centre frequency). 

JLl 

Figure 11: Typical radiance profile of the neutral oxygen line 
715.6 nm, continuum extracted). 
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Figure 12: Radiation profile with and without heavy absorp- 
tion. 

This, in turn, will lead to heavy absorption at the line centre. 
It was observed that both the Ha and Hg lines recorded had 
a dip at the line centre. This is contrary to the predicted 
Stark profile for H0 because there are no shifted central Stark 
components in Ha as there are in Hg. This provides more ev- 
idence that heavy absorption is present in the neutral atomic 
lines. The dip is caused by absorption from particles of very 
high population density at the centre frequency. 

Equation (4.1) was also integrated to evaluate theoret- 
ically the extent of line radiation. It was found that the 
integrated intensity of neutral line radiance approached the 
blackbody radiation limit under the high pressures in this ex- 
periment (same order of magnitude), while that of a singly 
ionised oxygen lines was far less than the limit (two orders of 
magnitude lower). 

It was thus assumed that the radiation of neutral lines 
attained the blackbody radiation limit. The distribution of 
blackbody radiation is governed by the Planck function [15], 

h (v,T) 
2hu3 1 

C2 gfw/WI _ I ■ 

Thus the vapour layer temperature can be determined from 
the radiance profile of a neutral line. Figure 13 shows the 
vapour temperature calculated by this method. We can see 
that the vapour temperature is almost independent of cur- 
rent. It should be related to a temperature high enough to 
evaporate all possible solid materials. 
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Figure 13: Vapour layer temperature measurement. 

6 Arc diameter measurement 

As a result, the measured intensities at lower energy level are 
lower than they should be, because radiation at these levels 
is more likely to be absorbed. Because of this reason, the 
points on the left side of Figure 8 are lower than they should 
be. Subsequently, the slope is too low and temperatures on 
Figure 9 and 10 are too high. 

The Stark broadening mechanism is independent of the 
state of LTE. The pressure evaluation in section 3 is fairly ac- 
curate, by using measured electron number density and theo- 
retical temperature. This in turn indicates that the temper- 
ature predicted is correct. 

Comparing Figures 3(b) with Figure 11, we can see that 
the radiance of the neutral oxygen line is spread through the 
outer layer while the radiance of the singly ionised oxygen 
line is concentrate at the centre. This is because there are 
two zones in the channel, a high temperature arc column and 
a low temperature vapour layer. It also explains why lines of 
different energy level are present on the same photographic 
plate. 

Since the spectral line profile was faithfully reconstructed, 
the arc diameter could also be measured. Two methods were 
used to measure the diameter of the arc. The first method is 

illustrated in Figure 6. The arc temperature profile calculated 
by absolute line intensity method falls abruptly. The point 
at which this occurs is regarded as the boundary between the 
arc column and vapour layer. 

The second method can be illustrated with references to 
Figure 11. The flat top of the radiance profile indicates the 
arc column. The position of the edge is taken as the mid- 
point between the “shoulder” and “toe”. Figure 14 shows the 
results of diameter measurement by these two methods. The 

measurement fits well with the theoretical prediction. 

c0 
t- 0.6 

1 I“ 
» measured from line intensity profile 
■ measured from blackbody radiation evaluation 

calculated from Kovitya and Lowke model 
(On7156 and 0^7477) 
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Figure 14: Diameter measurement. 

7 Discussion 

Because of the presence of self-absorption, temperature cal- 
culation through intensity measurements in Section 4 is not 
very accurate. As the current density and pressure increase, 
spectral transmissivity decreases. Thus, temperature mea- 
sured by absolute line intensity of singly ionised oxygen lines 
is lower at higher current (Figure 7). Absorption leads to a 
higher population of atoms at lower excitation energy levels. 
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INTRODUCTION 

In recent years the interrupters of the 

vacuum circuit breakers are applied various 

configurations of the axial magnetic field 

which are to really effective to improve the 

interrupting performance. Here we apply this 

method into our newly developed vacuum fuse 

which was not only successfully preventing 

local overheating of an electrode when it 

interrupted large current, but also simplified 

the coil type of the original axial magnetic 

field configuration which is adopted horse 

shoe core type axial magnetic field. 

This vacuum fuse shows an excellent 

interrupting capacity in a wide current range 

from a .overload fault current to a larger 

short-circuit fault current . Thus, it can bo 

reliably used as a general purpose fuse 

especially as a motor protection fuse. 

CONFIGURATION. OPERATING PRINCIPLE AND 
ADVANTAGES 

Tho configuration of vacuum fuse is similar 

to ordinary fuses. It consists of element, 

dielectric for extinguishing arc, envelop and 

conducting rod. The main difference is 

dielectric which is vacuum. It is usually 

provided with an axial magnetic fiold dovieo 

for improving the interrupting capacity. 

Figure 1 shows a general type vacuum fuse of 

early products with rated voltage 15kV, rated 

current 300A and interrupting capacity 

12kA Cl J . 

Figure 2 shows an axial magnetic field coil 

typo vacuum fuse, an experimental product 

made in 1985 by Japan; the rated voltage, 

rated current and interrupting capacity being 

12kV, 63OA and 21lcA respectively C2] . 

Figure 3(b) shows a horse shoe core type of 

axial magnetic field vacuum fuse, a research 

sample made by our university's factory in 

19S8; tho rated voltage, rated current and 

interrupting capacity being 10kV, 250A and 

31.5kA respectively[3]. 

In this type of the vacuum fuse, the axial 

magnetic field is produced by two plates of 

horse shoe iron.core located on the back of 

electrodes. The principal configuration is 

showing in Figure 4. When the short-circuit 

current passes through to the vacuum fuse, 

I 
Fig.' 1 

L 
lv U 

\ / 
A General Type of Vacuum Fuse 

1-conducting rod, 2-end cap, 
3-porcelain tube, 4-arc electrode, 
5-metal envelop, 6-shield, 7-fuse 
element, 8-conducting rod, 9-seal 

Ax,/ 
Hr 

-270- 

Fig,’ 2 An Axial Magnetic Field Ooil 
Type' Vacuum Fuse 

1-fuse element, 2-shield, 3-arc 
electrode, 4-porcelain tube, 
5-conducting rod 

*2 
mi 
280 

l 
3 

Fig. 3 A Horse Shoe Core Type of Axial 
Magnetic Field Vacuum Fuse 

1- conducting rod, 2-glass tube, 
2— electrode, 4—fuse element, 
5-glass tube, 6-horse shoe iron, 
core 
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II 
the fuse element onerates and nroduces arc 

between the two electrodes. Meanwhile, the 

surf.aces of electrodes will build an axial 

magnetic field which is produced by two 

nle.tes of horse shoe iron core. Due to two 

opposite axial magnetic field on the surfaces 

of the electrodes, most of eddy current will 
be cancelled out each other. Hence, the 

surfaces of the electrodes leave out cutting 

slot. 

Pig, 4 The Principal Configuration 
of horse shoe iron core 

Tile advantages of the vacuum fuse are: 

(l) The fuse element is very short, only few 

milimeters and its power loss is lower than 

that of any other types of fuse. The power 

loss is nearly only 10$ of same rated current 

of other types. 

Figure 5 shows the comparision of the power 

loss of HRC fuse with vacuum fuse. 
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Vacuum Fuse 

(2) The vacuum fuse always interrupts fault 

current at current zero, so there is no over 

voltage occurred. 

(3) The he t-capacity of connecting terminal 

of vacuum fuse is large and its conducting 

heat xs better. So that, under rated current 

condition, its tomneraturo rise is small in 

comparision with the same rated current of 

other types. It is only 30-50$. 

(4) Many times of over current tests of 

vacuum fuse, there is no deterioration 

phenomena and no resistance deviation of fuso 

element. Hence, it is fit for applications of 

the frequent operation such ~s for motor 

protection. Figure 6 shows the number of 

tests aga.inst over current ratio S of the 

vacuum fuse and HRC fuse, 

(Over current ratio S = 
over current during 10 sec.s 

3 10 sec. fusing current ' 

(5) During operation, no explosion, no gas 

spraying out and no noise will occur. 
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Fig. 6 The Humber of Tests Against 
Over Current Ratio S of The 
Vacuum Fuse and HRC Fuse 

THE CHAR\CTERISTICS OF VCUUM FUST 

The operation process of the vacuum fuse 

during over load current or short circuit 

current is similar to that of the general 

fuse involving molting,vaporizing, restriking 

and arcing, Finally, the vacuum fuse quenches 

this arc at current zero. The conducting rod 

of vacuum fuse is made by a good conductive 

material (Cu) having large he-t-capacity. 

Therefore it has lower temperature rise at 

normal working condition and higher overload 

ability. "/hen the vacuum fuse suddenly 

happens short-circuit current fault, the fuso 

element temperature rise will be attained 

very rapidly to the melting point until the 

arc Produced. This is nearly an adiabatic 

process. But at low overload current, the 

melting time will be increased more and more. 

Therefore the orearcing characteristic of the 

vacuum fuse becomes a steep curve. Figure 7 
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shows a stoep time-current characteristic of 

the vacuum fuse. 
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Fig. 7 Time-current characteristics 
of vacuum fuse 

T. Tanaka et al[2] gave the optimizing data 

of flux density against interrupting current 

for axial magnetic field type vacuum fuse as 

shown in Figure 8. In Figure 8 it shows that 

when the electrode diameter of the vacuum 

fuse equals 50mm, the optimization of the 

flux density is (8-13,6)x10-3 Vb . m-2 lcA-1; 

when the electrode diameter of the vacuum 

fuse equals 60mm, the optimization of the 

flux density is (8.2-14 )x10“3 7b. m-2 kA_1 . 

3 60 
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Magnetic flux density par ampere (Wb/mJ'lcA) 

Fig. 3 The Clearable current limit as 
a function of magnetic flux 
density per ampere 

If the flux density is lower than the 

ontimization value, the max. interrupting 

current will be decreased rapidly with the 

decrease of the flux density. If the flux 

density is higher than the optimization 

Value, the max. interrupting current will be 

decreased slowly with the increase of the 

flux density. The reason is that when the 

i'Xial magnetic field is too weak, the arc 

between the two electrodes will become a 

constriction state easily. On the contrary, 

when the axial magnetic field is too strong, 

the arc between the two electrodes will 

maintain a diffusion state, but the charge 

particles move along the axial magnetic field 

longer path than the optimization flux 

density. So that the voltage drop between the 

electrodes will be increased slightly, but 

the interrupting current will be decreased. 

TESTS AND RESULTS 

Two typical samples are shown in Figure 3. 

One is designed for a lower interrupting 

capacity without horse shoe iron core 

structure, that is no axial magnetic field 

producing in the surfaces of the electrodes. 

The other is designed for a higher 

interrupting capacity with horse shoe iron 

core structure which can produce axial 

magnetic field under the test. Figure 9 shows 

the short circuit test result of the latter 

one with prospective current being 32kA. The 

temperature rise measured at the ends of the 

connecting terminals on these two typical 

samples were 5.8°C and 14.3°C respectively. 

Table 1 shows an experimental temperature 

rise test [5J . 

Z= 
7 

Ur 

Da\ 

ti *a 

Fig. 9 A Typical Oscillogram of Short 
Circuit Current Test 

I-Short circuit current, 
Us-Source voltage, Ua-Arc voltage, 
Ur-Recovery voltage, 
ti-Melting time, tg-Arcing time, 

Table 1 Experimental Results of 
Temperature Rise Test 

Rated Current(A) 100 250 

Tested Current(A) 101 253 

Temperature rise(°C) 
(Connecting Terminal) 

5.8 14.3 

Area of„connected 
wire (mnr) 100 225 
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APPLICATIONS REFERENCES 

Ilorso shoo iron coro typo vacuum fuso has 

many advantages in comparision with a current 

limiting fuse. The applications of this newly 

developed vacuum fuso are as follows: 

(1) Overload and short circuit protection of 
a high voltago motor of large capacity. 

(2) Protection of main transformer, 
distribution transformer and protection 
on overhead or underground distribution 
linos. 

(3) Protection of capacitor banks. 

(4) Other special devices for required low 
ovor voltage. 

Furthermore, this type vacuum fuse with a 

higher rated voltage is easily developed 

without any serious increase in dimensions 

such, as for 3$kV system. 

CONCLUSION 

Tho axial magnetic fiold mnkos the arc column 

stable and keeps it in diffusion state, so 

that it has an excellent interrupting 

capacity. 

The small over current can be interrupted 

without any trouble. 

No ovor voltage is occured during operation, 

because the current is interrupted always at 

its current zero. 

Power loss of the vacuum fuse is about 1/10 

in comparision to a current limiting fuse 

with same rating, due to the fusible element 

being short length. 

Temperature rise is negligibly small. 

Fuse element deterioration and deformation 

are scarcely recognizable after repetitive 

application of over current. 

It is affirmed that tho vacuum fuso having 

such advanced characteristics can be adopted 

in various fields, so that it will be 

developed widely in the future. 
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Abstract: in this paper some factors affecting the 
arc-extinguishing behaviors of HV expulsion fuse 
are dealt with and the construction, and behaviors 
of the newly-developed 11.5-40.5 KV expulsion fuse 
and its use and prospect in China are introduced. 
Moreover, suggestions regarding the relevant regulations 
for interrupting tests of the I EC 282-2 "Expulsion and 
Similar Fuses" are made. 

I General Introduction 

The 11.5-40.5 KV HV expulsion fuse has found' 
extensive application in the 10-35 KV power 
systems in China. Being simple in construction, 
reasonable in price and convenient in use and 
maintenance and relatively satisfactory in protection 
behavior, the fuse, which is well accepted by 
numerous users, is one of the most widely-used 
electric HV apparatuses in the power systems in China, 
it is mainly connected in series on the HV side of the 
10-35 KV distributing transformer in urban and rural 
areas, or., installed on the main and branch lines 
of the distributing networks to protect the 
transformer and lines from accidents . In the 10-35 
KV power systems in China, the number of this kind 
of fuses is as great as about several millions and its 
•annual output some hundreds thousand each year. 

II Investigation of Factors Affecting Arc- 

Extinguishing Behaviors of the Fuses 

Detailed specifications are made In the lEC 282-2 
standard and C37.41-1981 of the American ANSI/IEEE 

standard concerning the interruping behaviors of the 
fuse. The standards demand that the fuse should be 
able to make and break the interrupting current 
ratings and any short-circuiting and over-load 
currents below them. i.e. to make and break 5 
series of current values such as I + 5-0%,0.7-0.8 1.0.2- 
0.3 I.400-500 A,and the 2.7-3.3 times fuse link rating. 
As these demands are quite severe, and the arc- 
extinguishing behaviors are affected by a great 
number of factors, among which are chiefly the 
material, construction and size of the fuse tube, it 
is the key problem to design the reasonable fuse 
construct I on,to select the arc-extinguishing material 
with satisfactory properties and to make out the 
rational fuse size to resolve the contradiction of 
making and breaking large and small currents. The 
paper, considering a numerous tests and 
investigations conducted over the past few years 
concerning the new type 11.5-40.5 KV fuses and the 
experience in the manufacturing testing and 
operation of fuses gained in China for more than 30 
years, deals with a few important factors affecting the 
arc-extinguishing behaviors of the fuse as follows: 

1. The Influence of the Material and Size of 
the Fuse Tube 

The fuse tube is the most important part of the 
expulsion fuse and it consists generally of the inner 
gas-generating arc-extinguishing tube and the outer 
protecting tube. When the fuse-element is blown out 
and the arc is produced, the material of the inner arc- 
extinguishing tube under the action of the arc, 
generates a large amount of deionizing gas, thus 
causing the pressure in the tube to rise rapidly 
and the high pressure gas injects from the open end 
of the fuse tube blowing the arc perpendicularly 
so that the arc is elongated quickly and cooled 
intensively and caused to be extinguished. 

After carrying out investigations and tests of the 
short-circuiting interrupting current by using gas- 
generating materials such as plexiglass. PVC, fibere. 
amino resin cellulose, etc. we have found that with 
PVC. which has a satisfactory arc-extinguishing 
behavior, a high impact strength.and a moderate 
consumption, with gas generated under the action of 
the arc, a great number of carbonized particles 
are produced on its surface. Other materials such as 
plexiglass,amino resin cellulose etc.. in spite of 
their good properties in many fields. the 
mechanical strengths. mainly the impact strength, 
are not good enough. After the gas is generated and 
the arc is extinguished, there are cracks at the 
bottom end of the inner tube. After the second 

successive interrupting. the bottom end of the 
inner arc-extinguishing tube is cracked for 8 to 10 
cm, the part broken in pieces flying out of the 
tube fuse together with the gas so that it cannot be 
used again. At present. it is considered that 
only the fiber material is relatively suited for making 
of the inner arc-extinguishing tube. Therefore, 
this material is selected for making the arc- 
extinguishing tube with the epoxy resin cloth wound 
around it to act as its outer protecting tube so as 
to increase the strength against mechanical 
impact. The outer surface of the tube is 
coated with moisture-proof insulation lacquer. 
However, the greatest disadvantage of the fiber 
material is that it is likely to be deformed when 
absorbing moistire. To combat this drawback, we have 
designed a fuse tube construction with its top end 
closed under normal operating conditions to keep 
rain from getting into the tube directly. It has 
been proved that the construction in which the top 
end is closed and step-by-step gas discharge is adopted 
is successful thus avoiding completely the 
disadvantages of the fiber. 

When the arc-extinguishing material has been selected, 
another key issue is how to determine the size of the 
fiber inner arc-extinguishing tube in the fuse tube in 
order to satisfy the demands of the large and small 
interrupting short-circuit and overload currents. As in 
the fuse tube, the arc is extinguished by generating 
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the gas from the inner arc-extinguishing tube, it is 
clear that, if a larger Internal diameter is chosen, 
the pressure will be moderate when making and 
breaking the rated interrupting current. However, 
when making and breaking a smalI over-load current, the 
gas will not be generated enough to extinguish the 
arc because the internal diameter of the arc- 
extinguishing tube is too larger resulting in an 
insufficient amount of the gas generated. When a 
smaller internal diameter is chosen, a sufficient 
amount of gas will be generated when making and 
breaking small currents, but there can be cases when 
an explosion occurs because, when"making and breaking 
the rated interrupting current, the amount of the gas 
generated is too large and the pressure in the tube is 
too high so that the fuse tube fails to withstand such 
a high pressure. As up to now there has • been no 
formula for determining accurately the size of the 
arc-extinguishing tube.it is mandatory to determine 
the suitable size of the arc-extinguishing tube through 
the interrupting tests of research nature. As far as 
the fuses for different voltage ratings and rated 
Interrupting currents.the size of the arc-extinguishing 
tubes is different from other. Through a lot of tests 
and research, we have determined the sizes of the arc- 
extinguishing tube of the fuses for various 
specifications for tine rated voltage of 11.5-40.5 
KV,rated current of 100 and 200 A and rated 
interrupting currents of 6.3, 8, 10, 12.5 
KA.Valuable experimental data have been obtained from 
hundreds of interrupting tests for various current 
ratings and relatively deeper understanding has been 
gained concerning varied factors affecting the 
interrupting properties. It has been found from the 
tests that only depending on the suitable selection 
of the tube material and size, Is It still not 
possible to meet the demands for the fuse tube with 
the same size to make and break both large and small 
short-circuit currents. To overcome this difficulty, it 
is necessary to take steps with regard to the 
construction of the fuse tube. Furthermore, 
supplementary technical measures for arc-extinguishing 
should be taken. This is the second and third 
problems we are going to discuss in the following. 

2. Influence of the Fuse Tube Construction 

The fuse tube we have designed is one of the step-by- 
stop gas discharge construction (see Flg.1), wliere 
the button-type fusel ink Is employed (see fig. 2). 
The fusel ink is inserted from one end and the button 
is pressed by the pressure-releasing piece at the 
top. When tightening the pressure-releasing cap, the 
fuse I ink button will be pressed against the moving 
contact to ensure a good and stable contact of the 
fusel ini: button and the low temperature rise. 
During the designing, attention has been paid 
to making suitable selection of the material,size and 
thickness of the pressure-releasing piece and the 
choice of the parts such as pressure- releasing 
caps etc. to make them suit the following 
requirements: 

1) When the Interrupting current Is 30% less than 
the rated interrupting current value, the pressure- 
releasing piece will not be actuated and 
the tube discharges gas downwards in the one- 
way manner so as to keep comparatively high pressure 
within the fuse tube beneficial for extinguishing 
small short-circuit and over-load currents. 

2) When the interrupting current is 30% larger 
than the rated interrupting current value, the. fuse 
button will shear and break the pressure-releasing 
piece owing to the action of tine pressure In the tube 
which Is relatively great. The button and the 
pressure-releasing piece will be forced out by the gas 
current. At this time, the fuse tube discharges gas 
to both ends so as to enable the high-pressure gas 
generated under the large short-circuit current to 

force out of the fuse tube rapidly, thus reducing 
the mechanical stress applied to the fuse tube when 
making and breaking the large currents. When using 
the step-by-step gas discharge construction, the fuse 
Is enabled to increase its rated interrupting current 
value and to cut off small currents, thereby 
expanding the range of the interrupting currents and 
effectively removing the contradiction of the large and 
small Interrupting currents for the arc- 
extinguishing apparatuses with self gas generation. 

The material, diameter and thickness of the pressure- 
releasing piece should be determined through the 
designing and interrupting tests. As far as the 
fuses for various voltage ratings.rated currents and 
interrupting currents are concerned, the size is 
different from each other. 

In addition, with the step-by-step gas discharge 
fuses, the fuse tube and top moving contact should 
be adhered to each other by using epoxy resin and 
fastened by riveting. This Is a technical key 
point, as in the interrupting Instant, the 
pressure in the tube acts on the top moving contact 
through the fuse I ink button,pressure-re leasing piece and 
cap. The force produced causes the top contact to 
separate from the fuse tube. If the adhesion is not 
tight enough, the top moving contact is Iikely to get 
away from the top end of the fuse tube and bring about 
interrupting failure.lt is shown in experiments that 
where the adhesive force between the top moving 
contact and the fuse tube is concerned, tension 
tests should be made on the mechanical tester. 
If a two-tons tension strength can be withstood, 
there will be no removal phenomenon as mentioned 
above. 

3 The Influence of the Size, Position and 
Installation Manner of the Auxiliary Arc- 
Extinguishing Tube of the Fusel ink. 

The construction of the tube fuse with step-by-step 
gas discharge is conducive to improving the interrupting 
characteristics. But further steps should be taken to 
meet the requirements specified in the 4th and 5th 
interrupting series of the lEC 282-2 standard.We have 
taken the measure to Install an auxiliary small arc- 
extinguishing tube on the fuse-element. When 
interrupting a current less than 500A,the small arc- 
extinguishing tube is mainly used to generate gas for 
extinguishing the arc and the extinguishing tube in the 
fuse tube does not produce gas for consumption. 
When making and breaking the arrents larger the" 
Soo A, the small auxiliary arc-extinguishing tube 
will be burst, and the gas generated in the 
arc-extinguishing tube will be used for extinguishing 
the arc.In this case, the small auxiliary arc- 
extinguishing tube will be broken into pieces and 
removed out of the fuse tube together with the gas 
without affecting the rated interrupting currents. 

Grouped contrast experiments have been performed in 
connection with such factors as the material, 
diameter, wall thickness, and length of the small 
auxiIiary arc-extinguishing tube, the change of the 
behaviors over the long period of heating of the 
fuse-element, the manner and location of the 
instalI at ion on the fuse tube, etc. The analyses can 
be given as follows: 

1) Material: As far as the material of the 
small auxiliary arc-extinguishing tube is concerned,it 
Is required that It produce sufficient amount of gas 
under the action of the interrupting current less 
than 500 A so as to be helpful to the extinguishing of 
small currents. Under the action of large short- 
circuit currents.it should be broken quickly into 
pieces without blocking the gas-discharging passage. 
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During the normal operation, under the action of high 
temperature, it should not be aged and deteriorated. In 
addition it should be low in cost and easy in machining. 

In the contrast experiments by using materials such as 
plexiglass, fiber, raw cotton paper soaked with 
specially prepared arc-extinguishing solution, etc.. 
we have found that the last material is better than 
the first two materials. Therefore it is employed 
for the purpose. 

2) Size: As the internal diameter of the small 
auxiliary arc-extinguishing tube is limited by the 
externa I diameter of the copper hoop of the fuse link, 
it should be 1 mm larger. In this way, the copper loop 
can move freely in the tube. When extinguishing the 
current that is 2.7 -3.3 times fuse link rating , the 
small arc-extinguishing tube will stay basically 
unaffected and when the fuse-element is blown out,the 
fuse tube will drop properly. If the internal diameter 
is too small, it will be seized between the two 
copper hoops of the fusel ink so that,after the 
blowing-out of the fusel ink, the fuse tube cannot 
drop because the small auxiliary arc-extinguishing 
tube is seized between the two opper hoops. The 
external diameter of the small auxiliary arc- 
extinguishing tube should be 2 mm smaller than the 
internal diameter of the arc-extinguishing tube. In 
this way, when making and breaking the rated 
interrupting current, there will be smooth gas 
discharge. Otherwise, because of the blockage of the 
gas discharge, there will be fuse tube explosion, 
or because of the weak perpendicular blowing of 
the arc, the arc will get out to continue burning as 
it is blocked in the tube thus leading to the flash 
along the outer surface of the fuse tube and failing 
in extinguishing the arc. It is confirmed through 
experiments that it is desirable to adopt the wall 
thickness of 1 mm for the small auxiliary arc- 
extinguishing tube. 

The instaliation position of the small auxiIiary arc- 
extinguishing tube has an important impact on the arc- 
extinguishing behaviors. The top end of the small 
auxiliary arc-extinguishing tube shout be fitted 
closely with the fusel ink button so that, when 
extinguishing the small current, the gas generated will 
not leak and discharge along the lower end of the 
small tube to blow the arc in an perpendicular way. 
in Fig 3 are shown the oscillograms of the 
40.5 KV fuse when interrupting the current of 500 
A. On the top diagram, as there is a seam between 
the top end and the fusel ink button, when 
extinguishing the 500-A current. the interrupting 
fails because the gas generated leaks along the 
seam. With other conditions unchanged, the mere 
replacement of the small extinguishing arc- 
extinguishing tube which is closely fitted to the 
fusel ink button, the interrupting of 500 A current is 
cleared smoothly (see lower diagram).The length of the 
small auxiliary arc-extinguishing tube increases 
with the rise of the rated voltage of the fuse.It 
has also be found during the interrupting 
experiments that. on account of the rise of the 
rated voltage of the fuse, the successful step 
for extinguishing the small 11.5 KV current fails to 
function on the 40.5 KV fuse. Clearly,various 
measures for extinguishing small currents should be 
taken to fuses with different voltage ratings. 

'In the experiments it has also been found that that 
torsion force for the lower fuse to send forth the 
plate spring also has an impact on the 
interrupting of the small current. Under its 
action.the fuselink,after blowing out, will be pushed 
down rapidly, the speed being particularly 
sensitive to the interrupting of small currents, the 
torsion force of the spring has an influence on the 
time-current characteristics of fusel inks. A suitable 
torsion force of the soring which Is determined 
through experiments is not only helpful to the 
interrupting of smalI currents, but has no influence 

•on the time-current charateristies of fusel inks as well. 
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Fig 1. The step-by-step gas discharge construction of 
fuse tube. 
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Fig 2. The bottom-type fusel ink. 
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Fig 3. The oscillograms of the 40.5 KV fuse when 
interrupting the current of 500 A. 

4. The influence of the Position of the Fuse- 
element in the Fuse Tube 

The position of the fuse-element in the fuse has 
an importance influence on the interrupting 
behaviors. As far the fuse with single end 
discharge of gas used abroad is concerned, the 
fuse-element is close to the buttonhead . Hence, after 
the fuse-element is blown out, the arc is produced 
and the gas generated in the arc-extinguisning tube 
under the action of the arc blows down and 
in a perpendicularly manner along the tube, which 
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is conductive to the extinguishing of the arc.The fuse 
tube designed by us is of the type of step-by step 
discharge of gas. As a result, the fuse-element is not 
located close to the buttonnead. If ehe fuse-element 
is still close to the outtonheao ,tne gas generated 
after the oI owing-out will quickly break the pressure- 
releasing piece and get out of the fuse tube, which is 
not helpful to the perpendicular biowing and cooling of 
the arc and often makes the arc get out of the fuse 
tube and continue the burning.Sucn a phenomenon has been 
confirmed through a lot of interrupting 
experiments. if the fuse-element is situated in the 
mi adle position, the arrangement is not good 
-'or extinguishing smal I currents. It has been verified 
that good results can be obtained when the fuse- 
element is located at the top end away from the 
button to some extent. Such a treatment is 
helpful to the interrupting of ooth large and 
smaii currents. However, the location for 11.5-40.5 
<V fuses with various voltage ratings should be 
different from each other and no identical 
distance can be used. 

5. The Infulence of the Other Factors 

When large short-circuit currents are interrupted in 
the fuse tube, the incandescent gas injected out of the 
top ana lower ends of the fuse tube .the length of 
the visibie light observed by the unaided eye is about 
0.3-0.4 m.the top opening being shorter than the lower 
one and the diameter of the injected gas being 0.2-0.3 
m. The injected gas looks like a flame. When the 
high-speed camera is used to take pictures, the 
injected gas at high speed from tne middle is as long as 
1-2 m. in the gas, there are a lot of evaporated 
metal particles which are produced through 
the gasification of the melting fuse-element and the 
tail lead of the fusel ink under the action of high 
temperature of the arc. The length varies with the 
period of the AC current. It is also dependent on 
tne voltage and interrupting current. This 
incandescent gas which includes metal vapor will 
be reflected when meeting an obstacle. As a 
result, at the top and lower ends, there should 
be no obstacles within the above mentioned scope. 
Otherwise, when the gas current injects on to the 
obstacle, there will be counter injection from it with 
the result that the outer surface of the fuse tube is 
coated with a thin metal layer full of a lot of 
copper vapor, leading to a flash on the outer surface 
of the fuse tube and re-burning. Therefore, when 
designing tne construction of the fuse, steps 
must be taken to avoid such a problem. The 
above factors should be considered when 
testing, installing and operating the fuse. It has 
been found through the data analysis of a large 
number of interrupting experiments that with the 
11.5 <v fuse, there cannot be any obstacle in the 
space 2m away from the top and lower end openings 
and the distance from the lower end opening of the 
fuse tube to the ground and other parts such as the 
support and the case cover of the transformer should 
be more than 2m, the distance between two 
phases snouid be greater than 0.6 m. With the 
40.5 KV fuse, the corresponding distance should be 
above 3 m and the distance between two phases should 
also ce more than 1 m accordingly. 

Ill The Development of the new type 11.5-40.5 KV 
Expulsion Fuse 

Based on tne experiments ana investigation of the 
factors affecting the behaviors of the fuse, we have 
developed the 11.5-40.5 KV fuses tne main teemical 
data of 'which are snown in Table. 1. The type test of 
the fuses is done in accordance with tne lEC 282-2 
standard. Among the new fuses,the RW11-12/100-8 type 
fuse was tested both in China and the "KEMA" Test 
station in Holland resulting in interrupting 

successfully the 8 KA rated interrupting current 
(symmetrical) and the 17 A minimum interrupting 
current. The RW11-12/100-8 type fuse has found wide 
application in China.The 15 and 27 KV fuses were 
developed chiefly for meeting the demands of export. 

In order to implement the electrification of the rural 
areas in China, a model plan of the rural substation has 
been determined as shown in Fig. 4. According to the 
plan. 40.5 KV fuses will be used in great numbers ön 
the HV side of the 35 KV substations for 
protecting the transformer from short-circuiting and 
over-loading. The fuse to be used every year will 
amount to about 10,000. 

Table 1 Technical Parameters of 11.5—40.5 Fuses 

Voltage 
Rating 

(kV) 

Current 
Rating 

(A) 

Interrupting 
Ratings 
(rms amps sym) 

12 
12 
15 
27 
40.5 
40.5 

100 
200 
100 
100 
100 
200 

8000 
12500 
10000 

8000 
6300 
8000 

4-00— 

-oo- —© 6 co— 
■©—s—CD— 

—@.13-00— 

p: Fuse T: Transformer 

R: Recloser S= Sectional iser 

Fig 4. A model plan of the rural substation. 

IV A Few Suggestions' 

Through a great number of interrupting tests,numerous 
valuable data have been provided for developing 
new products and at the same time significant 
information has been accumulated for the revision 
of the testing standard of "Expulsion ana 
Similar Fuses". It has been confirmed through 
hundreds of interrupting tests that in accordance with 
the related regulations for the interrupting tests 
specified in the lEC 282-2 standard, a fuse must pass 5 
series of interrupting tests among which, as far as the 
first series for testing the rated interrupting 
current is concerned, the three interrupting 
tests for installing the fusel ink for the minimum 
rated current are more severe than the three 
interrupting tests for installing the fusel ink for the 
maximum rated current and accordingly the consumption 
of the inner arc-extinguishing tube in the fuse tube 
is larger. This is because under the condition of 
the same rated interrupting current I. the fuse link 
for the minimum rated current is blown out earlier 
than that for the maximum rated current, thus 
generating the arc. As the tail lead of the 
fuse I ink for the small rated current is small 
in diameter, light in mass and low in heat 
capacity, 'under the action of the arc, the section of 
the tail lead burned out is long: there is a long 
distance of the arc between the two tail leads; 
there is a large area of contact between the arc- 
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extinguishing tube and arc: there is a large amount of 
gas generated and high pressure in the fuse tube. 
Especially, when a new tube does interrupting for the 
first time, and the making angle after voltage zero 
is -5 to +15 (at this time the non- 
periodical component is maximum) the strength of the 
fuse tube undergoes the most severe examination. It has 
been confirmed through the statistical data of 
hundreds of interrupting tests that diring the 
three interrupting tests for install the 
fuse I ink for the minimum rated current, the 
consumption of the inner arc-extinguishing tube in 
the fuse tube is 50% larger than that for the three 
interrupting tests for installing the fuse for the 
maximum rated current. The RW 11-12/100-8 type 
fuses were used at the same time;it shows that after 
the three interrupting tests for installing the 100 A 
fusel ink; the internal diameter of the arc-ext i ngu i sh i rig 
tube increased from 13mm to 14.5mm and that after the 
three interrupting tests for installing the 5A 
fuselink. the internal diameter of the arc- 
extinguishing tube increased from 13mm to 15.3mm. The 
above conclusion is the same for the arc-extinguishing 
tubes made of different materials and those made with 
the same material but produced by different 
manufacturers. Thus we hold that for the first series 
of interrupting tests. it is only necessary to make 
the three interrupting tests for the minimum rated 
fuseiink or to conduct two tests for the minimum rated 
fuse I ink and one test for the maximum rated 
fusel irk. 

in the four interrupting tests for the second series 
for 0.7 to 0.8 I (there are two tests for the fuse I ink 
for the maximum and minimum currents respectively), 
the consumption of the fuse tube is still larger than 
that for the three interrupting tests for installinz 

the fusel ink for the minimum rated current so that 
the test of the electric life of the fuse tube is more 
severe than the first series. We made several 
rounds of interrupting tests of fuses. In the first 
series, the three tests for installing the maximum and 
minimum rated currents fusel inks respectively all 
cleared, but in the four tests for the second series 
of 0.7 - 0.8 l . the first three succeeded in 
interrupting. whereas the fourth test failed 
because the diameter of the fuse tube was increased so 
that the amount of gas generated was not enough. It has 
also been found in tne tests that in the second 
series of tests, if two tests for installing the 
fuse link for the maximum rated current was done first 
and then the two tests for insta11ing the fuse Iink 
for the minimum rated current. it was easy to pass 
the tests. On the contrary. if the two tests 
for installing the fusel ink for the minimum rated 
current were done first and then the two tests for 
the maximum fuse I ink were done,the tests might not 
be passed. This is due to the fact that when doing 
the two tests for installing the maximum 
fusel ink .the consumption of the internal diameter of 
the arc-extinguishing tube is small:wnen the minimum 
fusel ink is instaI led,the internal diameter of the arc 
extinguishing tube has been increased so that the amount 
of gas generated and the consumption are less than 
when doing the test for installing the small fusel ink 
in the new tube but larger than when 
conducting the test for installing large fusel ink; 
thus the test can be passed successfully. Therefore it 
is to be suggested that the order for the tests of 
the second series should be specified clearly as 
follows: two tests for installing the minimum 
fusel ink and then two tests for installing the 
maximum fusel ink. 

Table 2 

Test series 

Series 5 

Power-frequency 
recovery voltage 

Natural frequency 
of transient 
recovery voltage 
(See Note 3) 

Amplitude factor 
(See Note 3) 

R.M.S. symmetrical 
value of prospect- 
ive current 

Power-factor 

Making angle 
related to voltage 
zero (degrees) 

Current rating of 
fuse-links 

1 

2 

I 

1 

2 

1 

2 

Column (B) of Table IVB 

Column (A) of Table IVB 

From 1.4 to 1,5 

From 1.3 to 1.4 

/ T From 0.7 / to 0.8 / 
From 0.2 / 

in 0.3 / 

Lower than 0.10 

Lower than 0.15 

1st test: -5 to 15 
2nd test: 85 to 105 
3rd test: 130 to 150 

1st test: 
2nd test: 

-5 to 15 
85 to 105 

For all tests, 
from 85 to 105 

Under 
consideration 

From 400 A 
to 500 A 
(I) (2) 

From0.3to0.5 

From0.3to0.5 

Not 
applicable 

From 2.7 /„ 
to 3.3 /„ 

minimum 
of 15 A 

(I) 

From0.6lo0.8 

From 0.6to 0.8 

Random timing 

Number of tests 
1 

2 

Number of fuse- 
links to be tested 
for each fuse- 

I 

.Votes /. — If the test involves an operating time appreciably higher than 2 s, the test shall be made with a higher current 
to obtain an operating time of approximately 2 s. 

2. — If the values arc lower than those of series 5, test scries 5 need not be made. 

) • It u expected that service natural frequencies and amplitude factors will usually not exceed the spccilicd values. 

41 



in order to reduce the number of tests without lowering 
the demands for the comprehensive examination of 
the interrupting behaviors of the fuse, it is to be 
suggested that the current value, testing order and 
the number of tests for the interrupting tests for 
the first and second series should be revised again by 
the working group for the I EC fuse standard. 

It has been found through tests that the fuses which 
had succeeded in passing the interrupting tests of 
the first and second series were alI able to succeed 
in passing the tests for the third series for 0.2 - 
0.3 I . Since the interrupting testing current value 
in the ' third series, is not the critical 
interrupting current value for the expulsion fuse, it 
is suggested that in order to reduce the number of 
interrupting tests the regulations for the tests in the 
third series should be removed or at least that with 
the fuse products which have passed a 11 the type tests 
and finalized the design, the tests for the third 
series be not needed when the same product is 
reproduced in a second manufacturer by using the same 
drawings,technologies and materials. 

The purpose of the interrupting tests for the fourth 
and fifth series is to examine the ability of the fuse 
to interrupt sma11 accident currents and overload 
currents.This requirement is indispensable. It 
is mandatory to conduct the tests for the fourth and 
fifth series when testing the newly-developed fuses, 
it has been confirmed from our tests that as the 
interrupting test for these two series aim mainly at 
testing the arc-extinguishing behaviors of the auxiliary 
arc-extinguishing tube,and the inner arc-extinguishing 
tube in the fuse tube does not act at this time,all 
the fuses which have succeeded in passing all the 
interrupting type tests and finalized in the design 
are able to succeed in passing the interrupting 
tests for the fourth and fifth series when they are 
produced by a second manufacturer through the use of 
the same drawings, technologies and materials. We 
have done six contrast tests like this fully indicating 
that when the material, construction, size and 
installation manner for the small auxiliary arc- 
extinguishing tube of the fusel ink are the same, the 
products are able to pass the interrupting tests for 
the fourth and fifth series successfully without 
any exception. Therefore we should like to suggest 
that when a second manufacturer makes repeated 
product, the tests for the fourth and fifth series 
should not be done. 

From hundreds of interrupting tests and investigations 
and through the analysis of the data of the grouped 
contrast tests it is concluded that under the 
condition of ensuring the full and reasonable testing 
of the interrupting behaviors of the expulsion 
fuses, it is required to reduce as much as possible 
the number of unnecessary tests. We should like 
to make the following suggestions (Table 2) for 
providing some references for the working group for 
drafting the I EC fuse standard and revising the lEC 
282-2 "expulsion and similar fuses" standard. 
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ENDURANCE OF SEMICONDUCTOR FUSES UNDER CYCLIC LOADING 

R. Wilkins and A.Wilkinson, C. Cline 
Consultant Gould Shawmut 
Heswall, UK Newburyport, USA 

Summary 

Current practice in selecting fuses for pulsed and 
cyclic loading duty is reviewed, and improved 
methods of selection are proposed, based upon the 
use of new thermal modelling methods and computer 
predictions of the temperature distribution within 
the fuse. Combination of the thermal predictions 
with a simple metal-fatigue model allows the 
prediction of life curves for arbitrary duty cycles. 
Each fuse can be characterised by a single factor 
which represents its ability to withstand cycling. 

List of principal symbols 

Cb natural convection loss constant 
Ci thermal capacity of subvolume i, J/deg C 
D effective diameter for convection loss, m 
h surface power loss coefficient W/m2/deg C 
K fuse fatigue constant 
m,x exponents in fatigue equation 
N number of cycles to fatigue failure 
n time step index 

Poi "cold" value of Pi 
Pi Joulean heating power in subvolume i, W 
Rc thermal resistance (transient heat storage) 
Rik intervolume thermal resistance, deg C/W 
[G] thermal admittance matrix 

[q] vector of power terms 
[8] vector of subvolume temperature rises 
a temperature coefficient of resistivity, deg C~l 
ß lateral strain deflection factor 
y coefficient of linear expansion deg C~J 

At integration time step 
A8 p/p temperature fluctuation at hotspot, deg C 
Ae maximum p/p strain fluctuation at hotspot 
£b surface emissivity 
G total strain 
o Stefan-Boltzmann constant 
8av average element temperature at hotspot, deg C 
6i temperature rise of subvolume i, deg C 

1. Introduction 

Fuses are usually rated for continuous current duty, 
but fuses for the protection of power semiconductors 
usually carry a current which is not continuous, and 
selection of the correct fuse for a given 
application can only be made after the effects of 
Pulsed and cyclic overloads [1] have been 
considered. Fuse standards usually require some 
tests to ensure that fuses have, in general, 
adequate ability to withstand pulsed and cyclic 
overloads, but very often the actual service duty is 
different from that which was used in the standard 
tests. In these cases recourse is usually made to 
"rules-of-thumb" in order to select the correct 
fuselink. 

Computer simulation of cyclic loading behaviour 
requires large-scale modelling because of the need 
to follow both short-duration .and long-duration 

transients. An approach to this is described which 
uses finite-difference methods formulated in terms 
of the RC-network analogue and solved using sparse 
matrix methods with ordered elimination. Reliable 
methods of dealing with the non-linear boundary 
conditions are also given. 

The construction of a typical fuse for the 
protection of semiconductors is illustrated in 
Fig.1. There are one or more silver or copper 
notched elements, with no M-effect, within a 
sand-filled cartridge. Problems of long-term ageing 
due to the use of M-effect [2] require a separate 
approach, and are not considered here. 

z 
o o 

/ 
Fig. 1 Typical semiconductor-protection fuse 

2. Rules-of-thumb for fuse selection 

The first type of overload to be considered is the 
non-repetitive pulsed overload, or "occasional" 
overload [1]. This occurs only a few times during 
the service life of the fuse. Manufacturers usually 
recommend the selection of a fuse such that the 
current during the pulse does not exceed say 75% of 
the current which would cause operation of the fuse 
in a time equal to the duration of the pulse, 
according to the fuse's time-current characteristic. 
In fact, the fundamental requirement should be that 
the maximum temperature of the fuse element should 
not exceed a certain level, and this is not 
guaranteed by use of a fixed percentage-current 
value. Some of the difficulties which can arise by 
using a fixed percentage-current have been pointed 
out by Newbery [3], and often in practice the 
percentage allowed is varied in the light of 
experience for different fuse designs and overload 
conditions. 

The second type of duty to be considered is the 
repetitive or cyclic load. Fuse selection in these 
cases is usually made on the basis that 

(a) the r.m.s. value of the current over the whole 
cycle is below the rated fuse current, and 

(b) if a sliding time-window of width T is moved 
across the fuse current waveshape, the r.m.s. 
current over the time T must not exceed a 
certain percentage of the current to produce 
melting in a time T, according to the 
time-current characteristic, and this must be 
true for all values of T. 

In this case the percentage current allowed is 
significantly lower than for occasional overloads, 
typically 50% or less according to the fuse design 
and the nature of the load cycle. The relationship 
between the percentage current and the physical 
phenomena which may cause fuse deterioration in this 
case is much less clear. It is necessary to ensure 
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that the peak temperature reached by the 
fuse-element during cycling does not exceed a 
certain level - a condition similar to that required 
for a single pulse. However, a more important 
requirement is to guard against mechanical fatigue. 
Semiconductor-protection fuses necessarily have very 
narrow notch zones, and repeated heating and cooling 
can give rise to fatigue failures if the temperature 
excursions during cycling are too high [4], This is 
a thermo-mechanical process which is only indirectly 
related to the time-current characteristic. 

It is possible to produce cyclic load withstand 
characteristics giving the number of cycles to 
failure as a function of current for fuses under 
given loading conditions and use these to predict 
the expected life [1], but it is difficult to modify 
these characteristics for different duty cycles. 
Furthermore extensive testing is required to 
evaluate each new fuse design if this approach is 
used. 

Just as the continuous current rating is affected by 
environmental factors such as the ambient 
temperature, so will be the performance under pulsed 
or cyclic loading conditions, making it even more 
complex to use percentage-current factors. 

Thus there is a need for a simpler and more accurate 
method of assessing a fuse's performance under 
pulsed and/or cyclic loading conditions. A 
prerequisite for this is a fast and accurate method 
of calculating the steady-state and transient 
temperature distributions within the fuse. A method 
for doing this is described in the next section. 

3. Computer modelling of fuse thermal behaviour 

The simplest model of fuse thermal behaviour is that 
it can be represented by a fixed thermal impedance 
and a single thermal time-constant. Whilst this may 
be useful for investigating general trends [5],[6] 
it is not sufficiently accurate for our purpose. 
When a real fuse is heated, there are very fast 
thermal responses, in the sub-millisecond region, 
associated with the notch zones. These are followed 
by phenomena in the 0.1-Is region, associated with 
transient losses from element to filler; in the 
l-10s region, associated with heat loss along the 
elements to the ends; followed by the much slower 
responses, over half an hour or longer, of the bulk 
of the fuse filler, the body, and the connecting 
cables. A single time-constant is not sufficient to 
model all these phenomena. 

For accurate calculations it is necessary to use 
numerical solution methods based upon 
finite-differences or finite-elements [7],[8],[9], 
but the application of these methods is not 
straightforward. The set of equations which results 
from the application of these methods is non-linear, 
because of the nature of the convective and 
radiative heat-loss from the fuse body, endcaps .and 
cables to the surrounding medium. If iterative 
methods are used to solve these equations 
convergence is frequently impossible [10], and 
recent work has shown that for transient studies, 
iterative methods can fail even if the equations are 
forcibly linearised. For some studies, simplifying 
assumptions can be made (e.g. neglect of heat loss 
to the filler for short-times), but in the case of 
cyclic loading there are very few simplifications 
that can be made. Heat transfer through the whole 
fuse to the surroundings needs to be calculated to 
determine the background temperature distribution, 
upon which fluctuations are superimposed due to the 
cycling. To model these fluctuations accurately, 
the transient losses to the filler near to the 
element need to be calculated [11], requiring a 
large number of nodes in this region of space, 

together with a model of the notch zones with 
sufficient resolution to follow the rapid 
temperature transients in these zones. The net 
result of these requirements is that a model with 
around 10,000 nodes is needed, and since iterative 
solution methods cannot be used, it is essential to 
exploit the sparsity [12] of the system of 
equations. 

3.1 General method 

The method described here is fundamentally a 
finite-difference method bit there are considerable 
practical advantages in formulating this in terms of 
an equivalent RC network analogue [13]. The fuse 
and its connecting cables are divided into 
subvolumes, and a typical subvolume is shown in 
Fig.2. The power balance equation for subvolume i 
is 

d9i 9i - 9k 
Ci — = Pi + 2,   (1) 

dt k Rik 

By this process the partial differential equation 
governing the flow of heat has been reduced to a set 
of (non-linear) ordinary differential equations 
[14]. Since the inherent time-constants within the 
system vary so widely, the set of equations is 
"stiff" [14]. Open-type integration schemes such as 
the Runge-Kutta methods are not suitable, as the 
integration time step is restricted by the shortest 
time constant in the system. In the case of fuses 
this requires time-steps of the order of tens of 
microseconds, giving impossibly long computing 
times. For stiff systems implicit methods are best, 
since the methods are stable regardless of the 
time-step chosen. Trapezoidal-rule integration [15] 
is one popular method, and this can easily be shown 
to be exactly equivalent to the Crank-Nicholson 
method, applied to the original PDF. The 
Crank-Nicholson method has previously been applied 
with success in fuse studies [8], but experience 
with the method applied to cyclic loading studies 
has given some problems. A flexible and robust 
solution method requires the integration time step 
to be altered dynamically during solution, but with 
the Crank-Nicholson method this can generate 
oscillations in the numerical solutions which decay 
only very slowly. These oscillations are 
well-documented [14]. Experience shows that the 
fully-implicit method is better for general-purpose 
use. Although the truncation errors are higher than 
the Crank-Nicholson method they can be easily 
controlled. The implicit method is unconditionally 
stable for all values of the time-step, and no 
oscillations occur, even for very large changes of 
time-step. 

5i X 1 Ri 
Fig. 2 Typical 

subvolume 

For insulating materials the power generated within 
each subvolume is zero. For conductors the Joulean 
heating term Pi can be represented as Poi(1 + a9i) 
where Poi is the power generation if the subvolume 
were at ambient temperature (the "cold" power). 
Applying now the implicit approximation to the time 
derivative in (1) we obtain 

44 



n+1 n 
0i - 0i 

(2) 

3.3 Steady-state temperature distribution 

Ci   
At 

n+l n+1 
Po i (1 + a6i) + z 

k 

n+1 
01 - 

n+1 
8k 

Rik 

Rearranging now so that all unknown temperature 
rises are on the left-hand side, 

1 1 n+l n+l 

+ Z,  +   — ClPO i 0 i 
k Rik Rci 

n+l 0 i 
— Po i + — (3) 

Rci 

where Rci = At/Ci. If this equation is written for 
each subvolume we obtain the matrix equation 

[G][0] = [q] (4) 

which has to be solved at each time step to give the 
new subvolume temperature rises [0]. [G] is the 
thermal admittance matrix, which can easily be 
assembled from a list of thermal resistances and 
capacitances. Each off-diagonal element Gij is 
minus the thermal admittance connecting node i to 
node j. Each diagonal element Gii is the sum of all 
admittances terminating on node i, plus a thermal 
capacitance term 1/Rci minus a term aPoi which 
allows for the temperature coefficient of 
resistivity. It has been assumed that the generated 
power at time (n+l)At is a known quantity. This 
means that in cases where the circuit current is 
time-varying, the new current needs to be calculated 
before (4) is solved for the new temperature rises. 

Software has been developed to automatically 
generate the subvolumes, thermal resistances and 
capacitances for a design such as that shown in 
Fig.1, in such a way that the subvolumes are 
concentrated in the regions where the temperature 
gradients are highest, e.g. around the notch zones 
and in the filler near to the element. This 
procedure reduces the truncation errors in the 
replacement of partial space derivatives by a 
network of thermal resistances. The power 
generation in the subvolumes is found by a separate 
field solution for the electrical current-density 
distribution, using methods based upom those which 
have been described previously [8], but extended for 
other element profiles. 

3.2 Boundary conditions 

For subvolumes on the interface with the surrounding 
ambient air, a thermal resistance needs to be 
included in the heat loss path from the subvolume to 
the ambient (reference) node, to allow for the loss 
of heat by natural convection and radiation. The 

surface heat transfer coefficient [13] is given by 

0.2 5 r 2 2-, 

h = Cb(6/D) + £ba I(0+Ta) + Ta (0+2Ta) (5) 

where Ta is the ambient temperature in K. A first 
estimate of the convection coefficient C can be 
obtained from standard data for the loss from 
horizontal or vertical cylinders of diameter D, but 
fine tuning of the model requires adjustment of C 
for each particular fuse design. 

If the surface area presented to the ambient by the 
boundary subvolume is A the required thermal 
resistance in the heat loss path is l/(hA). This is 
a non-linear function of temperature, and so [G] is 

a (weakly) non-linear function of [0], 

n+1 

- SÜL 
k Rik 

If the thermal capacitance terms in (3) are omitted 
(or an infinitely large time step is chosen) the 
steady-state temperature distribution is obtained, 
by a single solution of (4). In this case the 
non-linear boundary conditions must be correctly 
modelled, since in the steady-state the whole of the 
heat generated within fuse and cables is balanced by 
the total heat losses from their surfaces, so 
accurate assessment of these losses is crucial. In 
order to assemble [G] some estimate of the 
temperature vector [8] is needed since the external 
thermal resistances are functions of [0], The 
following iterative refinement procedure has been 
found suitable for solution of this problem. 

1. Assume an initial set of temperature rises [0] 

2. Assemble [G] . Solve for the temperatures [0] 
new old 

3. Calculate the vector [A8] = [0] - [8] 
adj old 

4. Adjust temperatures using [0] = [0] + u [A0] 

5. Go to step 2 and repeat until converged 

This process is not guaranteed to converge but it 
has been found to do so in all practical cases if a 
very high set of initial temperatures in used 
together with under-relaxation (u < 1). In this way 
convergence can be obtained in about 20 iterations, 
provided that the applied current is below the 
thermal runaway current. 

3.4 Computation of minimum fusing current 

It is frequently important to know the steady-state 
current which will just cause melting of the fuse 
(i.e. operation in an infinite time). This can be 
done by successive calls to the steady temperature 
calculation routine, with increasing current, until 
the melting point is straddled, final convergence 
,towards the m.f.c. being achieved using the secant 
method [16]. 

3.5 Transient temperature response 

When using the method described in section 3.1 to 
compute the transient temperature response, the main 
problem is that of coping with those thermal 
resistors which are non-linear functions of 0. One 
possible method may be termed the "time-lag" method 
[15], in which the temperatures at the previous 
time-step are used to calculate the resistors and 
hence in the assembly of [G]. This method is 
effectively an explicit method, and is only stable 
if small time steps are used. Experience has shown 
that it is not suitable for a general purpose 
program in which freedom to vary the time step 
without instablity is required, to avoid impossibly 
long computing times. 

A much better solution is to linearise the problem 
by replacing the non-linear resistors by fixed 
resistors, the values of which are calculated at 
some appropriate quiescent point. In the modelling 
of fuse behaviour there are two important situations 
in which this need arises, which can be dealt with 
as follows. 

(a) for the calculation of the time-current 
characteristic, and the response to a single 
pulse, a preliminary computation of the minimum 
fusing current is made and the resistors are 
then fixed at the values obtained at the end of 
this procedure. This means that when these 
values are used, the computed long-time end of 
the time-current characteristic will tend to the 
correct m.f.c. For shorter times the thermal 
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resistances external to the fuse and cables play 
little part in determining the melting time, and 
so their actual values are not significant. 

(b) for cyclic loading studies, the steady-state 
temperature rises are calculated using the 
r.m.s. value of the complete wave to obtain a 
quiescent temperature distribution, from which a 
set of external thermal resistors is derived. 
These are then fixed for the subsequent 
calculation of the superimposed fluctuations due 
to cycling. 

3.6 Sparsity of [G] and solution methods 

[G] is a network admittance matrix, and is 
symmetric, and sparse, the vast majority of entries 
being zero. Solution of (4) for the temperatures 
for models with sizes of the order of 10000 nodes 
cannot be achieved without exploiting the properties 
of [G] using sparse matrix technology [12], and 
ordered elimination to minimise the number of 
non-zero elements generated during solution. 
Provided that the negative term in the diagonal 
elements of [G] does not dominate, [G] is also a 
positive-definite matrix, and can be factorised into 
sparse upper triangular form, solution for the 
temperatures then being obtained by forward- and 
back-substitution. This factorisation process only 
needs to be repeated during solution if a change in 
time-step occurs. For transient studies with high 
currents it is possible that too large a time step 
could result in [G] not being positive definite, so 
if factoristion fails for this reason the time-step 
is progressively reduced until computation can 
continue. 

3.7 Typical results 

Fig.3 shows the computed maximum element temperature 
rise as a function of time for constant-current 
pulses of four different amplitudes applied to a 
fuse with a rating of approximately 120A. The 
temperature-time transients are plotted over a range 
of more than 6 decades of time, and several time 
zones can be identified. Also shown is a growth 
curve such as would be obtained from a model with a 
single time-constant, which has a constant initial 
rate-of-rise, with a slope of unity when logarithmic 
axes are used (curve A). 

1000 

100 

(d) 

(c) 
(b) 

(a) 

10 

LO 100 103 

time, sec 

104 

Fig. 3 Element, hotspot temperature-rise 
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For times much less than 0.001 sec (not shown on 
Fig.3) the computed temperature-rise transients have 
an initial slope identical to that of curve A. This 
corresponds to the time zone when truly adiabatic 
heating of the notch zones is occurring. However, 
in the 0.01-0.Is time zone the computed 
rates-of-rise are much lower than curve A, mainly 
due to the effect of transient heat losses from the 
element notch zones to the cooler full element 
sections. In the 0.1-ls time zone the rates-of rise 
are further reduced because of the very high 
transient heat loss from element to the adjacent 
filler, the radial temperature gradients being very 
steep in this zone. After about 10s the radial 
gradients fall, the temperature-wave having 
penetrated by this time to the outside of the fuse 
body. The rate-of-rise of maximum element 
temperature then begins to increase noticeably, and 
the body temperature also begins to rise rapidly. 
For currents lower than the minimum fusing current, 
the temperature then continues to rise beyond about 
1000s, but at an ever-decreasing rate, until 
eventual thermal equilibrium is achieved. For high 
currents which cause melting times less than about 
0.1s the effect of the positive 
temperature-coefficient of resistivity can be 
clearly seen, as the rate-of-rise of temperature 
increases monotonically. Fig.3 shows that 
representation of fuse heating under constant 
current cannot be achieved by a single time-constant 
model even over a very limited time-zone, confirming 
the need for finite-difference or finite-element 
modelling. 
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Fig. 4 Cyclic loading transient (cold start) 

Fig.4 shows the computed maximum element temperature 
for a repetitive cyclic loading condition of 150A 
for 1 minute followed by a 2 minute OFF period. 
Starting from cold, i.e. with all subvolume 
temperatures initially at ambient, the 
temperature-rise "ratchets" upwards, with the 
peak-to-peak excursion in temperature gradually 
increasing due to the effect of the 
temperature-coefficient. Automatic adjustment of 
the time-step during the solution was used to 
achieve a preset numerical accuracy. Eventually a 
quasi-stable equilibrium is reached, with 
constant-amplitude excursions superimposed on a 
quiescent temperature distribution. The time taken 
for the stabilisation to be reached will be of the 
order of thousands of seconds, and if the period of 
the cycle is short, say Is ON followed by Is OFF, 
the computer time required before stabilisation is 
excessive. The main purpose of the simulations is 
to compute the peak-to-peak temperature excursions 
after stabilisation has been reached, and the 
computer time needed can be reduced dramatically by 
using a "hot-start" condition, in which the 
temperature distribution in the fuse and cables is 
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set initially to the values obtained from a 
steady-state solution for a steady current having 
the same r.m.s. value as the cyclic wave to be 
applied. Fig.5 shows the case of Fig.4 but with a 
hot-start condition. Stabilisation occurs within a 
few cycles, making the estimation of cyclic duty 

feasible even for very short duty cycles. 
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depends upon the temperature-rise [4]. Under the 
action of cycling the strain fluctuates, following 
the peak-to-peak temperature fluctation. and thus 
has a time-variation which follows the shape of 
Fig.4. 

Non-ferrous metals such as those used for fuse 
elements have no fatigue limit. If the peak-to-peak 
strain during cycling is Ae the number of cycles to 
failure can be estimated using the relationship [17] 

Ae = CN (6) 

The exponent m in (6) varies in the approximate 
range 0.2-0.5, depending upon the metal and whether 
the elastic component, plastic component, or the 
total strain is used. In the case of cycling in 
fuses we cannot separate the components, so 6 must 
be interpreted as the total strain (the sum of 
elastic and plastic deformations). 

If we assume that strain is proportional to 
temperature-rise, the peak-to-peak strain will be 
given by 

Ae = ß7A0 (7) 
time, sec 

Fig. 5 Cyclic loading transient (hot start) 

4. Occasional overloads 

Using the computational procedure described in the 
previous section, assessment of the effect of a 
single pulsed overload is straightforward. 
Temperature transients like those in Fig.3 are 
computed and terminated after the duration of the 
pulse. The maximum temperature reached by the 
fuse-element is then known, and this must be limited 
to some predetermined value, based upon the chemical 
and metallurgical nature of the material used for 
the element. 

Pules-of-thumb based upon the used of a fixed 
percentage of the melting current imply that the 
heating curves for different currents are parallel, 
bit Fig.3 shows that this is not so. Studies have 
shown that for a given fuse, with a pulse amplitude 
which is a fixed percentage of the melting current 
for the pulse duration, the maximum temperature 
rises produced vary by about 10% about an average 
value, due to the differing magnitudes of the heat 
losses in the various time zones previously 
discussed. This suggests that the rule-of-thumb for 
occasional overloads is quite good for a specific 
fuse, but there are large variations in the 
allowable percentage limit for different fuses, 
depending upon the size of the fuse and its design, 
so the computational model is much more convenient 
to use in practice. 

5. Assessment of life under cyclic loading 

Computation of thermal responses such as those shown 
in Fig.4 and Fig.5 will show immediately whether the 
fuse element is likely to melt under the infuence of 
a cyclic loading condition, and will also give the 
number of cycles which can be tolerated before 
melting occurs. This is however not very often 
likely to be a serious practical problem. 

More important is the thermal fatigue effect. When 
the fuse heats up the elements expand considerably 
more than the fuse body, firstly because the average 
element temperature is much higher, and secondly 
because the element material usually has a very much 
larger expansion coefficient. A thermal stress is 
set up, which causes the element to deflect 
laterally, resulting in a thermal strain which 

Here 7 is the expansion coefficent and ß is a 
coefficient which relates the actual strain which 
occurs when the element deflects laterally to the 
thermal strain 7A8. ß is thus a measure of the way 
the mechanical design of the fuse affects its 
ability to withstand cycling. 

Combining (6) and (7), the number of cycles to 
failure can be related to A8. However the 
relationship (6) is for strain cycling at a constant 
temperature. The fatigue strength of silver and 
copper falls as the average temperature is increased 
[4]. Over a limited temperature range this can be 
allowed for by assuming that C falls with 
temperature according to a power-law [4], i.e. C = 
w9»v-*. This then gives 

ß7A0 = M0av N (8) 

Solving for the number of cycles to failure 

N A0.8av j 
-l/m 

(9) 

Where K = [w/(ß7)]i/m and is a constant for a given 
fuse design. The higher the value of K the better 
the fuse's ability to withstand cycling. 

The relationship (9) has been tested using the 
results of cyclic loading endurance tests on a 
number of semiconductor fuses with silver elements, 
of various designs. For each test the number of 
cycles to failure N is known, and the temperature 
terms A0 and 0av were found for the given loading 
condition using the computer model. To achieve 
higher accuracy in the calculations, the following 
method was used. First the time-current 
characteristic for each fuse was obtained using the 
computer model. The cyclic performance was then 
computed using ON-state currents which were the same 
percentage of the computed time-current 

characteristic as was used in the tests, relative to 
the actual characteristic. This ensured good 
accuracy in the temperature values. 

Application of multiple regression analysis to the 
results showed that : 

(a) there was, as expected, a strong dependence of N 
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upon A6. The best-fit value for 1/m was 3.85, 
giving m=0.26, which is within the expected 
range for the fatigue law of equation (6). 

(b) there was a much weaker dependence of N upon 
9av. The best-fit value for x/m was 0.658, 
giving x=0.173, which is a measure of the fall 
in fatigue strength with temperature. 

(c) the values of K showed a consistent pattern 
which gave a direct measure of the ability of a 
given design to withstand cyclic loading. 

number of cycles. 

For straightforward cases, applications engineers 
will no doubt continue to use the rules-of-thumb for 
fuse selection when these are known by experience to 
give good results, but in those special cases which 
arise so frequently in protection problems involving 
power semiconductors, the availability of the new 
computational method considerably eases the problems 
of fuse selection. 
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THE ELECTRICALLY EXPLODING WIRES APPLICATION 
IN THE POWER CIRQUIT BREAKERS. 
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Abstract. 

Pulsed power systems based upon the in- 

ductive energy storage require circuit 

breakers. For this purpose a three-staged- 

switch has been developed comprising a rela- 

tively slow mechanically-driven current 

breaker,a fuse switch and a resistor. 

This switch has been designed, assembled 

and experimented on. Recent experiments 

have shown that the three-staged-switch 

operates safely and is able to provide 

I current pulses of all the required shapes 

in the loads with the broad parameter range. 

2. Introduction. 

In the large energetic pulsed devices 

for the switch-off the current or its 

.commutation many-step commutation schemes 

are preferable. Usually the mechanical 

contact breakers are used in the scheme for 

the first step. The combination of tyristorjs 

with fuselbr an other element with nonlinear 

property are used for the second and next 

stages. Similar schemes are discussed for 

example in [1,2]. 

In the operation regime the total 

current is flowing through the contacts of 

a mechanical key but the next keys have not 

a current.The commutation process proceeds 

in some steps: the first- mechanical break 

of contacts by a fast destruction.As a 

result,the total current is commutated for 

some time in the next key ( an example,a 

shunting wire - "SW").Then the electrical 

of the wire happens and the current must 

be switched-off or commutated to the next 

electrical chain. 

The agreement of two processes for the 

stable operation in that scheme is necessa- 

ry: the arc blows out in the first key and 

the electrical exploding occurs in the wire 

in the next steps. 

The voltage grouth rate and the voltage 

value should be. correlated with the media 

condition in the contact for the recovery 

of electrical strengh. 

The key of the second step as a rule 

is fuse.When the operation current increases 

one have to make the parallel connetion 

of a similar fuse design. 

In our report the operation of the many 

-step switch-off in the power supply based 

upon the inductive energy storages discus- 

sed. 

3.About the commutation process model. 

As an example of the three-staged 

circuit breakers,which is shown in figure 1 

the process of commutation is considered. 
, ft. 

FUSE RESISTANCE 

SW. SHUNT. WIRE 

"MK. MICH, KEY 

 o 

I STORAGE COIL 

Fig.1. 

POusEA 
SOURCE 

Basic diagram of an induetiv 
energy storage system. 

Here,the fuse and the resistor connected 

seriesly were used as thejthird key. It is 

necessery to form the front of the current 

impulsein the loading (in scheme tf4).It is 

assumed , that initial resistance is 

essentially more than the resistance of the 

second shunting wire at the moment of 

explosure.which makes it possible to disre- 

gard the loading current in the analysis. 

For the contact key the model of the 

linear increase of the voltage is 

l/p - E vt = at (1) 

It's assumed, that "a" doesn't depend 

on the current value, the scheme inductance 

and fuse parameters. 

The growth of the fuse resistance is 

defined by a specific energy ^ = Q/m , 

where Q - J i* dt - total deposite 

energy in the fuse, m -wire mass. 
the specific deposite energy C^t and 



resistance Rt are related to the melting 

point (for the copper wire C^t =0.468 kJ/g, 

=*5.96), for the total meltingjbf wire 

- and and for boiling point ^ and ^ . 

For the heating stage in the solid 

state( , R%i ) 

^^ 9/9/ (2) 
Where -o< - temperature coefficient of 

resistance, 

Cr - specific heat capacity of metal 

^-specific energy deposit, when 

specific resistance doubles. 

For the other two stages this coeffici- 

ent can be written in the form of 

f*/f. 
ZCJ(^,) = f($/&') (3) 

where Qf= y ■ IV . 

The current commutation from MK to SW ir 

described as 

L(dU/dt)+ t * oi (4) 

(5) 

with initial conditions 

time (fig.2) 

0 ; (6) 
To define the time of the ending time 

this equation is to be completed by the 

condition Cs = i0 when "6 = T, . 

In the relative form the system equa- 

tion shall be v/ritten as 

wtih an initial conditions 

/• = o' y -oy i =/ 

where 

/ » z/z-,; y = 4/4; 

(7) 

(8) 
(9) 

(10) 

(11) 

(12) 

(13) 

-¥*(■&? 
here,^- length of SW; S -section square 

£>a- specific resistance 

S- metal density. 
Two independent relative parameters 

and ~f can be concidered as dimensionless 

inductance and relative current,accordingly. 

The solution of (7) and (8) is the 

function family y ( X ,ß ) and Z ( X rß ). 

The curves y ( X, ß ), Z(X,y3) are 

dependences of the dimentionless current 

in the SW and resistance SW on the relative 

mo 20« 300 

Fig 2a. Variation of relative 
current as a function of relative 
time 

R/R 
R.JZ U,9 
Iff 

0,w 
SIS 

0.06 

30« 200 mo 

Fig.2b. Curves showing the SW 
resistance as a function of time. 

Here, i and are calculated for the 

support points (a = 1o"4/s, 1=80cm, 

S=1mm2, 0=676 J, RQ = 1.38* 10-2-«. ). 

The condition of successful commutation 

is given by the unequality y*ym<u(y3 ), 

when ^ ) the currr t changes its 

direction (here we denote term "contr- 

current" as "CC")and equation (10) isn't 

true in this case. Thus, Umax is a critical 

value, which definier a boundary of 

commutative field ^mox ( ß ) ■ Yet. (ß ) • 

Figure 3 shows the field boundary of 

the successful commutation in the (ß ,y ) 

plane as well as the direct lines where the 

relative parameters are constant. 

The proposed current commutation model 

provides possibility to predict, that at 

some regimes, in which a correlation 

takes place the first key arc current 

starts to increase again. The current 

direction changes from a very small value 

of specific energy deposition. For example, 

the CC arises at the first stage of the 

heating SW when R^/R^ = Vl and T°* 160° C. 

Therefore,for g > 1.35 kj/g the commutati- 
on will be impossible. 
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Fig.3 Curves showing the boundary of 

the successful commutation. 

The critical current density for is 

definited as 

^^o.mo.chS/^ef
3 

(14) 

For the copper wire 

xjc = S.S'lO*(a/£f*t [A/cm] (15) 
where (X is the rate in V/cm, f-in cm. 

4. Experiments. 

The experimental investigation of the 

commutative processes was carried out in 

two stages: 1) the investigation of the 

wire electrical explosion and the current 

commutation by ruse to loading; 2) the 

study of the three-step scheme commutation. 

At the first stage of wire explosion 

electrical characteristics were investiga- 

ted as a dependence of the tube channel 

diameter upon the wire diameter 

ratio.lt was shown that the wire explosion 

in the fuse is similar to the air case 

when J'ilO. The current and voltage 

characteristics very rapidly change when 

Y $ 7 and the explosion time is decreasing. 

The high speed shocking have been performed 

for better understunding of wire explosion 

processes in the tube channel.The wire 

(0.7 mm diameter,0.38 mm section area, 

100 mm long and IT=1.5 10-^ SL ) exploded 

in the glass tube,^=2.83. The standard 

scheme of the capacitor impulse power 

supply was used with the storage voltage 

and the energy U*1500 V and W=6.2 kj, 

respectively. It melts down to U=1300 V 

after the wire explosion. So the explosion 

energy were 2.2kJ and V^=6.4 kJ/g, 

respectively. 

A typical explosion result in the glass 

tube is shown in fig.4 

72.F/.S 
*05 ui *05Hi 

UOus, 

Fig.4 The frames of the wire 
explosion. 

This picture was taken with the high- 

speed SFR-camera.The time interval between 

the frames is 4.05/JS. The melting stage as 

a light wave is spreading with average speed 

2 km/s and intimating to the middle of the 

wire. The wire is explosed after intimata- 

tion of the light wave. The commutation 

of the current I ■ 10 + 100kA to the 

loading was investigated. By means of 

several fuses ( dw ■ 0.7mm) with the tube 

channel diameter = 3.5 mm and 220 mm 

long the commutation was performed the 

specific energy Ws «12+ 15 kJ/wire. 

We will pick out three problems : 

1) the mechanical forces action on the fuse 

tube; 2)the flow of the wire explosion 

products from the channel appertures and 

the possible face breakdown; 3)the channel 

breakdown end the arc development in the 

channel. 

The solution of the first problem lies 

in the strengtening of chamber design. 

For the second case we developed special 

chambers on the dielectric tube ends (see 

fig. 5). 

fuses for hanel glass-fibre 
plastic fuses 

3 

5 

$ 

4 a 7. 

800mm 
-polyvinil chloride tube chamber 

Fig.5. Cross-sectional wiev of the 
shunting wire element. 

The most complicated problem is the third 

one. The choice of the channel length and 

the parameterJ■ dch/dw can help solved 

this problem, though. 

The previuos experiments permitted to 



begin the investigatiorjusing the total 
scheme (fig.l)with the mechanical contact 

unterrupter [3] and the fuse. 

On the first step v/e used the explosive 

high-speed breaker. It was the dural tube 

( 76 mm diameter, 200 mm long) with 10 mm 

wall thickness. The tube was filled with 
paraffin. A cilindrical explosive of 10 mm 

diameter was on the tube axis.In order tu 

catch the splinters the tube breaker was 

placed into the closed dielectric chamber. 

As a result of the explosion the metal 
cylinder is destructed,the arc is burned, 

"hen the splinter velocity V =10^ cm/s 

the voltage ise rate reached up to Q?Eir= 

10' V/s . It should be noted that this 

parameter is weakly dependent on the current 

initial value from 10 to 100 kA.The arc 
voltage drop is increasing when «const 

during T-0.3 ' 10-^ s to Up ■ 3kV. When 
■27=1*10“^ s the contact voltage drop was 

fast decre-ased to Dp*102V. The dynamical 

voltage-anper characteristics ( VAC) for 

the current commutation shows that the 

current is almost constant in a large time 

interval. 

On the second stage one or several 

wires ( 200 + 300 mm long,ß =10 2 ) 

are connected in parallel to the mechanical 

switch.On figure 5 the design of S® is 

shown.This design allows us to solve all 

problems of the commutation when the current 

changes from 10 kA and the voltage from 

10 kv to 30 kV. An advantage of that design 

is the presence of special chambers ( on 

the fig. 5 pos. 5) at the end of the 

dielectric tube that are catching wire 

electric explosure products. 

SW and resistor connected with each 

other are used in the loading to form the 

current profile.The initial resistance of 

assembly R «0.1+10 . It was shown 

experimentally that the energy characteris- 

tics is weakly dependent on the ieneth, 

cross section area,quantity of wire when 

the wire is warmed up to the melt; 

temperature and the current denssity 

j = 10+35 kA/mm2.A deviation from 

monotonous character of function R/R0a}(Q.) 

tabes place on explosion when <^>1.5kj/g. 

I,lore rapid growth of the relative 

resistance is observed when the S\7 length 

(for $ are fixed) increases exploding 

wire regime with the veri gently sloping 
characteristics may be realised for the 

wire length t < .which permits to 

stabilize the voltage level on the current 

input to the loading stage. The voltage 

level stabilization is reached in a few 

hundred JUS when the SV7 enrrgi input is 

as large as 2C7 kj. 

In the mentioned abovj current interval 

and switch design the electrical breaking 
strength of the explosure products was no 

more E-1 kV/cm. The input energi limit was 

2+3 kj on the length unit. 
Summary. 

Thus,we have created the elements of many- 

-staged commutation scheme.They are: 

the explosion breaker [3] and many-shut 
commutator,which is discussed in detail 

in [4]and switch on the wire electrical 
explosive bases. All switches have been 

tested in experimental installations. 

Using this devices the current commutation 

was produced from the inductive energy 

storage with the storage energy of several 

dozens MJ to the different loading. 

This equipment may also be used on the 

energy plats. 
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1. Abstract. 

Behavior of fuse-elements made of copper, 

silver or aluminum heated up to the melting 

point in SF^ atmosphere has been described. 

Heat transfer from f use—c 1 (.’merit was 

investigated as well as corrosive influence 

of SF^ on the metals. For comparison the 

tests were repeated for air and argon. At 

the temperature of several hundreds degrees 

of Celsius was observed less difference 

between heat transfer in SF^ and air. 

Pressure had little influence in these 

conditions. 

It was proved that aluminum is resistant at 

high temperature in contrast to copper and 

silver which corroded rapidly over 300°C. 

2. Introduction. 

Application of SF^ to circuit-breakers, 

load-switches and encapsulated switch-gear 

does not involve higher temperature than 

200°C, if very short arcing times are not 

taken into account. So, the all experience 

on SF^ low chemical activity towards most 

metals and insulating materials, as well as 

on its thermal properties concerns rather 

the moderate temperature. 

Recently more and more interest in SF& 

fuses has been observed, both as 

independent devices [1,2] and as parts of 

hybrid ones [3]. Investigation of the 

behavior of fuse-elements in SF^ atmosphere 

up to melting point became imperative. 

To provide good extinguishing conditions 

the amount of metal vapour in quenching 

chamber should be limited, therefore good 

conductors only, such as silver, copper and 

aluminum can be considered for 

fuse-elements. Melting temperatures of the 

two first metuls approach 1000°C. Therefore 

one can expect certain grade of 

dissociation of SF^ particles, which may 

change heat transfer conditions and provoke 

corrosion [4]. 

Aluminum melts easier, but its melting 

point at 659°C seems still to be high 

enough to expect any changes of SF^. 

3. Experimental. 

Test chamber was made of quartz glass 

cylinder 40 mm in diameter, 132 mm long. 

Its walls were 4 mm thick. Electrodes 

cross-section of 50 ram2 permitted 

application of currents up to 50 A without 

excessive heating. 

Tested fuse-elements were made of copper, 

silver or aluminum wires, 0.8, 0.85, and 

1.6 mm in diameter correspondingly . Their 

total length was 70 mm, but only a straight 

segment about 35 ram long was investigated. 

To diminish axial flow of heat the both 

ends of fuse-element were curled. Two turns 

4 mm in diameter, separated 2.5 mm were 

applied. Each sample was equipped with two 

welded probes 0.3 mm in diameter, 32 mm 

apart for voltage drop measuring and on 

this way determination of temperature. 

The fuse—elaments surface was degreased 

before their installation. 

The test chamber was positioned 

horizontally. After having hermetised it 

air was evacuated and argon let in. Tested 

fuse-element was heated up to the red glow 

to uniform its structure and stabilize 

resistivity. After such conditioning over 

several minutes the gas was pumped out and 

then the chamber was filled up with SF^ 

under desired pressure. The sample was fed 

with stabilized current not exceeding 50 A 

DC, until the voltage drop got stable 

magnitude. This took several minutes. The 

last (stable) reading was used for 

calculation of temperature. First three 

terms of series representing the 

resistivity-temperature function were 

applied The temperature was calculated from 

the formulae: 

AT=Kj-[ (K^" R/Rq-1 )+V(K^ R/Rq-1 ) 2+(R/Ro~l ) • 

where :K1=A1/2A2, K2=A7/Ajl> K3=4A2/A
2(1) 
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A1>A2 A? are material constants taken from 

[5]. They denote: A^,A^ are the first and 

second thermal resistivity constants and A? 

is the delatation constant. If any changes 

of the sample surface were not observed a 

different current or pressure was 

established and the test was repeated. 

Results of the experiment were extrapolated 

to examine their convergence to 

independently measured FMC. The deviation 

of temperature was less than 5 percent. 

SFfi heat transfer investigations were 

carried out at pressures 50, 100, 180, 260, 

340 and 420 kPa and temperature up to 

approximately 800 °C. Bulk of results was 

obtained for the copper wire. 

Applying the same test method comparison 

was made with air and argon. 

After having built approximated i-T 

profiles serving for determination of the 

temperature due to the set current the 

corrosive activity of SF^ was investigated 

under the pressure of 100 kPa. The test 

current was maintained over 3 hours. Next 

the sample was thoroughly examined. Tenfold 

optical magnification was applied. 

4. Results. 

cooling features of SF^ known for moderate 

temperature are not true over 600 C for 

copper wire, although pressure has still 

propitious influence. Up to this 

temperature under any pressure the 

difference between SF^ and air is never 

greater then several percent only and seems 

to be slightly less than that measured for 

larger objects [6]. 

W( K*cm2i S?€ 5? kPa i 42? !;ra 

42: 

50 VPa J 
0.015 

:.oi 

rail ataa '. 

Fig. 2. Heat transfer coefficient for 

SFfi (50 kPa and 420 kPa) . 

4.1. Heat transfer. 

/\.y y 
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Fig. 1. Temperature rise of cooper fuse- 

element in SF^, air and argon (100, 340 kPa) 

The temperature rise versus heat power flux 

profiles for SF^, air and argon under the 

pressure of 100 kPa and 340 kPa are given 

in Fig.) One can see that the advantageous 

0.025 

0.02 L 

0.015 - 

ft IR 

540' 5Pa 

100 i:Pa J 

ram area 

0.01 - 

200 4Cv 6C0 bLV « 4Vv‘w 

Fig. 3. Heat transfer coefficient for 

air, measured and calculated (100 kPa). 

Pressure rise enhances heat transfer but in 

a very moderate way. The increase from 50 

kPa to 420 kPa at 200°C gives 42% in profit 

only. At higher temperature it is even 

less, due to influence of radiation, which 

is independent from gas pressure. 
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The SFg generalized heat transfer 

coefficient in function of temperature 

rise for full range of tested pressures is 

presented in Fig.2. 

ht 
P / [ 3 • C T - Tq)] (2) 

P = iU'I - dissipated heat power, 

S - sample surface, 

T,TQ - sample and ambient temperature. 

ARGON ICO kfa kPa 

0.02 

0.014 - 
340 kfi 

100 ;:?= -I 
0.012 - 

ei-j - 

41-3 - 

ao SCO K 1000 

Fig. 4. Heat transfer coefficient for 

argon (100 kPa and 340 kPa). 

Data for the lowest (50 kPa) and the 

highest (420 kPa) pressures, determining 

the belt filled with intermediate values 

for other conditions are given only. 

Similar results for air and argon, but for 

more narrow range (100-340 kPa) are shown 

in Fig. 3 and Fig. 4. On both of them 

radiation heat transfer coefficient is 

also plotted providing emissivity r=0.6 for 

SF^ and air or r=0.5 for argon. It is 

supposed that copper oxides layer enhancing 

emissivity is more transparent in argon. 

Kr=e©--(T
4-T^)/(T-To) (3) 

At higher temperature close to 600°C the 

coefficient in SF^ begins to rise 

slower and slower, differently than in 

other gases. The trend similar to argon or 

air should follow the dashed line charted 

in the Fig. 2. 

The K, , coefficient calculated for free 
ht 

convection in air in natural conditions 

based on the data given by Szargut [7] is 

also shown in Fig. 3. The table data were 

approximated. The results of measurements 

indicate that the cooling conditions in the 

experiment were better than those supposed 

in calculation, maybe partly because of not 

fully compensated axial heat flow. 

Comparison of coefficients for SF^ and 

air at 100 kPa and 340 kPa is presented in 

the Fig. 5. The difference is several 

percent. The curves are very similar up to 

about 500°C. Above this threshold the 

cooling properties of SF^ decline in tests 

with copper fuse-element 

AtR 4 sr* 

0.02 

0.C15 

0.01 

Wl K*Cir2) 

- 5 

ridi itsd 

Fig. 5. Heat transfer coefficient for 

SFg and air (100 kPa and 340 kPa). 

Used method of measurement is less accurate 

for very low (small voltage drop and 

possible inhomogeneity ) and very high 

temperature rises (possible oxidation). 

Therefore larger deviation of results has 

been observed in these conditions. 

4.2. Corrosive properties of SF&. 

Up to about 250 - 300°C nothing special was 

observed, but over 300°C, gas initially 

colorless turned very slightly yellowish. 

Glass walls lost their transparency and 

became a little milky. After having opened 

the test chamber the sharp, irritating 

smell was felt. No chemical analysis was 

done because of the small volume of the 

chamber. 

The first alterations of copper 

fuse-element were observed at 300°C. Over 

400°C it got dark patches, and next a dark 

brown surface layer built of tiny 



bubble-like formations (Fig. 6). The 

diameter of wire increased in 50%. Further 

temperature rise consolidated that layer. 

It was fragile and split easily while 

bending the wire (Fig. 7). 

Fig. 6. Copper fuse-element after 3 hours 

of heting at 660°C (magnification 15). 

Fig. 8. Silver fuse-element after 3 hours 

of heating at 780°C (magnification 15). 

Fig. 9. Aluminum fuse-element after 3 hours 

of heating at 625°C (magnification 15). 

5. Discussion. 

Fig. 7. Copper fuse-element after 3 hours 

of heating at 830°C (magnification 15). 

The silver fuse-element began changing at a 

little higher temperature. At about 400°C 

white powder was observed on the surface, 

that became more cohesive during the 

heating. The corrosion product layer was 

thinner than that on the copper wire, but 

still the diameter increased in 35%. It 

split also facile (Fig. 8). 

The aluminum wire did not change at all 

even close to melting point (Fig. 9). 

Any inhomogeneity of surface could produce 

differences of features of created 

corrosion product layers (Fig. 5). 

5.1. Heat transfer. 

The chamber and fuse-element diameters 

ratio is so big that the heat conduction 

can be fully omitted. 

At low temperature radiation may be also 

neglected but over 300-400°C this is not 

the case. At 600°C it can constitute 

almost 30% of the heat flux (Figs. 2-5). 

Luckily it is easy to calculate if 

emissivity of fuse-element is known. 

The real problem creates convection. Its 

heat transfer coefficient is defined by 

Nusselt number correlation 

Nu = K^- d / X = C•(Gr•Pr)m (4) 

where the Grashof number Gr is defined as 
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the Prandt1 number Pr = Cp-p-J-1 / X. (6) 

The thermal capacity c^, thermal 

conductivity X» kinematic viscosity V, and 

the gas density p are functions of 

temperature and pressure. The constants C, 

and m depend upon the value of Cr Pr 

product and should be determined 

experimentally. For SF^ it lacks such data 

for the fuse operation conditions. 

Therefore it seems convenient to compare 

SF& fuse thermal features with the air 

ones. Up to 600°C a coefficient (K^) 

dependent upon pressure could be applied 

Kht(SF) = Kht(air)'Kp (6) 

Its value may be constant for a given 

pressure and the pressure influence can be 

linearised as show results. Errors should 

not exceed few percent. Investigations 

carried out at lower temperature by Majzel 

[6] indicated also that pressure rise 

caused almost linear increase of the heat 

transfer coefficient. 

Over 600°C the sharp drop of rate of rise 

of the coefficient value may be 

probably provoked by coating of the sample 

with corrosion product, layer. Therefore no 

interpretation of this feature and methods 

of evaluation can be given until additional 

experiments with materials chemically more 

resistant are completed. 

Rate of rise of Kj, value slightly 

increases with the temperature rise for 

argon and air in the full range of tested 

temperatures. So, the oxidation of copper 

wire in air would have less influence than 

the corrosive activity of SF^. 

5.2. Chemical activity. 

In accordance to the observations made, 

there is no doubt that the dissociation of 

SF^ particles occurs over 300°C, what can 

provoke corrosion. It was stated that the 

most endangered is copper and the most 

resistant is aluminum, unlikely to Howard's 

report [8] concerning lower temperature. 

Silver can be positioned in between. 

In practice it could be said that 

exclusively aluminum is suitable for 

fuse-elements. Copper and silver could be 

used for short-circuit or time-lag with low 

melting point M—effect protection only. 

6. Conclusions. 

In large range of temperature the SF6 

thermal features are very similar to those 

of air, although SF^ is several percent 

better one. 

Therefore, the heating calculations could 

be performed in the same way as for air, 

using the same parameters but applying 

additionally a correction factor greater 

than 1. 

The fuse-element in SF^ applied for 

overcurrent protection preferably should be 

made of aluminum or coated with it. 
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Importance of the problem. At present, fuse 

elements of quick-breaking protection fuses 

are made of silver ), which material is 

characterized by a variety of valuable pro- 

perties. The world production of silver 

(without U33B) in 1963 approached 9669 met- 

ric tons, with a 5000 ton deficit1. Yearly 

irreparable losses of fig exceed 4000 tons, 

with electrical industries responsible for 
2 

the major part of this figure . This is the 

situation where instability of market pric- 

es, with a tendency towards a considerable 

growth, is only too natural. Thus, the 

price of silver doubled five times over the 

period of 1963-1985, occasionally falling 

down''. V/hile in 1960 the price of 1 gram of 

(\<j was 6.8 cents, it rose to 26-36 cents 

in 1960's, even reaching 1.5 $ 1. By the 

year 2000, the production of silver in de- 

veloped countries is expected to reach 

6000 tons, with the demand three times as 

high. Hence, a radical solution to the 

problem would be replacement of silver by 

another material. 

requirements to high-speed fuses. The tech- 

nically severe operation conditions of se- 

miconductor devices with high-speed fuses 
and the emergencies that may arise give 

rise to contradictory requirements that the 

fuses should meet. On the one hand, the 

fuses must provide long-term reliability 

under the repeated action of arbitrarily 

varying loads and/or overloads, without 

demanding reductions in the rated current 

values through the circuit. On the other 

hand, if a fault condition develops, the 

fuse must disconnect the faulty subcircuit, 

while retaining its own mechanical integri- 
ty and preventing inadmissible consequences 

for the major system. This is achieved 

through extinguishing the arc at the lowest 

possible level of its energy and optimizing 
the values of the Joule integral for the 

fuses, semiconductor devices and other pro- 

tection equipment. K.g., in the case of in- 

ternal short circuiting the condition must 

be met -.2 . 
U/j-s[n.(f-K)+ KJ Viz, 

where U/j is the let-through jidt in- 

tegral of the fuse, the prearcing 

integral, /I the number of parallel cir- 

cuit branches, and K the nonuniformity 

coefficient of current sharing. This condi- 

tion is particularly hard to satisfy for 

the values often encountered in practice, 

i.e. n. =2, K =0.3 and LLarc ^ Limatsi • 

In the case of adiabatic heating, i.e. with 

high values of the short-circuit current 

(about (250 to 400)xlrated). the integrals 

assume values between 1.31 and 4.36, which 

may fail to satisfy the above condition at 

the level of 2.89. Difficulties can also 

arise in matching the parameters of automa- 

tic circuit breakers or semiconductor de- 

vices with performance characteristics of 

the fuse (such as the peak current, arc 

energy, Ji*dt integrals, etc.). Optimiza- 

tion of the fuse parameters is not an easy 

task even with the use of silver elements. 

Characteristics of aluminium. Compared with 

silver, aluminium is characterized by lower 

(nearly by a factor of two) values of the 

thermal and electric conductivity, much 

lower Meyer constant (37 A2 sec/mm^ against 

72x10^ A2 sec/mm^), lower mechanical 

strength (8 kgf/mm2 compared with 15 kgf/ 

mm2), and lower melting point. At low tem- 

peratures, the mechanical strength of both 

flg and A£ increases (almost by a factor 

of two at -200 °C), while at higher tempe- 

ratures it decreases monotonously to become 

1 kgf/mm2 (at 900 °C for fig and 600 °C 

for f\i ). The oxide film present on PC has 

a noticeable strengthening effect at high 

temperatures. K.g., specimens of aluminium 

foil (thickness of 0.1 mm, 99*997 ‘/a pure) 

annealed at 600 °C showed a strength of 

2.45x10° Pa and a 12 >a plasticity. Jith the 

oxide film removed through chemical solution 

the same foil showed a 1.35x10^ Pa strength 

and a 39 > plasticity. If the oxide film is 

removed mechanically, aluminium interacts 
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vigorously with water and acqueous solu- 

tions of acids or alkalies. The properties 

of aluminium specimens are markedly influ- 
enced by their chemical purity, H.g., the 

tests performed at 350 °C for two kinds of 

$9.99 pure aluminium specimens have re- 
vealed ageing and failure effects after 308 

and 376 hours, while for specimens of lower 

purity (59.95 )•>) after 121 and 206 hours^. 

bilver specimens subjected to mechanical 

straining at high temperatures also showed 

a noticeable ageing effect. H.g., after 
3 hours at 250 °C the mechanical strength 

was 7.85 kgf/mm^ with a relative elongation 

of 70 /a, which values reduced to 6.45 kgf/ 

rnrn^ with a 50 elongation after 58 hours. 

At 400 °C, the 3.95 kgf/mm^ strength shown 

after 6 hours dropped down to 2.35 kgf/mm^ 

after 178 hrs. The transition to a melted 

condition is accompanied by a nearly three- 

-fold increase in the electric resistivity 

of both Af and Ay (from 8.65x10 0 to 

25.1x10"^0/7/n.cm in the case of ). Alumi- 

nium is characterized by an extremely high 

energy of compound formation with oxygen, 

sulphur and carbon (specifically, 1672 kJ/ 

mol, whereas the figures for silver and 

copper are 30.5 kJ/mol and 167 kJ/mol, res- 

pectively). The aluminium-oxygen interac- 

tion results in the % Ag oxide, or alumina 

which is a stable chemical compound. The 

corresponding exothermal reaction may occur 

in accordance with the two equations given 

below^. As follows from the calculation, 

the oxidation reaction, 2ft£ * f,50z — ft03 , 

should liberate 33.4 kJ of thermal energy 

resulting from a complete combustion of 
1 g flj . However, this reaction requires 

0.672 litre of oxygen per 1 g, while the 

closed cartridge of.a semiconductor fuse, 

e.g. Dll-60, contains about 0.005 1 of 

oxygen, or 0.7 >» of the necessary amount. 

This quantity is definitely insufficient 

for supporting the reaction and liberating 

the heat. In open air, there is enough 

oxygen to maintain the oxidation reaction 

but analysis of the literature data on 

electrically exploded aluminium wires shows 

no effects of the exothermal reaction. The 

alloying reaction of aluminium with quartz 

sand, governed by the equation 

2 A £ + /, 5S'L Q2 
= A £2 O3 r 1,5Si , also 

should be associated, in accordance with 

the Hess rule, with the release of 33.4 kJ 

per 1 g of reacting A£ independently of 

intermediate stages, uowever, the exother- 

mal oxidation reaction is accompanied by 

an endothermal reaction, namely reduction 

of silicon from silica, . it consumes 

27.6 kJ of thermal energy per 1 g of the 

reacting aluminium. Hence, 1 g of comple- 

tely burned aluminium theoretically is able 

to release 5.8 kJ of extra thermal energy, 

which is about 25 )•> of the arc energy. This 

extra energy has not been revealed in our 

special experiments which will be described 

in more detail below. According to paper"*, 

the interaction of an aluminium element 

with a chemically active medium containing 

hydrogen peroxide in a relatively high 

concentration had but a "modest" effect on 

the fuse performance. Mor have we found in 

our investigations a noticeable chemical 

impact of the colloidal silica suspension, 
tizO'O • SL02 H20 (plus heating), on 

the performance of aluminium elements. 

Thus, despite the high reactivity of At it 

is stable against many chemical reagents, 

owing to the oxide film on its surface. 
Therefore, the rate of corrosion of alumi- 

nium decreases with time in a majority of 

media. On a freshly worked surface the 

oxide film becomes 10-"1 m thick after about 
10-5 sec> Ag a result of 20 years of corro- 

sion tests in air, it has been found that 

the major part of corrosive destruction of 

, with a 40 % loss of strength, occurs 

over the first year^. Voytovich and Golovko^ 

investigated high temperature oxidation of 

aluminium in air under isothermal condi- 

tions, using thermometry and mass measure- 

ments, with continuous 8-hour monitoring 

of the specimen mass. At temperatures close 

to the melting point the increase in the 

oxide mass per unit area of the material 

surface was very low, specifically (0.1 to 

0.3) mg/cm^, which is evidence for its high 
resistance to corrosion. V/hereas the loss 

in the mass of silver specimens resulting 

from corrosion in air is (0.01-0.3) mg/ 
p 

cm hr, depending on the resistance group 

of fig 1 • 
Experimental results, long-term thermal 

performane e. Laboratory experiments and 
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trial operation nave shown that aluminium 

fuse elements of geometry identical with 

Oliver elements and thickness greater by 
a factor of 1.6 or 1.5 allow producing a 

quick-breaking fuse with practically the 

same thermal parameters as those of the 

prototype with silver elements, provided 

the aluminium terminals are 2.0 to 2.5 

times thicker than copper terminals, in 

order to compensate for the lower electric 

conductivity of fit . 3.g., the fuses for 

-4irte =660 V and lrate =400 A with silver 
elements t =0.1 mm and aluminium elements 

t =0.18 mm, and terminals of either cop- 
per (£ =4 mm) or (/S =10 mm) have shown 

practically the same values of PL = (210 - 

215)X10~°2hm , temperature rise of the ter- 

minals (82 to 87 °C) and power loss (52 to 

57 ','/). Disc-shaped fuses with two-side 

water cooling (water consumption 3.5 to 

4.5 litre/min at T=30 °C), aluminium ele- 

ments & =0.3 mm, 10 mm thick aluminium 

terminals and aluminium current-carrying 

parts ( Uivte =380 7 and Itjrfe=l600 A) have 

shown the same values of basic parameters 
as fuses with fig elements, i.e. FL = 

=(45-55)x10~°Qhm , power loss (160-170) W 

and temperature rise below 85 °C under na- 

tural cooling. The pressure force against 
the converter wires was 60 klf. Thus, in 

the nominal operation duty the temperature 

of constricted parts does not exceed 300 °C 

and the oxide film grows by a few angstroms 

which leads to a (0.1-0.2) %, increase in 
the resistance. This results in a high sta- 

bility of losses both in the elements and 

terminals and integrity of the contaot. 
Using a hard filler improved the thermal 

characteristics in both cases by nearly 
10 7/ith the use of water cooling, the 

thermal parameter of temperature rise at 
the terminals becomes meaningless. The pa- 

rameter of principal importance remains 
the voltage drop. In a reasonably designed 

fuse, this latter should be 1.4 to 1.5 

times as great as the initial value, i.e. 
the product of the fuse resistance by the 

current. 

Calculations of the current density and 

temperature fields in and fig elements 
show practically coincident patterns for 

the above listed thicknesses of aluminium 

parts. 

uuties with cyclic and arbitrarily repeat- 

ed loads and overloads. The tests were per- 

formed for various duties with repeated 

loads described in more detail in paper 

fuses with planar elements made of alumi- 

nium (rated current 400 A at 660 V) loaded 

by the nominal current with 18 min on and 

off periods failed after 89 to 127 cycles, 

fuses with planar elements made of silver 

withstood over 200 loading cycles. To at- 

tain a similar withstandability with fit 
fuses, the rated current had to be reduced 

by 12 to 15 /«. In the case of ageing by a 

rated current (8 hours under a sinusoidal 

current and a 16 hour pause) fuses with 

elements failed after 31 or 33 cycles. 

With other patterns of current loading the 

level of withstandability shown by fuses 

with planar Pg elements again could be 

attained by Pi fuses if the rated current 

were reduced by 12 to 18 Vo. Comparative 

tests of fuses with bended fit and 

elements have shown that equal levels of 

cycling withstandability can be attained 

by fuses with aluminium elements if their 

rated currents are reduced by 10 /o, or 

even 5 S if a hard filler is employed. 

Similar regularities have been established 

for transient overload duties, like for 

instance interruption by a circuit breaker 

of an emergency regime in a converter. The 

total number of such uncontrolled overloads 

(up to (6-10) Irate) lasting for 0.2 sec 

can reach 20-“^ over the fuse lifetime. In 

our experiments that involved interruption 

of a d.c. circuit with a auperquick circuit 

breaker the current through fuses reached 

the level of 10 Ira^e in 3 msec and then 

dropped down to zero in another 3 msec. The 

fuse withstood 15 such pulses (one in every 

10 or 20 minutes) without changing its re- 

sistance . 

As is known0, the fracture mechanics has 

not yet developed, because of the comple- 

xity of the physics involved, an adequate 

theory of metal fatigue that could predict 

specimen durability, i.e. the dynamics of 

crack growth as a function of the number 

of load cycles. The development of a theory 

of fatigue failure in constricted portions 

of fuses subjected to cyclic loads is even 

more complex as the phenomenon involves a 
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variety of interdependent electrical, ther- 

mal and mechanical effects. The formulation 

and analysis of nonlinear coupled field- 

-theoretic problems that could lead to a 

living theory, face conceptual difficulti- 

es. A theory like that should provide a 

qualitative and quantitative description 

of both stages of fatigue failure in const- 

rictions, i.e. i) changes in the metal 

structure leading to crack formation, and 

ii) growth of the crack, ending in a frac- 

ture of the constricted part. It should be 

noted that development of a theory relating 

the fuse longevity to its design parameters, 

number of loading cycles and load characte- 

ristics (such as intensity and waveform of 

the current, duration of the on-current and 

currentless periods, etc.) is complicated 

by the pronounced effect of manufacture 

technology, sequence of various stages, 

etc. that are virtually unaccountable for. 

On the other hand, the present amount of 

practical expertise is sufficient for de- 

signing durable quick-breaking fuses, in- 

cluding those with aluminium current-carry- 

ing parts, that combine optimized geometries 

of the bended fuse element, employment of 

a hard filler end a reasonable choice of 

the rated current density through constric- 

ted portions. In our experiments, laborato- 

ry prototypes with fit elements withstood 

100000 loading cycles (each cycle consisted 

of 15 sec of a 2 I ^ current flow and a 

45 sec currentless pause) applied for 8 to 

9 hours daily during one year. At the end 

of these tests, the fuse resistance remain- 

ed practically unchanged. 

fault current interruption. The higher cat- 

hode voltage drop, characteristic of arcing 

between aluminium electrodes (16.2 to 18.6 

Y) as compared with silver electrodes 

(12.1 to 13.6 V), facilitates arc extingui- 

shing in protection fuses with aluminium 

elements. .Moreover, the oxide film favours 

inertial storage and further explosive dis- 

sipation of energy, thus ensuring excellent 

switching capabilities of Rt elements. The 

rate of voltage growth during fusion of the 

constricted portions can be as high as 

10° Y/sec. Special features revealed in the 

experiments are as follows. 

A.c. Interruption, fuses with fit elements 

have demonstrated the capability to re- 

liably interrupt currents ranging from 

3 Irate 
t0 (300*400) Irate. Jo effect of 

the exothermal reaction that could be ex- 

pected from theoretical considerations has 

been revealed either in oscillograms or in 

the condition of sand fulgurites. Moreover, 

the highest values of let-through currents 

and Joule integrals were practically the 

same for fit -based fuses and their Rg 
prototypes. This conclusion is in agreement 

with the results of Japanese writers (Ueda 

et al.) who have found that in a fuse with 

elements arcing occurs in the atmo- 

sphere of an evaporated filler. The claim- 

ed independence of arcing of the element im- 

material thus is true for RP too. 

The arc energy shows no pronounced maximum 

as a function of the circuit current.In a 

wide range of available currents ((10-100) 

Irate) the arc energy for y =0° did not 

deviate from its maximum value by more 

than 10 /o. Of great importance is the know- 
ledge of conditions when the let-through 

current is maximal. The maximum current is 

observed under interruption conditions 

with y =53-*-57°, which is also close to 

the arc energy maximum. 

An objective characteristic of the fuse 

performance at the arc extinguishing stage 

is provided by the ratio of the total 

J"ilcLt integral to its prearcing value. 

This ratio can be used to obtain fairly 

accurate quality estimates of different 

fuses, including those for different cur- 

rent and voltage ratings. By connecting 

two or more fuses in parallel their relia- 

bility can be greatly increased, and all 

protective qualities generally improved, 

especially at high current values. During 

transient prearcing operation, Rt-based 
fuses show special points and zones of per- 

formance characteristics similar to those 

described in paper^ for 

Silver and aluminium actually show close 

values of another theoretically important 

parameter, namely the adiabatic pressure 

produced during adiabatic heating and mel- 

ting of constrictions under the condition 

that the volume of the gaseous phase 

should be the same as of the constriction 

material (the values are I60x10fa and 
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155x10° Pa for and A8 , respective- 

ly). lliia pressure is calculated from the 

familiar Mendeleyev-IClapeyron equation. 

In fact, a pressure as high as this, condi- 

tioned by the fact that the gas volume un- 

der normal conditions would be tens of 

thousands times greater than that of the 

melted metal, never exists in protection 
fuses. Indeed, the filler sand is a non- 

-Mewtonian liquid, hence the pressure wave 

arriving at the cartridge walls is weakened 
and never exceeds 10° Pa, irrespective of 

the fuse element material, meanwhile, elec- 

trical explosion of an fit wire in water 

which is a classic Newtonian liquid is ac- 

companied by a pressure pulse up to 10^ Pa 

with a temperature about 4x10^ K ^. The 

corresponding electric field strength 

reaches 15 kV/cm, which value is one order 
of magnitude higher than in the case of 

sand. 
D.c. interruption. Tests have shown that 

fuses with flt elements can interrupt 

quite easily currents as high as (200 - 

- 400) I ^e> even with rather great values 

of 'C like T =35 msec. Similar as in 

the a.c. case, effects of an exothermal 

reaction are not detected. Lloreover, the 

peak voltage can be increased by another 

B or 12 ‘,J. The problems that exist relate 

to the interruption of low currents 

(6-10) IrQte with T =35 msec or more. 

The difficulties are characteristic of all 

quick-breaking fuses, independently of the 
fuse element material. They are associated 

with the reactive energy stored in the 

circuit inductance, which component may 

reach 75 >«i of the total arc energy"'0. The 

physics of interrupting low currents has 
been investigated for fuse elements of va- 

rious lengths, with the highest admissible 

voltage at which the circuit can be 

reliably interrupted fixed for each length. 

Besides, the authors have discovered a spe- 
cial feature in the process of interrupt- 

ing low currents with great T by fit 
-based protection fuses. It consists of 

the restriking effect, when the current 

through the fuse starts to increase some 
40 or 100 msec after it has dropped down 

to zero. The energy dissipated in the fuse 

before occurrence of the effect happens to 

be 20 to 40 ja lower than in the a.c. case, 

which manifested itself through a shorter 

length of the sand fulgurite. Reliable 

interruption could be achieved by reducing 

the length of fit fuse elements by 12 to 

20 /a or reducing the circuit voltage (or 

time constant) by the same fraction. The 

interruption of low and medium currents in 

circuits with high time constants, T = 

=35 to 70 msec, was accompanied by nonuni- 
form burn-out of the fuse elements. While 

some of the elements were burnt nearly 

completely, others retained about one half 

of their metal and still others were damag- 

ed near constricted portions only. On some 

occasions, just a single element burnt 

completely brought about piercing of the 

end cap independently of the element mate- 

rial . 
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INVESTIGATION OF THE PRE-ARCING BEHAVIOUR OF DISSIMILAR UNIFORM 
DOUBLE-ELEMENTED FILLED FUSES, USING FE CAD TECHNIQUES 

J C Gomez, D Toum P M McEwan 
University of Rio Cuarto and Sheffield City Polytechnic 

ARGENTINA 

Summary 

Dissimilar uniform strip elements in filled fuses have been 
studied using Finite Element CAD techniques to investigate 
‘M effect’ time-current type fuse melting behaviour. The 
results of simulations indicate significant time delay operation 
is feasible for Ag-Ag and Ag-Sn element material and that 
FE CAD techniques may be used with confidence to 
analyse this class of problem. 

Introduction 

The use of low-melting point alloys to produce ‘M effect' 
in fuses is known to introduce conditions where the fuse 
can operate outside its declared time-current characteristic. 
The use of parallel elements of different material and 

dimensions, to produce the similar time-delays in the 
overload region of time-current characteristics without 
the shortcomings of *M effect’ was considered to be 

feasible but very difficult to investigate experimentally. 
The FE CAD simulation technique (1), which could be 
verified by experiment, was considered to be the most 
suitable method for investigating the time-lag performance 
of dissimilar elements. 

Finite element CAD simulation studies were consequently 
used to investigate the time-delay low-overload pre-arcing 
performance of fuses containing two dissimilar uniform 
strip elements of different materials, surface area and 
relative positions in filler. 

Fuse Models 

Two fuse models were developed to simulate the transient 
heating of two parallel current-carrying uniform strip 
elements, in filled fuses. The period of interest was over 
the region Is to 10s, consistent with the 'M effect’ overload 
time-delay region of fuse time-current characteristics. 
Over this time range, the model has to lake account of heat 
conduction to end terminations, convection from all fuse 
surfaces and the temperature dependency of the electrical 
and thermal properties of all the fuse components (2). 

A simple model was developed, which eliminated the 

external heat transfer effects. The model was useful, and 
is recommended, for quick assessment of the accuracy of 

representation and for estimating the assumptions of the 

Sheffield, UK 

model, since it requires fewer nodes and much shorter 
computer run times. 

A more detailed model fig 1 had to be limited to 1000 
nodes. The model includes variations in thermal 
conductivity, specific heat and electrical conductivity 
with temperature change, of all the fuse components. The 
fuse modelled was a DIN standard NH00 fuse (maximum 
external body dimensions 30 x 30 cm in section and 46 cm 
long). The filler was granulated silica quartz and the body 
was made of ceramic material. The end plates were brass 
and knife blade contacts, made of copper, were assumed to 
be connected to standard lengths of cable held at 20"C, 50 
cm from the cable/fuse terminations. 

At the end of each time step of the computation, the 
redistribution of the current between the two elements is 
determined by computing the electrical resistances of the 
elements, until one of the elements reaches its melting 
temperature. Whenoneof theelements reaches its melting 
temperature, the whole current is transferred to the other 
element. 

The detailed model required 990 nodes, which enabled 
solutions to be obtained using a Personal Computer fitted 
with a mathematics co-processor. 

Results 

Simulation studies were undertaken with the detailed 
model for pairs of similarly dimensioned strip elements 
made from silver, copper, aluminium, tin and zinc 
combinations. The Cu-Ag, Cu-Al and Ag-Al combinations 
shared current almost equally and consequently produced 
virtually no time delay effect compared with the Ag-Sn 
combination. Similarly, element combinations of similar 
low melting point metals produced no noticeable ‘M 
effect’ type characteristics. 

Simulation studies were undertaken on pairs of Ag-Ag 
element of same cross section, but different widths and 
thicknesses and therefore different surface areas. The 
results of the respective simulation studies given in Table 
1 and fig 2, indicate ‘M effect’ type melting time-current 
behaviour. 
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Ag-Sn element combinations indicated the most promise 
so studies were concentrated on this pair of element 



materials. Simulation studies were undertaken on Ag-Sn 
strip of different widths and thickness but with the same 
combined cross sections. These results are also given in 
table 1 and figures 3 and 4 for two samples carrying a 
current of 300A. 

Table 1 - Operating Melting Time for Sample Parallel 
Elements 

Sample 

intension 

Element 
Material 

Element 
Material: 

dimension 

Operating 
Time (s) 

(I = 300A) 

W = 3.18 
T = 0.1 

W = 3.18 
T = 0.1 

B W = 3.18 
T = 0.1 

Ag 

W = 0.56 
T = 0.56 

Ag 

W = 3.18 
T = 0.1 

W = 0.56 
T = 0.56 

1.25 

D 

Sn 

W = 3.18 
T = 0.1 

W = 0.56 
T = 0.56 

0.7 

comprising similar or dissimilar material. The FE CAD 
studies were undertaken on uniform strip elements in order 
to examine basic principles and to assess the accuracy of 
the simulations in predicting the performance of practical 
filled fuses in the Is to 10s time-current characteristic 
region. The results of all the simulations compared 
sufficiently well with experimentally derived results to 
establish a high degree of confidence in the FE CAD 
technique. 

It is considered that the ‘M effect’ type characteristic may 
be further improved by varying the relative disposition of 
elements and for practical dissimilar strip elements with 
reduced sections. These latter investigations are to be 
followed up in the next stage of the studies, although 
practical problems are anticipated in fixing low melting 
element material to fuse end plates. 

References 

1 Gomez J.C. and McEwan P.M., Determination of 
the Time/Current Characteristic of FusesUsing Finite 
Element Methodology, 6th IntSAP Conf, Lodz, 
1989. 

2 McEwan P.M., Numerical Prediction of the Pre- 
arcing Performance of HRC Fuses, PhD Thesis, 
Liverpool Polytechnic, 1975. 

W = width (mm) 
T = thickness (mm) 
csa = 0.318 mm2 

The four fuse samples, Table 1, weresimulated forcurrent- 
carrying conditions approaching their estimated rated 
currents. The simulation temperature profiles of a section 
through the fuse at the hottest point, is shown in fig 5 for the 
fuse samples A, B and C. 

In order to check the accuracy of these latter simulations 
the respective fuse combinations were made up and voltdrop 
and temperature measurement tests performed. Correlation 
better than ±5% was obtained between the experimental 
and simulated results. 

Conclusions 

The studies indicate that ‘M effect' time-delay type operation 
can be obtained without using low melting point alloys by 
varying the element geometry of parallel fuse elements 
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AS AN ELEMENT MATERIAL IN 

HV-HBC-FUSES 
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ABSTRACTS 

The starting point of our investigations has 

been the question wether one can substitute 

the silver by copper in high voltage fuses 

without changing the geometry of the fusible 

elements. 

Some results will be presented about the prearcing 

and the arcing phase of copper wire fuses related 

to the silver wire fuse with the same geometry. 

Furthermore, it is reported on investigations 

of the life time of copper fuses. The results 

of the experiments will be compared with numerical 

computations. By the investigations conclusions 

were derived for using copper in high voltage 

fuses. 

1. INTRODUCTION 

In low-voltage high breaking capacity fuses 

copper is often used as fuse element. In case 

of high-voltage high breaking capacity fuses, 

however, silver serves as the material for 

the fuse element. 

For producing cheaper hv-hbc-fuses, the problem 

of replacing silver by copper had to be taken 

into our consideration. The investigations 

made regarded high voltage fuses with fuse 

element wires which were manufactured in the 

former German Democratic Republic. Caused by 

the conditions of the manufacturing process 

the geometry of the fuse element should always 

be the same, while the parameters of the switching 

process should not deteriorate. 

The use of copper as the fuse element seems 

to be difficult because of the possible oxidation. 

Fuse elements made of copper can oxidate already 

at low rated operation temperatures (/!/, /2/). 

The oxidation decreases the conductive cross- 

section, and the current density increases. 

Thus, the temperature of the fuse element also 

increase, the oxidation being further accelerated. 

This might lead to the early break-up of the 

fuse link and could possibly destroy it. 

For these reansons it was necessary not only 

to perform current breaking test duties of copper 

fuse-links and to check the t-I-characteristic, 

but also to investigate the behaviour of copper 

fuse-links in case of rated current operation. 

2. TEST PARAMETERS 

2.1. Physical properties of fuse-element metals 

If silver is replaced by copper, the changed 

properties of the material have to be considered. 

For our calculations we used the values according 

to /3/. 

In some cases, copper fuse elements with silver 

coatings are used for low-voltage fuse-links. 

Therefore, besides silver and copper fuse elements 

copper wires with silver coatings,were 

investigated, too. Wires with 10, 30, 150 and 

260 gramms silver layer per 1,000 gramms basic 

material were used, respectively. For these 

cases, the following designations are introduced: 

Cu/Ag 10 etc. 

2.2. Test samples 

For the necessary investigations both test fuse- 

links and modified hv-hbc fuse-links were used. 

In fuse links type HWsF-B 3,6kV/10A the Ag-wires 

was replaced by Cu-wire or Cu-wire with Ag-coating 

of the same dimensions. The current breaking 

tests demanded according to IEC 282-1 were 

performed in the test plant "Institut PrUffeld 

für elektrische Hochleistungstechnik"(IPH) in 

Berlin. 

The investigations of test fuse-links which 

were made in the test field of the Ilmenau 

Institute of Technology served as basic 

investigations of the behaviour of the various 

metals for fuse elements. Model 1 (Fig. la) 

is used for short- circuit current breaking 

tests, while model 2 (Fig. lb) is used for 

investigating the fusing by overload, where 

the fuse element is so long that the axial heat 

conduction to the fuse end caps can be neglected 
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similar to the conditions in a hv fuse-link. 

2 8 

w 

© 

e 

© 

<2> 

o 

h 
® 

2L 

© 
Fig.1: Test fuse-links: (e)-Lodel 1, (b)-Kodel 2 
1-body, made from organic textolite, 2-terminal 
and fuse element connection, 3-fuse element, 
4-thermoelement 

3- INVESTIGATION OF THE SHORT-CIRCUIT CURRENT 

BREAKING 

3.1. Investigation of test fuse-links 

Both wires with uniform cross-section and wires 

with restrictions were investigated. 

12oo 

amps 

® 
3ooo 

V 

© ICu/Ag 
i 10 

Cu/Ag 
260 

Cu ' Cu 
hard 1 soft 

Fig.2: Let-through current ( a ) and switching voltage ( b ) 
of uniform fuse-element wires with model 1 

The results gathered in the investigation of 

a wire with uniform cross section are illustrated 

in Fig. 2: Silver has the lowest let-through 

current and the lowest switching voltage. The 

let-through current of the various copper wires 

is approximately the same, while the switching 

voltage of Cu/Ag-wires is considerably higher 

than that of uncoated Cu-wires, which was not 

expected. The oscillograms in Fig. 3 show the 

differences in the peaks of the switching voltage 

of the respective materials. 

L V E R 

C 0 P P E 

C u / A g 10 

Pig.3: Oscillograms with modal 1 
Is 316 amps/div. ,us 500 volta/div. ,ts liasec./dlv. 

The generally very high switching voltage is 

generated by the uncontrolled disintegration 

of uniform wires due to self-magnetic forces 

and surface tension. As a result, a large number 

of single arcs is formed which cause the high 

switching voltage. Out of a variety of calculations 

possible for this kind of voltage, the formula 

by Johann /4/ matches best with our results. 

3.2. Modified hv-hbc fuse-links 

Modified 3,6kV/10A fuse-links with copper fuse 

elements and Cu/Ag 10 fuse elements, respectively, 

were tested for the test duties 1 and 2 and 

compared to silver wire fuse-links. All fuse- 

links with copper fuse elements (about 100) 

stood the tests, safely interrupting the current. 

The Figures 4 and 5 illustrate the results. 

These results confirm our measurements of the 
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V\ 

1 0,2 0,3 0,4 0,5 0,6 

Pig.4: Current ( a ) and arc voltage ( b ) as a 
function of the time from the test duty 1 

  Ag   Cu Cu/Ag 10 

( cut - out ) 

test fuse-links: Cu/Ag-wires have worse breaking 

characteristics than copper wires and silver 

wires. Copper wires can be compared to silver 

wires with regard to their current-breaking 

capability, in fact they are even better in 

some cases because of their lower switching 

voltage with equal arcing time. 

4. MEASUREMENTS OF THE t-I-CHARACTERISTIC 

The fusing time of the fuse-wire in case of 

overload depends not only on the material proper- 

ties of the fuse element such as resistivity, 

heat capacity, fusion heat, and cross section, 

but also on the properties of the quartz sand 

surrounding the fuse element. The smaller the 

current and the longer the fusing time, the 

greater the influence of the heat transfer to 

the surroundings by the quartz sand. The 

investigations were aimed at proving whether 

or not the material of the fuse element exerts 

an influence on the fusing time - current 

characteristic. 

amps 
9oo 

3oo 

© ■ 7 8 9 1 2 

kV 

r 
1 2 3 4 5 6 7 8 9 1 

Pig.5*. Current ( a ) and arc voltage ( b ) aa 
a function of the tine from the teat 
duty 2 

  Ag   Cu 

4.1. Investigation of test fuse-links 

In model 2 there are used long uniform wires 

made of the materials mentioned above. Within 

our investigations we did not use wires with 

solder spots. This leave out the different 

behaviour of the solder on the fuse elements 

and enables the sheer comparison of materials. 

Figure 6 shows the fusing times as a function 

of the effective value of the a.c. breaking 

current for some materials. The fusing time 

is approximately the same for all materials. 

This is due to the heat transfer characteristics 

of quartz sand, on the one hand. On the other 

hand, the higher heat capacity and fusion heat 

of copper as compared to silver is obviously 

compensated by the higher resistance. 

The dashed line is the result of numerical 

calculation by Wintergerst /5/ for the copper 

elements. 
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Fig.6: Fusing time versus current 

- model 2 with uniform cross-section wires 

O Cu, 0 Ag, A Cu/Ag 260, test results 

 calculation by Yi'intergerst /5/ 

- HV-H3C-fuses 3,6kV/10A, related of the current 

per one element 

X Cu, m Ag, »Cu - test duty 3 

  time-current-curve with —•— the per- 

mitted tolerance range 

breaking current of 40 A (see test duty 3). 

This current was also used for testing the Cu- 

fuse-links. With the fusing times resulting 

from these tests being within the tolerance 

range according to the IEC 282-1 standard. The 

fuse-links safely switched off the current. 

Some fuse-links were additionally tested with 

I = 30 A under the conditions of test duty 3. 

The current was safely switched off. The fusing 

times are within the tolerance range, as can 

be seen in the figure 6, too. 

These results and the results of the investigations 

of test fuse-links were confirmed. Silver and 

copper used as fuse elements do not have different 

breaking characteristics. The copper-fuse-links 

meet the conditions of the test duties extra 

ordinarily well. 

5. OXIDATION ON OF FUSE ELEMENTS 

The thermal load of the fuse element that occurs 

in the operation may cause irreversible changes 

of the material by diffusion processes and the 

formation of an alloy between the solder and 

the conductor material as well as by the oxidation 

of the conductor material. The process of material 

changing in the solder spot is generally called 

"ageing". It is often the subject of investigation 

e.g. by Klepp /6/ and Hoffmann 111. This process, 

however, was not investigated within the framework 

of our research Programm. 

4.2. Modified fuse-links: t-I-characteristic 

and test duty 3 

The results of the measurements of the fusing 

time and of test duty 3 for HWsF-B 3,6kV/10A 

copper fuse-links as well as single results 

of HWsF-B 3,6kV/10A silver fuse-links are also 

indicated in Fig. 6. For this purpose, the charac- 

teristic curve of the latter ones with the permit- 

ted tolerance range was included in the diagram. 

The current flowing through the fuse-link was 

related to the current flowing through each 

single conductor in order to facilitate the 

comparison to the measurements performed with 

model 2. Due to the restrictions of the fuse 

elements of the fuse-links, the fusing times 

are below those measured with model 2. 

The conditions are the same as with model 2: 

the fusing times of Cu-fuse-links are only slightly 

different from those of Ag-fuse-links, all of 

them being within the permitted tolerance range. 

The HWsF-B 3,6kV/10 A fuse-link has a minimum 

5.1. Determination of the temperature of the 

fusible element 

As described in another paper /8/, the temperature 

of the fuse element determines decisively the 

oxidation rate. In the range of rated current, 

the temperature was calculated according to 

Vermij /3/ by measureing the heat transfer 

coefficient G, and theoretically by using the 

finite element method. For both procedures, 

the material values and, as in case of the latter, 

also the properties of the quartz sand had to 

be taken from literature. Since the values 

indicated by the various authors differ very 

much, we used the results gathered from the 

measurement of the temperature of the fuse element 

as a basis for our investigations. 

The measurements were made with NiCi-Ni thermo- 

couples, mainly for model 2, and with potential 

probes of thin Cu-wires, the latter method being 

applied for the modified HV-hbc-fuses. Here, 

the voltage drop at the respective current measured 
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over a definite part of the fuse element by 

two probe wires was used for determining the 

resistance of this part. Its temperature was 

determined on the basis of the well-known 

temperature dependence R = RQ (1 + ßx)*). Preferab- 

ly, RQ ist not determined by the help of the 

material values taken from literature as in 

/9/, but are measured with the same arrangement. 

If the distance between the probe wires is small, 

the course of temperature along the fuse element 

can be determined. On the other hand, the respec- 

tive measurements revealed that, due to the 

.trapezoidal course of temperature, it is suffi- 

cient to determine a mean temperature of the 

fuse element on the basis of the measurement 

of the resistance of the fuse-link. 

5.2. Life tests of various materials for fusible 

elements 

For these investigations, the uniform wires 

of model 2 were fixed in open air and periodically 

loaded with a current 1.4 times higher than 

the rated current of the fuse element. The duration 

of current flow was 1 hour, the currentless 

break being 1 hour, too. Caused by the "breathing", 

a high thermal load of the fuse element follows 

from the repeated heating-up to a temperature 

of 400 to 600 °C and the following cooling to 

room temperature, so that the effects of oxidation 

can be determined already after a relatively 

short time. The resistance is measured at the 

end of the currentless break. The results of 

the increase of resistance with the number of 

cycles are illustrated in Fig. 7. 

copper 

1,3 

Cu/Nl 

7,5 p Cu/Ag 10 

V Cu/Ag 260 

Cu/Ag 150 

Silver 
1,0 

10 10 
number of cycles- 

Fig. 7: Relative increase of resistance of fuse 

element materials 

As it was to be expected, silver wires practically 

show no increase of resistance. Thus, the tests 

were stopped after 240 cycles. For copper wires, 

, the number of passed cycles is small. Copper 

wires with a thin silver coating have a shorter 

life time than uncoated copper wires. Only with 

Cu/Ag 150 wires the life time is as long as 

that of uncoated copper wires. A considerable 

increase of life time was proved with Cu/Ag 

260 wires. 

In the plating, nickel-coatings are considered 

to be a barrier for oxygen. The Ni-coatings 

with a layer thickness of 7,5 pm are relatively 

dense and provide the best possible protection 

against oxidation if they are used as a covering 

layer for the copper wires. However, they are 

difficult to deform and to solder and, thus, 

they can not be applied for fuse-links. 

Life tests under continuous load in both open 

air and quartz sand revealed the same tendency: 

Cu/Ag 10 fuse elements are always considerably 

worse than those made of copper. Figure 8 shows 

a metallographic for illustrating oxidation 

even below thicker Ag-coatings. 

/ '■ 

% 

Fig.8: 

Metallographic 

of 

Cu/Ag 260 wire 

5.3. Calculation of the life time of modified 

HV-hbc-fuse-links 

As mentioned above, the authors of /8/ introduced 

a simple model for calculating the life time 

of fuse-links in case of continuous load. The 

calculations are based on the equation by Vermij 

/3/ for determining the temperature of the fuse 

element, into which the decrease of radius by 

oxidation was included. 

1» 
(1 _ 1 / -ß 1% 

(1) 

with . 5_!_ 
G • 

= (k • t) 

o 

1/2 

= constant 

= decrease of radius 
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The rate of reaction coefficient k for copper 

wires in quartz sand was determined experimentally 

(see /8/) as a function of the temperature of 

the fuse element as 

k = A exp (-B/T) (2) 

= 9,17 • 10 H cm^ s 1 exp (- 4048 K/T) 

36 kV 12 kV 

3.6kV 

days 

The temperature ^ of fuse elements versus life time t 
for different fuses with rated current 1-10 amperes 

  experiment,   calculstion 

For more than two years long-time tests have 

been made with 10 A copper fuse-links of different 

rated voltage values for checking the calculation 

"odel. Figure 9 illustrates the results gathered 

with this calculation model and compares them 

to the measured values gathered before December 

31st, 1990. Here, the temperature of the fuse 

element was determined as mean temperature from 

the voltage drop of the fuse-link at rated current. 

The measurement results confirm the trends follo- 

wing from the calculation. 

6. CONCLUSIONS 

~ The life time to be reached with a fuse-link 

is determined by the initial rated operational 

temperature. 

- With a given fuse element, the initial rated 

operational temperature depends on the design 

of the fuse link. The rated power dissipation 

Per fuse length being a decisive influencing 

factor. 

~ Out of the number of fuse-links investigated 

by us, only the 3,6kV/10A fuse-link provides 

a sufficient life time of 20 years. 

~ The dimensions of the fuse element being main- 

tained, fuse-links with Cu-fuse elements, 

too, will meet the demands with regard to 

the t-I-characteristic and the test duties 

according to IEC 282-1. 

- The tolerances of the tests provide some freedom 

in varying the geometry of the fuse element, 

which can be used for lowering the rated opera- 

tional temperature. 

This offers the chance to guarantee a low 

enough oxidation rate for all types of fuse- 

links investigated. 

The investigations necessary for this purpose 

are not yet completed. 
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K.K. Ilamitokov, II.A. Ilyina, G.G. Zheraerov, and I.G. Shklovsky 

The Kharkov Institute of Engineers of Municipal Economy 

Problem formulation. The basic technical 

and cost parameters of semiconductor fuses 

are largely determined by the technology 

employed to produce the hard filler. The 

traditional methods^, in particular those 

involving thermal hardening of a binder- 

-impregnated filler present certain diffi- 

culties as they require complex equipment 

and happen to be power consuming(over 

10 k'J.hr per unit). Besides, the technolo- 

gical procedures last for a long time (10 

to 15 hr) and often result in fracturing 

of the fuse terminal coating in the furnace. 

The present writers have suggested a new 

technology2 in which the filler is baked 

through heating of the current-carrying 

fuse pieces with electric current. In this 

approach, many of the technical problems 

are removed. Currently the method is sub- 

jected to practical tests and theoretic 

analysis in view of the its potential ad- 

vantages. 

Experimental set-up. The set-up involves an 

insulated base capable of accomodating as 

many as 10 Hfl 60U fuses (rated current and 
voltage values are 630 A and 660 V); buses 

of variable length and cross-section area 
2 

(40 to 300 mm and 30 to 400 mm , respecti- 

vely) used to seriesly connect the fuses, 

and an adjustable power supply to produce 

currents up to 30 kA at 4 V. The (IH 60M 

fuse is shown in Pig. 1. It consists of an 

ultraporcelain cartridge 1 containing bend- 

ed fuse elements 2 made of copper that are 

welded to copper terminals 3. Cover caps 4 

are at the top and bottom; the filler is 

charged through the opening 5 in the top 

end cap 4, which is shut by the lid 6. The 

drain opening in the bottom end cap 4 is 

screened with the gauze 7 adjacent to which 

is the outlet tube 8 to release products of 

the baking process. The fuse is fixed to 

the buses with terminals 3. It is filled 

with quartz sand and impregnated with a 

30 -,J colloidal silica suspension in water. 

Phenomenology of the hardening process; 

experimental results for standard parameters 

For practical purposes, of interest would 

be analysis of the processes in an instal- 

lation with standard parameters typical of 

industrial applications, e.g. rated current 

density through the fuse about 550 A/mm*" in 

constricted parts, and conducting buses of 

length 175 mm and cross-section area 
2 

180 mm . The Joule heat released in fuse 

elements and terminals supports a variety 

of complex thermodynamical processes in the 

dense sand/binder mixture. Following Barrow 

and liowe^, we assume chemical reactions to 

be absent or, at least, to have no import- 

ant effect on the process, provided they 

are characterized neither by heat release 

or absorption, nor influence on the mass 

transfer in the liquid or vapour-gas phase. 

The preheating stage represents an increase 

to the boiling point in the temperature of 

the liquid component directly adjacent to 

the current-carrying parts. At this stage, 

no products are released through the drain 

opening, gauze screen or the outlet pipe. 

Objective external manifestations of this 

stage are a noticeably greater voltage drop 

across the fuse and a weakly increased tem- 

perature of the cartridge and terminals. 

The end to this stage is marked by the 

first liquid drop released from the drain 

opening. This occurs some 5 or 11 minutes 

after the onset of the process. The tempe- 

rature of the first drop is close to the 

ambient temperature (i.e. 30 to 40 °0). At 

the following stage the liquid component 

is partially evaporized and the vapour ex- 

pands to force part of the liquid through 

the pipe. During this stage which last for 

13 to 19 minutes, the products are released 

mainly in the liquid phase, with the tempe- 

rature and flow rate progressively increas- 

ing (Fig. 2). The hot liquid forced out by 

the vapour carries away various contamin- 

ants, thus performing "steam cleaning" of 

the filler. As a result, the fuse insula- 

tion resistance increases (to tens megohms 

after the breakdown current has been swit- 

ched off). Of the 52 to 61 grams of 

74 



colloidal silica suspension introduced in- 
to the sand, it is hardly 15 grains that 

are released out of the fuse as a liquid. 

A stage close to the final is that of nuc- 

leate boiling. Under the action of over- 

heated vapour (about 200 °C), individual 

bubbles appear first, at the end of the 

pipe, and later become a continuous flow 
of white steam of characteristic odour and 

growing temperature. Host of the product 
(up to 30 grams in mass) are released from 

the fuse during the stage, in the form of 

the gas-vapour mixture described. The 

stage does not last for more than 15 minut- 
es. By the end of the stage, the outflow 

of the white steam becomes less intense 

and the vapour turns colourless. The stage 
of invisible vapour release is the longest 

among all (lasting for 40 to 50 min) and 
can be detected, e.g. with a sweating mir- 

ror. It is characterized by a rather quick 

increase in the temperature of all parts 
of the fuse and an increased voltage drop. 

An important practical criterion for the 

completion of the hardening process is ces- 

sation of the colourless vapour flow from 
the structure. The absolute criterion is 

provided by evaluation of the fuse mass. 

If the mass at the end of the hardening 

Process is 0 to 2 g greater than before 

introduction of the colloidal silica, then 
the result may be considered excellent. 

'ith a 2 to 5 g mass increase the result is 

good, while with 5 to 11 g it is merely sa- 

tisfactory. The complete cessation of the 

ateam outflow and the nearly zero value of 
the mass increase speak in favour of the 

hypothesis suggesting a predominant role 
of heat and mass transfer effects without 

noticeable chemical transformations, ./ith 

regard to performance characteristics, the 
quality of baking is estimated from the 

magnitudes of the Joule integral and the 
arc energy. The technology described does 

not have a destructive effect on the tempe- 

rature sensitive parts of the fuse like 

constrictions or welding points, nor does 
it affect the fuse resistance. If the 10 

fuses placeable on the base are baked si- 

multaneously, then process stages in each 
piece are shifted in time with respect to 

other specimens (within a few minutes), so 

that they should not interface. 

Affects of different factors. The character 

of the hardening process is largely deter- 

mined by two basic parameters which are the 

current density in the fuse elements and 

the bus geometry (i.e. cross-section area 

and length), './ith a proper allowance for 

the electric conductivity magnitude, the 

kind of the material the current carrying 

parts are made of is of no importance. By 

increasing the current density by 4 to 11 >J 

against the rated value, the baking process 

can be greatly intensified (the total dura- 

tion reduces by nearly 20 yo), while all the 
stages mentioned remain. Further increase 

in the density of current through the fuse 

elements is not advisable for reliability 

reasons, while lower densities are imprac- 

tical. The cross-section area and length of 

the conducting buses fully determine the 

course of the hardening process near the 

cartridge ends and have an important effect 

on the areas adjacent to the fuse elements. 

The effect of variations in the bus length 

within 40 to 300 mm is equivalent to chang- 

es of the cross-section area. For the sake 

of designer's convenience, we have selected 

buses of 170 mm in length for the experi- 

ments described, while the cross-section 
2 

area could be varied from 30 to 400 mm . 
p 

Y/ith 30 mm , the process of filler harden- 

ing was characterized by extreme intensity. 

The outgoing products appeared in the gas- 

-vapour phase alone, although the outflow 

started with a noticeable delay (about 
2 min). Bote that the process developed wit- 

hin 30 minutes, which was 2 or 3 times quic- 

ker than for rated parameter values, and 

with excellent quality at that. (The excess 

mass was practically zero.) However, the 

copper buses showed heavy blackening and 

proved unfit for further use, while the fuse 
element constrictions and welding points 

remained in a good condition. In the case of 
2 

the largest cross-section area, 400 mm , the 

general pattern, as described for the rated 

parameter values, remained but the process 

lasted as long as 5 hours. The quantitative 

characteristics were sizably lower and the 

filler in the cartridge end portions did not 

solidify at all. Thus, buses of small cross- 

-section area in fact play the part of a 
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heater, whereas larger buses act as a ra- 

diator . 

Prior heating of the buses, e.g. owing to 

the preceding technological process, is of 

no special importance because of the quick 

cooling of the set-up (e.g., the tempera- 

ture of buses drops from 110 to 35 °C over 

4 minutes). Yet in some cases, the time ne- 

cessary for the liquid component to appear 

in the outlet pipe reduced by 2 or 3 minut- 

es. It seems noteworthy that the time in- 

terval between introduction of a binder in 

the filler and the beginning of the hot 

hardening process virtually has no effect 

either on the process or the condition of 

the (copper) fuse element, at least for 

times within 100 hours. On the other hand, 

decreasing the current value in the course 

of the process, even for a relatively short 

time, has a negative effect on the quality 

of baking. This is even more true for a 

fully halted baking process with a comple- 

tely cooled set-up. The quality can be re- 

stored only by repeating the baking proce- 

dure all over again, even many months after 

the initial process. As a special aspect of 

investigations, the quartz sand-colloidal 

silica mixture in the cartridge in some 

experiments was blown through with air, 

prior to the baking procedure, the air be- 

ing compressed to (Q.35t-0.45)x10'’ Pa. Of 

the 52 to 61 g of the silica suspension 

introduced, about 22 to 31 g leave the cart- 

ridge through the drain opening during the 

initial 1 or 2 minutes of the blow-through, 

further blowing, even during lengthy peri- 

ods of time (10 to 18 minutes), of an air 

either at ambient temperature or at 120 to 

150 °C, does not remove more of the suspen- 

sion from the fuse cartridge. At other stag- 

es of the filler hardening process, the 

products are released practically in the 

gas-vapour phase alone, i.e. air blowing 

has suppressed the stage of liquid product 

release, thus reducing duration of the pro- 

cess by 30 or 40 ;i, with the high quality 

of the hard filler retained. By prolonging 

the procedure, a zero mass increment is 

guaranteed, however characteristics of the 

filler are not changed. 

Temperature field measurements in the fill- 

er and the fuse element performed in the 

course of the process have allowed deter- 

mining the effective thermal conductivity 

If combined with the solution of the 

direct heat conduction problem, e.g. by the 

iterative technique0, this knowledge enab- 

les evaluating the effective heat capacity 

Ce of the filler. To that end, the calcu- 

lated temperature field resulting from 

successive refinements of the input data 

was compared with the measured values 

T . The value of Cp was chosen from 
me as c 

the condition 

I W^-fc) ~Tmeas ty'Z.i) j < <£ 
where (So is the limiting value of the 

mismatch which determines the solution ac- 

curacy. In the course of filler hardening, 

j\g and Cg changed with time between 1.3 

and 3.2 W/m deg, and 1.5 and 4.2 J/g deg, 

respectively, following rather complex 

laws. The values of J\e and Cg obtained 

were employed to improve the mathematical 

model described below. 

An attempt of theoretical description. 

Problem formulation and basic equations. 

We will analyze the physical processes in a 

fuse volume representing a cylindrical sec- 

tor filled with a sand-liquid mixture. All 

the boundary surfaces, except the drain 

opening aperture, are assumed to be impe- 

netrable, according to the symmetry condi- 

tions. The filler is heated by the fuse 

element whose thermal condition in the cur- 

rent carrying state is described by 

dzT , 
W JxdZ 

(1) 

where Tj_ > > (Ji and Jli are the tem- 

perature, heat capacity, mass density and 

thermal conductivity of the fuse material, 

respectively. This equation is valid only 

for the fuse element of thickness S' in 

the domain specified by the equations 

; 90> 9> 0 and 

, where fLi is the radial loca- 

tion of the elements; Q is the angle at 

the vertex of the sector considered, andH 

the sector height. The equation for the 

filler adjacent to the fuse elements from 

its both sides is 

76 



... 
Vihere T2 , Q1 . /2 and jl2 ore, respec- 

tively, the temperature, heat capacity, 

mass density and thermal conductivity of 

the filler, the boundary conditions are 

i*0 e=e, 
Ku) 

SU 
98 

ao>e>0 
j (OZ >0 

i>t>7 0 ' 

M>£>0 
g*B° 

djj 

dt a„>e>o 
H>Z*D 

As a result of heating, the temperature of 

some filler areas can reach the boiling 

point for the liquid component, hence the 

heating is accompanied by phase transi- 
tions. In such areas, the temperature field 

is described by the differential equation 

9Z7. 1 3T< . -/ dzT VTL _ 

(4) dda 

-IT s Cj% dll 

j\z8r j\L dr 
where is the specific heat of vapori- 

zation and y the mass density of the li- 
quid component. Boiling of the liquid is 

accompanied by an increase in pressure, 
hence the liquid is forced through the 

drain opening. The law followed by the va- 

rying pressure can be found from the mate- 
rial balance and c-nergy balance equations 

end the equation of state. The material ba- 

lance equation takes the form 

d_ 

dr 

where M 
en elemental volume, 

M-M '4w*»r), (5) 

is the liquid mass arriving to 

M" the mass of the 
ii 

vapour released, fr and 7f are the li- 

quid volume and that of the vapour, respec- 

tively, and j’ and the liquid and va- 
pour mass densities. The energy balance 

equation is 

M i. -Af [i t-Q —^ (ö’j t +ir j L"
+
G'C&7S') (6) 

, ; 1 ; if 
where i is the liquid enthalpy, L that 

of the vapour;N 1 is the amount of heat 

arriving to the elemental volume .'.ith the 
liquid and M L the amount of heat leaving 

the volume with the vapour; U is the 

amount of heat transferred to the element- 

al volume either from neighbouring elemen- 

tal volumes of the medium or from the fuse 
element; (j the sand mass in the elemental 

volume; (js the specific heat capacity of 

the sand end T$ the sand temperature. 

The saturated vapour density and that of 

the boiling liquid both vary with pressure, 

therefore the equation of state is broken 

up in a series of equations like 

As follows from geometrical considerations, 

the total volume of the vapour and the li- 

quid component should be equal to IT both 

under static and dynamic conditions; i.e. 

J- -lj + U , where If is the constant 

value of the elemental volume. This impli- 

es that time derivatives of If and Jj" 

should be equal ( apart from the sign). At 

this stage we can linearize the equation 

set (4-6), assuming for simplicity's sake 

that Af =0 . The latter condition im- 

plies that no liquid arrives to a boiling 

elemental volume from adjacent volumes, nor 

does it release vapour outwards, vfith al- 

lowance for the above mentioned equality of 

the time derivatives, we have 

In fact, this is an incremental form of 
r , " 

equation (5), with ffo and (To denoting 

initial volumes. The energy balance equa- 

tion becomes 

dQ=( lSo 1 + dP " 'W 
(9) 

which form takes into account that 

M-Af =0. Equation (9) implies that the 
heat arriving to the volume is spent to 

change the heat content of the sand, water 

and water vapour. To analyze equations (8) 

and (9), we substitute ~t instead of 1$ 

These are equal values as the temperature 

of sand follows that of the liquid, and 

dls /cLr - cl&t/dx. Combining equation (7) 
with the solution of (8) and (9), we arrive 

at 
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jfp= r; 

"'ia 

«-fc# 

(10) 

The relations derived permit determining 

the pressure whose increase shifts the 

boiling front, as well as the rate of li- 

quid and vapour flow through the drain 

opening. 

The temperature field and volume variati- 

ons of the filler where liquid filtering 

occurs under the action of high-pressure 

vapour can be analysed with several simpli- 

fying assumptions. First, we shall assume 

that the porous medium obeys Darcy's law. 

Jccond, the viscous and the inertial term 

in the equation of motion will be neglect- 

ed in view of the low values of Darcy's 

and Reynolds numbers. With these assumpti- 

ons, the equation of mass, momentum and 

energy conservation in a non-stationary 

three-dimensional flow through an isotro- 

pic porous medium takes the form 

BP,3(W), üt/», M.n 
W "3ft" * HdB di 'U 

(11) 

Actual boundary conditions are 

and 
+ =0 

(12) 

These equations govern liquid flow through 

the porous medium, representing in foe t 

the equation of filtration, with U4 .deno- 

ting the velocity of motion in the t -th 

direction; J1 the liquid viscosity;/( — 

the penetrability of the porous medium, 

and ^ the gravity forces acceleration. 

The thermal flux diffusion equation is 

dTi 

'2di 
(13) 

with the boundary conditions of equation 

(3). Equation (13) describes the thermal 
state of such elemental volumes that have 

not yet reached the boiling point, however 

accepts the liquid carrying heat away and 

forced through the volume. The three terms 

in the left-hand side describe the heat 

carried out by water along the directions 

/£ , 9 and 2- , respectively. Equations 
(2), (4), (12) and (13) with the boundary 

conditions (3) and (12) were solved in the 

mathematical simulation technique with the 

aid of an /{ -network processor. The cal- 

culation error was within 7 to 13 

Test results for the fuses manufactured in 

the technology described. The fuses 17/7 6011 

were developed for diode converters of 

electric railway locomotives. Therefore, 

the conditions of primary importance that 

dictated the choice of a hard filler were 

prevention of filler leakage during opera- 

tion and strict maintenance of a fixed 

packing density through the fuse lifetime. 

Besides, the method has proven to be highly 

efficient for cyclic loading duties (the 

60M fuses have withstood 200 thousand 

current pulses in 2 years). Technical de- 

tails are described in"\ Here we will rat- 

her dwell on the effect of technological 

parameters on the performance in the fault 

current interruption regime. The fuses were 

subjected to tests of two kinds. Specimens 

with a normal degree of filler compaction 

(5 types) were tested for easy circuit 
breaking conditions, i.e. a voltage of 730 V 

and effective current of 11 kA. The filler 

types were: 

a) standard granular filler without a bind- 

ing agent; b) granular filler with 52 g of 

a binder introduced during 1 min under a 

pressure of 0.35 atm; c) binder-impregnated 

filler blown through during 1 min at 0.35 

atm. After the blown-down the specimens 

contained 25 g of the binder; d) binder-im- 

pregnated filler subjected to a 1 min blow- 

-down at 0.35 m and drying. The specimens 

contained 3.8 or 10 g of the binder; c) 

binder-impregnated filler that was not 

blown-through but subjected to drying. The 

specimens contained 3.8 or 10 g of the bin- 

der . 

All of these fuses have shown practically 

identical performance characteristics, spe- 

cifically IQ =14<-15 kA, tQ=S«-10 ms and 

Y/break=^00 to 700)x10^ A2 sec. Type b) spe- 
cimens released 25 g of the binder suspen- 

sion, forced through the gauze under the arc 
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pressure at the ewitch-off. 

Heavy duty tests (730 V, 150 kA effective, 

cos =0.1 and „=52 to 62°) were 

performed for specimens of two groups. The 

first group (normal decree of filler com- 

paction) comprised fuses of three types, 

namely a) with a standard granular filler; 

b) with a binder-impregnated filler subjec- 

ted to drying. The residual binder content 

ia up to 5 g; and c) with a binder-impreg- 

nated and dried filler of a 15 to 19 g re- 

cidual binder content. The peak current 

magnitudes fed through this group of fuses 

and total Joule integrals were 32 to 35; 

27 to 28 and 38 to 41 kA, and 1.5x10°; 

0.85x10s and <.9x10S A2.sec for the three 

types, respectively. The second group 

(loosely packed filler) involved fuses of 

two types, namely a) with a standard granu- 

lar filler and b) with a binder-impregnated 

and dried filler of residual binder content 

below 3 g. The peak currents and let-thrcugh 

Joule integrals were, respectively, 42.2 

and 28.5 kA, and (2.4 to 3.2)x106 and (1.6 

to 1.7)x10° A2.sec. Type a) specimens show- 

ed end cap spiking and arc bursts. 

.Conclusions. The undoubtful advantages re- 

sulting from the new technology are 

f) the high mechanical strength of the fil- 

ler, plus longevity and structural and di- 

electric uniformity owing to "internal" 

heating and "steam cleaning"; 

11) improved protection characteristics of 

the fuse (i.e. peak currents, arc energy 

end let-through JAtt integral reduced by 
a factor of 1.5 or 2) with retained integ- 

rity of the terminal coating and good ap- 

pearance ; 

Hi) the high productivity and low costs 

of the technological process. A single ma- 

nufacturing set-up for 10 fuses can provide 

up to 40 thousand fuses per year if operat- 

ed in two shifts. The power consumed to 

hake 10 fuses is below 4 or 6 k'J/hr. The 

laboratory breadboard installation (operat- 

ed by a team including the present writers) 

has yielded over 3 thousand fuses. 
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CONTRIBUTIONS CONCERNING NEW EXTINCTION MEDIA IN ULTRA-FAST 

FUSES UP TO 2000 V a.c. 

R.Eliade and E.Budascu 

Research Institute for Electrical Engineering-ICPE 

Bucharest, Romania 

The authors' intention as it results from this paper is to pre- 

sent some of the researches made in our Institute in order to 

find out new extinction media for high-speed fuses. The new 

obtained extinction media have allowed significant improve- 

ments in these fuses perforformance: increase of electrical 

performances, decrease of the constructive overall dimen- 

sions comparing to the constructive version which uses the 

quartz sand as filler silver replacement by copper in fuse 

element manufacturing. 

1. Introduction 

The research of a new arc filler for high-speed fuses,another 

one different from the quartz sand,became more than neces- 

sary only two years ago when, by our government order the 

silver tape delivery was completely stopped. From that mo- 

ment all our efforts were directed to find out a new filler 

which could allow the use of copper in fuse element manu- 

facturing. 

This new filler, which is a compact-rigid material, not only 

that it practically prevents copper oxidation whose negative 

effects are very well known, but, by its special properties 

concerning arc quenching and heat transfer, has allowed the 

decrease of the constructive overall dimensions and the in- 

crease of the nominal current within the given dimensions. 

Up till now, our researches have resulted in the certification 

in prototype phase,according to IEC 269-4-19861 of the fol- 

lowing copper fuses: 

-high-speed fuses of 660 V a.c, sizes 1, 2 and 3, fixing dis- 

tance 80 mm, 100-630 A 

-high-speed fuses of 660 V a.c, size OO, fixing distance 

80 mm, 16-200 A 

-high-speed fuses of 1000 V a.c, size 3, fixing distance 

110 mm, 500 A and 630 A 

-high-speed fuses of 1250 V a.c, size 3, 400 A, 800 A, 1150 A 

-high-speed fuses of 1500 V a.c, sizes 2 and 3, fixing distan- 

ce 140 mm, 350 A and 400 A 

-high-speed fuses of 2000 V a.c, size 3, fixing distance 170 

mm, 350 A 

All these sizes are in conformity with DIN 43653 standard3. 

The last two types of fuses presented above have been made 

of silver fuse-elements and a compact-rigid filler. That is 

because of the ceramic body which, in our country hasn't re- 

ached the performance level obtained by the industrially de- 

veloped countries. 

Of course, this compact-rigid filler may be also applied to 

high-speed fuses with silver fuse-elements. Their perfor- 

mances will be clearly superior to those with copper fuse 

but their cost will be higher. 

2. The compact-rigid filler 

The compact-rigid filler generally consists of a refractory 

material with high resistivity and high dielectric rigidity 

and of an organic or anorganic binder. As refractory mate- 

rials it is better to use oxides or nitrides of metals such 

as: silicon, magnesium, aluminium, beryllium, calcium or 

strontium and their mixtures. SiOg having the highest elec- 

tric resistivity among all the known insulators and being 

easily available as quartz sand, is generally much used for 

this purpose. Such materials are well settled within the 

fuse, the settling degree being maintained between exact 

limits.lf these limits are exceeded the damping effect is 

no longer obtained. The refractory material is reinforced 

under the form of a rigid body by mixing it, before or after 

filling with an organic or anorganic binder which is added 

in an enough quantity to cover each particle of the refrac- 

tory material without sensibly diminishing its porosity. 

The used binder must not entail a degradation of the elec- 

tric characteristics of the filler which is added to, when 

the fuse operates and the compact mass (material+binder) 

is subject to the electric arc high temperature. 

The filler main role is to interrupt as rapidly as possible 

the electric arc which appears within the fuse when the 

shortcircuit cuts the current. A secondary but important 

role is that of the heat transfer within the fuse to the in- 

sulating body and from this one to the air. 

The voltage on a single notches range,as Mr.Turner3 says, 

is limited and can't be significantly raised without 

introducing current limits which condition fuse operation. 

However, if the notches range number could be reduced 

(more volts on each notches range) this would mean a cor- 

res corresponding reduction of the dissipated power and of 

the fuse dimensions. All these advantages resulted from 

the new filler we have obtained as a better alternative to 

the quartz sand. During the latest years,we have developed 

a number of compact-rigid filler among which we 

have chosen the filler consisting of quartz sand and a 

reinforcing binder. This compact-rigid filler can be obtained 
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by applying a special compaction and reinforcing technolo- 

gy. As a result of the experiments made on electric fuses,it 

was found that this filler had higher properties comparing to 

quartz sand, concerning particularly three directions. 
The first direction consists of finding out a compact mate- 

rial which could prevent oxygen permeation to fuse ele- 

ments and consequently their oxidation. The filler compac- 

tion was characterized by porosity determinations and wa- 

ter absorption. The filler porosity is 17%. The second di- 

rection was that of eliminating as much possible,the air thus 

improving the heat transfer. The third direction consists of 

laminating and cooling the electric arc, extinguishing it as 

rapidly as possible, with a strong decreasing evolution of the 

arc current. There fore the fuses with compactrigid filler 

have a cut limited current and l't smaller than the fuses 

with quartz sand as filler. 

As we have shown above, the base compact-rigid filler com- 

ponent is the quartz sand which in out country is mainly ob- 

tained at the Miorcani quarry. The quartz sand quality must 

provide a strong pressure and cooling of the electric arc. 

Thus, as Mr.Barbu4 considers, a good quartz sand must inclu- 

de in its composition over 99% SiO^; under 0.03% Fe^Og; 

under 0,5% AlgOg: under 0.2% CaO; under 0.04% TiOg. 

The quartz sand action is connected with the metal vapour 

quantity produced by the material which constitutes the fu- 

se-element. For instance, the silver or copper fuse-elements 

produce a smaller quantity of metal vapours in the electric 

arc, fact that favours its extinguishing. In their papers, Mr. 

Lipski5 and Mr.Bratinov6 mention that from the point of 

view of gases which are developed during the electric arc, 

the quartz sand produces the minimum pressure among all 

friable media. The quartz sand grains can store an energy 

of approximative^ 2 kJ. 

A very important problem is that of filler settling. The fuse 

ceramic body volume must be filled in proportion of 

60...80% from the total volume, taking into consideration 

the dimensions, the particle distribution and their settling 

degree, the rest representing the vacancies among which the 

metal vapours can diffuse in order to cool and extinguish 

the arc. 

The experimental results indicate the fact that, by the fill- 

ing density increase, a series of fuse operation characteris- 

tics regarding fault current interruption are improved: arc 

time decrease, arc Iat, arc energy and fulgurite length de- 

crease. 

However, as it also results from Mr.Namitokov's paper?, 

there are two parameters which deteriorate concurrently 

with the filling density increase: the arc voltage and the 

pressure of the ceramic body wall. While the arc voltage 

continuously raises together with the filling density, the 

pressure raises together with the filling density up to 1,73 

g/cms value, and then strongly decreases together with the 

filling density increase. Consequently, the compaction densi- 

ty was chosen at minimum 1.74 g/cms when all the fuse 

characteristics are considerably improved. 

As we all know, with high speed fuses, the maximum admis- 

sible arc voltage in operation is 2,5 x utilization voltage 

for utilization voltages between (0.7...1.1) xthe nominal 

voltage. There must also be attentively analysed the quartz 

sand components and their effects. For instance the com- 

ponents which can develop gases within the electric arc, 

such as CaCOj, must be eliminated. CaCOg elimination 

is made by quartz sand heating at approx.950°C, obtaining 

in this way the following chemical reaction: 

CaCOg—*■ CaO+CC>2+ 17800 J/kg. 

The water content is eliminated from the quartz sand by 

heating it at approx.l00°C before filling. The metal oxide 

content (AlgOg and Fe^Og) has negative effects. 

As not all the quartz sand deposits are rich in SiOg, in 

many cases the respective send must be enriched. One of 

the methods consists of its wash in HC1. 

3. Fuse elements 

The compact-rigid filler made possible, for the first time 

in our country, the use of copper instead of silver in the 

manufacturing of fuse elements meant to high-speed fuses. 

Our laboratory has, besides the research concerns in the 

field of low voltage fuses, also an operation plant for high- 

speed fuses meant as spare parts in different driving mo- 

dels in the cement industry, the aluminium industry, oil- 

field exploitation, transport, a.s.o. Therefore, for a couple 

of years we have manufactured high-speed copper fusesand 

their operation behaviour is very good. 

Material choice for fuse element construction depends on 

the metal physical-mechanical parameters and of the fuse 

type. The main parameters that must be taken into account 

are presented comparatively for several metals, in Table 1. 

Table 1 

Material/ 

Parameters 
A1 Ag cu 

Resistivity 10 ß [9.cm] 

Density [g/cm*] 

Specific heat [W.s/g'C] 

Thermal conductivty 

[W/cm°C] 

Melting temperature [°C] 

Vaporization temperature 

[°C] 

Mayr constant 

108[(A/cm’)Js] 

2.55 

2.7 

0.86 

2.26 

659 

2400 

2.94 

1.51 

10.5 

0.23 

4.18 

961 

1950 

6.64 

1.63 

8.9 

0.38 

3.9 

1083 

2350 

9.55 

It can be observed that silver has the best electrical pro- 

perties and it's necessary to be used to high speed-fuses 
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with excellent performances: small operation I't, reduced 

dissipated powers, high lifetimes, a.s.o. 
It is also known the fact that silver oxidizes during fuse 

operation,but the thickness of AggO layer is ranged at 
1Ö9 m and the oxide formed in this way prevents the fur- 

ther oxidation of silver, silver oxide being a good conduc- 

tor of electricity. 

Copper is the most used in fuse element manufacturing for 
low voltage fuses mainly those of general use: rapidly fu- 

ses (gG type) and slow fuses (aM type), where notches have 

larger sections than high-speed fuses. 
The use of copper in fuse elements manufacturing for high- 

speed fuses is avoided due to copper pronounced oxidation. 
We know from the literature8 that copper oxide layer thick- 

ness which is not a good electricity conductor, increases in 

time, following the relation: 

g= 30 (1 +ft . e0-013-6) [A] 
where: t-is the operation time, in hours; 9 is the operation 

temperature in K. 
In order to verify electro-thermal stress effects on copper 

high-speed fuses with a compact-rigid filler we have made 

endurance tests according to IEC 269-4/1986 international 

standards*: 
-100 cycles, each compound from an active time and a break 

time, equal between them and with 0.1 of the conventional 

time, the fuse current being its nominal current 

-100 cycles with a total time for each of them of 0.2 of the 

conventional time,the active part of the cycle being of the 
6 seconds, when the replacing element is traversed by the 

over load current equal with 1.6.1^ for I < 100 A, or with 

2In, for I > 100 A 
Besides these classical tests we have also made a whole se- 

ries of special tests presented in the next chapter. 

4. Experimental resuts 

The high-speed fuses with compact-rigid filler material pre- 

sented in chapter 1 were subject to the whole test program- 
me according to IEC 269-4/1986*, only in alternativ current 

and certificated. The main electrical parameters obtained 

as a result of these tests, only for a few types of fuses are 

presented in Table 2. 
As for the high-speed copper or silver fuses of 500 A, 660 V 

a.c and 1000 V a.c besides the tests imposed by standards, 

there were made a few special tests: 

-the fuse of 500 A, 660 V a.c was continuously subject to a 
400 A current. It already has 3321 operation hours and 

didn't blow. This current represents the equivalent current 

prescribed by the standards. As a matter of fact the firms 

EK-NES9 and Ferraz*9 warrant the electric endurance of 
the high-speed fuses at 0.8 I 

-the fuses of 500 A, 1000 V a.c both with copper and silver 

fuse-elements were subject to their nominal current in 24 

Table 2 

Electrical parameters 
Fuse type 

Power I*t total Arc 
loss at Un voltage 
[W] [Aa5)xl03 atUn [V] 

UR-350A-660V-CU size 1 55 109 1050 

UR-500A-660V-CU size 2 83 245 1027 

UR-630A-660V-CU size 3 103 390 1050 

UR-200A-660V-CU size OO 49 3 1229 

UR-500A-1000V-CU size 3 122 3 1850 

UR-500A-1000V-Ag size 3 112 322 1860 

UR-400A-1250V-Cu size 3 110 235 1960 

UR-800A-1250V-CU 

size 2x3 217 680 1950 

UR-1150 A-1250V-CU 

size 2x3 308 1700 1960 

UR-350A-1500V-CU size 2 126 165 2800 
UR-400A-1500V-Ag size 3 130 145 2400 

UR-350A-2000V-Ag size 3 149 196 3540 

minutes active cycles and 24 minutes break. The results 

are presented in Table 3. 

Table 3 

Crt. Internal resistance Fuse material Number of achiev- 

No. [mJ2] ed cycles 

1. 
2. 
3. 

4. 

0.22 

0.26 

0.26 

0.26 

Ag 
Cu 

Cu 

Cu 

220 

227 

144 

484 

-19 high-speed copper fuses of 500 A, 1000 V a.c which 

were stored during 1 year, were then tested at 1000 V.a.c. 

and currents between 4000 A and 38400 A. The fuses be- 

haved very well considering the standards 

-the 500 A, 1000 V a.c copper and silver fuses were subject 

within IPH-Berlin, to a test of the breaking capacity- 

160 kA, 1100 V a.c. 

They worked very well. It resulted that the copper fuse 

parameters are close to silver fuse parameters. This is 

also due to the fact that the fuse system for the copper 

fuses is improved 

-the copper fuses of 500 A, 1000 V a.c with a surrounding 

metal screen, were subject to 1100 V a.c, the current 

Ig = 8000 A. It wasn't observed any ionization and breaking 
of the space between fuse and screen 

-silver and copper fuses of 500 A, 1000 V a.c wadding co- 

vered were also subject to 1100 V a.c, the current Ig. It 
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II 
wasn't observed any exterior plasma ejection 

As a result of these additional tests, we have drawn the con- 

clusion that high speed copper fuses present guarantees in 

operation. 

5. Conclusions 

-the fuse filler based on quartz sand, is reinforced under the 

form of a compact-rigid body, by means of a special tehno- 

logy 
-the binder quantity provides the compaction and the rein- 

forcing but, at the same time, keeps a certain porosity of 

the filler necessary to extinguish the electric arc 

-the compact-rigid filler doesn't change neither during fuse 
operation under a nominal regime nor during the electric 

are discharge as it results from the special tests which high 

speed fuses were subject to 

-the compact-rigid filler prevents oxygen permeation to fu- 

ses and therefore their oxidation, improves the heat trans- 

fer from the fuses to the ceramic body and provides the 

strong lamination and cooling of the electric arc 

-there have been manufactured and certificated high- 

speed copper fuses having a compact-rigid filler 

-as a result of the special tests made, mainly regarding the 

electrical endurance, we have found that high-speed copper 

fuses behaved in accordance with the standards and present 
guarantees in exploitation 

-taking into account the analysis of the electrical parame- 

ters of high-speed copper fuses and the compact-rigid filler 

we can find out that their values are close to the similar pa 

rameter values of high-speed silver fuses. 
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Abstract 

The fabrication and long term behaviour of a simple 

film element fuse are described. The fuse comprised an 

alumina substrate with a combination of single layer 

screen printing and vapour deposited silver film to form 

the element. The fusing region was made solely from a 

single layer of vapour deposited silver. The long term 

behaviour of the fuse was tested under alternating current 

conditions. Although migrational affects are not 

normally associated with these conditions, such an effect 

did appear to occur. It was speculated that this migration 

w*s thermally induced by heat generation within the 

element. The paper further describes the effects of 

elevated temperature on various thicknesses of silver 

films, in relation to resistance changes and surface 

morphology. 

Introduction 

quartz. However, under fault conditions, the small 

cross-sectional area of the film element, ensures rapid 

operation. Both the thermal and mechanical properties 

of the substrate are of paramount importance in affecting 

the overall fuse characteristics [3], [4]. De Cogan et 

al have shown that materials whose graphs of thermal 

time constant vs temperature, have positive slopes (e.g. 

alumina), are far more suitable for rapid fuse operation 

than those with negative slopes (e.g. silica). Since, 

in the former pase, the heat generated during steady 

state conditions is readily dissipated from the 

restriction. Whereas under fault conditions the rate 

of heat dissipation is used to heat and vaporise the 

element. As the steady state fuse current is very 

dependent on the heat dissipation, the time vs current 

curves of this type of fuse are difficult to compile 

because their performance is greatly affected by the 

cooling provided for each element (5). 

The continual development of fast-acting 

semi-conductor devices has made the protection of these 

Products by fuses increasingly difficult. Consequently 

manufacturers have striven to produce fuses with very 

fast operating times and hence low let-through I2t. Dr. 

Turner in her keynote speech to the Third International 

Conference on Electrical Fuses and Their Applications 

(1)' pointed out that substrate fuses are capable of 

VQry high speed operation. To produce such fuses 

manufacturers are turning to technologies developed by 

the semi-conductor industry, which has experience of 

manufacturing good quality conductive metallic films in 

intimate contact with supporting, electrically 

insulating, ceramic substrates. The aims of this paper 

are to provide some insight into the viability of 

substrate fuses with respect to their long term stability. 

Cogan et al [2], showed that when a thin film fuse 

element is in intimate contact with a thermally conductive 

substrate, heat is dissipated from the hot element through 

the substrate allowing the elements to carry, in steady 

state, higher current densities than are possible with 

conventional fuse element designs surrounded by granular 

2. Initial Test Observations 

Test samples were made by evaporating silver through 

a patterned foil mask, onto commerical grade alumina 

substrates. The silver element layout is shown in figure 

1. These fuses were subjected to long term a.c. tests, 

and preliminary results indicated that these fuses were 

failing prematurely. On examination of the elements 

with a scanning electron microscope, surface features 

were found which suggested that migrational effects may 

have caused the unexpected operation of the fuses. 

FIGURE 1, 

SUBSTRATE FUSE ELEMENT 
RESTRICTION IN X-Y PLANE. 
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To enhance any possible migrations! effects a special 

type of substrate fuse was constructed. Instead of 

forming the constriction in the width of the silver film 

as was done in the previously described substrate fuse, 

the constriction was formed in the thickness plane (or 

"Z" direction), of the film. This is illustrated in 

figure 2. 

FIGURE 2. 

SUBSTRATE FUSE ELEMENT 
RESTRICTION IN Z PLANE. 

3. Tests on Substrate Fuses by Other Workers 

When single layer, silver element, substrate fuses 

were operated in d.c. circuits it was observed by Inameti 

[4] that there was a depletion of conductor material in 

the region of the restriction which was connected to the 

negative terminal of the supply. This reduction of 

conductor material was accompanied by an accumulation 

of material on the other side of the restriction. Inameti 

believed that this phenomenon was due to 

electromigration. To suppress the effect, he added thin 

super layers of chromium to his films. Whereas other 

authors [6] have used a layer of glass over the conductor 

to prevent any migration. 

This problem not only affects d.c. fuses but also 

manifests itself in the micro-electronics industry, where 

integrated circuits are reported to fail due to the 

formation of voids in the interconnects, which have been 

caused by migration of the deposited conductor (7). For 

this reason there has been a large amount of research 

into this effect. 

Electromigration is found to be a major problem in 

thin film conductors because of the associated high 

current densities which can normally be in the region 

of 1()4 A/mm2* The phenomenon does not arise from any 

material transport caused by chemical potential gradients 

[8], but is caused by an interaction between the atoms 

of a conductor and a d.c. current flowing through the 

conductor. Electromigration, like other transport 

phenomena, in thin films often occurs via grain boundary- 

diffusion. It is generally considered that the driving 

force behind the transport phenomenon is a combination 

of two effects. Firstly, there is an electrostatic 

interaction between the applied electric field and the 

ionic core of the atoms which have been stripped of their 

valence electrons, and an electrostatic frictional force 

between these ions and the flowing charge or current of 

electrons passing through the material. 

Some workers [9] have noted a temperature dependence 

of electromigration by measuring an activation energy 

for the process, AH. Their results indicated that for 

thin silver films at a temperature between 225°C and 

280°C,AH was approximately 0.95eV, which they suggested 

was typically due to ion movement in the grain boundaries. 

Whereas, at lower temperatures 160°C to 225°C, the 

reported value of AH was 0.3eV which they assigned to 

surface dominated transport. 

4. Fuss Fabrication 

To produce a large aspect ratio at the restriction 

with the "Z" fuse (in figure 2.), conductive screen 

printed material was laid onto commercial grade alumina 

substrate (dimensions of 52mm x 14mm x 0.63mm) to a 

thickness of between 12 and 14 fira, in two or more 

rectangular patterns each separated by 2mm. After 

ultra-sonic cleaning in acetone, the samples were mounted 

in a vacuum chamber which was evacuated to a pressure 

of about lxlO”2N/m2 (1 x 10“5 mbar). Silver was then 

evaporated onto the exposed surfaces using an 

electrically heated tungsten boat to produce a fusing 

region which had a uniform thickness across the 

restriction. The thickness of the silver layer, which 

was controllable to an accuracy of 5nm, was between 0.25pm 

and 2.0pm for the current series of experiments. 

The resulting film of silver is poly-crystalline in 

nature and each grain containing silver atoms arranged 
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ln a face centred cubic arrangement (10]. The size of 

the grains can to some extent be changed by altering the 

deposition conditions. The rate of deposition used was 

in the order of 2.0nm/s. The adhesion of the silver to 

the alumina substrate was found to be adequate and 

therefore, it was unnecessary to deposit an intermediate 

layer of chromium as employed by Inameti (4). 

5. Long Term Ageing Effects 

To assess the long term ageing effects of substrate 

fuses under a.c. conditions, it was necessary to examine 

an element immediately before the onset of arcing, since 

arcing would destroy any features of ageing in the fusing 

region of the silver element. To ensure that an element 

would be as close as possible to the poiht of operation 

without actually operating, two identical elements 

(within normal fabrication tolerances) were connected 

In series, so that when one fuse operated the other one 

was left in its aged but intact state. This approach 

ensured that there was no interference to a healthy 

restriction from the arcing and has proved to be more 

reliable than the examination of undamaged restrictions 

In multi-restriction elements which had operated. 

A separate screen printed area was put on the reverse 

side of the substrate along the complete length. This 

area was then soldered to a solid copper base. To provide 

good electrical connections, copper connecting tags were 

soldered to the screen printed areas at each end of the 

element, see figure 3. 

COPPER CONNECTORS 

BODY 

CERAMIC 
SUBSTRATE 

COPPER 
BASE 

FUSE ELEMENT 

FIGURE 3. 

FUSE CONFIGURATION. 

Two nominally identical fuses from a batch, each with 

fusing area dimension, 2mm long, 12mm wide and 1.0 pn 

thick, were immersed in granular quartz, and then clamped 

to a fan cooled aluminium heatsink. 

Over a period of about 1500 hours, the current through 

the fuses was gradually increased (—1A/day) from about 

40A, until operation occured in one of the elements. An 

average current density just prior to operation was in 

the order of 8xl03A/mm2 which corresponded to a current 

of approximately 95A. At this current level the heatsink 

temperature was around 50°C. 

The fuses were removed from the heatsink and examined. 

Initial visual studies showed that the elements had 

tarnished slightly and the silver had taken on a pale 

yellow shade in places. Due to the non-uniformity of 

temperature along the element the extent of tarnishing 

varied. A distinct oval pattern was observed in the 

area of the restriction. In the region where the 

temperature is the highest one would expect the greatest 

amount of oxidation. It is therefore believed that the 

oval pattern showed the hottest regions. These patterns 

can be seen in photograph A. Further examination of the 

elements particularly in the fusing region, was 

undertaken with a scanning electron microscope. The 

results of which appear in photographs B to F. Although 

the fuses were subjected to alternating current the 

photographs show what appears to be migration of the 

material in the vapour deposited restriction. It can 

be seen in these photographs that there is random crystal 

growth, with some of the crystals appearing to be shaped 

like long whiskers (see photograph F). These crystals 

are occasionally seen in electromigrated films [11]. 

This is interesting since the fuses were operated in 

a.c. conditions and one would not expect electromigration 

effects. As electromigration is associated with d.c. 

conditions, this phenomenon can probably be discounted 

here, and the migration of the film seen in the photograph 

was possibly induced thermally. The temperature at the 

restriction in substrate fuses is higher than in 

conventional designs [3], and this elevated temperature 

may aggravate migration in the fusing region, as described 

above. 
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AIUMINA SUBSTRATE 

Si 

COPPER BASE 

ELEMENT. 
CONNECTOR. 

RESTRICTIONS. 

"HEATSINK 

PHOTOGRAPH A. 

This shows degradation of the film 
as oval patterns on the restrictions. 

PHOTOGRAPH B. 

Appearance of 1.0pm of silver film 
on alumina substrate, immediately 

after deposition. 

i 
■ ■ 

& 

PHOTOGRAPH C PHOTOGRAPH D, 

Edge of restriction showing 
screen printed area (top) and 

vapour deposited film (below) 

Appearance of film at the edge 
of oval pattern. 
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PHOTOGRAPH E. 

Silver film at the centre of oval 
pattern showing migration features. 

PHOTOGRAPH F. 

Detail picture of migration 
showing whisker growth. 

. 

% 

PHOTOGRAPH G. 

Typical migration of heated films 
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6. Thickness Dependence of Migration 

To find the changes in fuse resistance a four terminal 

system (sometimes called a four point probe) was used. 

A small direct current (which had a negligible heating 

effect) was supplied to the element via two terminals 

and the voltage across the restriction was measured via 

the other connections. Long term changes in the 

resistance were monitored using a digital multimeter 

which had been interfaced to a microprocessor. 

Each film was heated by passing current through the 

electrically conductive screen printed strip on the 

reverse side of the substrate. 

Figure 4 shows the results for tests done on elements 

with various thickness in the fusing region. All 

measurements were performed in a draught free environment 

and the substrate temperature was about 350°C. It took 

on average 3 minutes for the temperature of the heater 

to reach steady state and this accounts for the depression 

in the curves in the graph at points labelled A. This 

fall in resistance may be attributed to annealing of the 

film with the relief of stress which had built up during 

condensation of the film from silver vapour. This may 

have been avoided if the silver had been evaporated onto 

heated substrates. At point B on the graph there is a 

second drop in resistance followed by a much steeper 

rise (labelled C) at which point it is thought that 

migrational features begin to appear. Examination of 

the films after they have passed point C (figure 4) show 

spherical growth on the silver surface. This can be 

seen clearly in photograph G as dark circles, and is 

thought to show crystallisation of the film. 
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FIGURE 4. 

RESISTANCE CHANGES OF FILMS 
UPON HEATING 
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7. Discussion 

The effects described above show that if a substrate 

fuse, with a single layer element design is used in a.c. 

applications, then migration of the element material, 

Particularly in the fusing region, could pose a long 

term problem. The onset of migration at an elevated 

temperature was shown to be related to the thickness of 

the film with the thicker films remaining stable for 

longer periods. It may be possible to inhibit the 

migrational effects by the use of vacuum deposited 

super-layers over the elements, alternatively the silver 

film element can be made sufficiently thick to make any 

migrational effects insignificant. Research in this 

field is therefore continuing. 
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A SEMICONDUCTOR FUSE-LINK ON A CERAMIC SUBSTRATE 

Hiroyuki Takahashi Dr. KengoHiros-e 

Shibaura Institute of Technology Yoden Engineering Co. Ltd 

1. Foreword 

A fuse-link having elementCs) of thin copper film, 

deposited on a ceramic tab and provided'with high- 

precision small holes with electrolytical process, 

has been introduced as a new type of semiconductor 

fuse-links with very small operating I2t. 

Ratings, construction and distinguished features 

of this fuse-link, as well' as the test circuitry 

built especially for the development of this type 

of fuse-links are explained below. 

2. Construction of the new fuse-links 

Thin film of high purity copper is deposited on 

one side or both sides of a ceramic tab of thick- 

ness 1 mm. 

The film thickness depends on the current rating, 

and the tab legth on the voltage rating of the 

fuse-link. The highest current•rating of a single 

tab is 60 A, with films deposited on both sides of 

the tab. For fuse-links of higher current ratings, 

two or more tabs in parallel are used. 

The copper film on the tab is provided with high 

precision small holes by electrolytic process as 

illustrated in Fig.l. These holes give rise to a 

series of small parallel arcs between the neigh- 

bouring holes along the whole length of the tab 

when large overcurrent flows through it. 

The surface of the tab is covered with thin film 

of silicon resin to protect the copper element 

from oxidation. 

c c • r a m a c • 

■cu: 

~r~ 
8 mm 

~1 mm 

■ J 
L:20mm for 330V 

40mm for 660V 

Fig. 1 Structure of fuse element 

The barrel containing the tab is filled tightly 

with sand in just the sane way as ordinary semi- 

conductor fuse-links. 

List of the fuse-links developed thus far is given 

in Table 1. 

Table- 1 List of fuses 

AC 330V Fuses 

TYPE 

UR31 

UR3Z 

UR33 

UR3S 

RATED 
VOLTEAGE 

AC: 330V 

RATED 
CURRENT 

20 • 30 • 40 - 50 ■ 60A 

60 - 80 - 100 - 120A 

90 - 120 - 160 • 180A 

150 • 200 • 250 • 300A 

RATED 
BREAKING 
CURRENT 

100KA 

SIZE(nn) 

A 3 C D 

55 I 26 19 16 

58 28 22 21 

SO I 30 27 27 

85 32 39 35 

ten IP 
AC 660V Fuses 

TYPE 
RATED 

VOLTEAGE 
RATED 

CURRENT 
RATED 

BREAKING 
CURRENT 

SIZE(nc) 

A 3 C D 

UR61 

UR62 

UR63 
AC: 660V 

UR66 

20-30-40-50-60A 

60 - 80 - 100 • 120A 

90 - 120- ISO - 180A 
100KA 

150 • ZOO • 250 • 300A 

76 47 19 18 

90 48 22 21 

90 50 27 27 

106 52 39 36 

AC 660V Fuses (combination type) 

TYPE 
RATED 

VOLTEAGE 
■RATED 
CURRENT 

RATED 
BREAKING 
CURRENT 

SIZE(nn) 

B 

UR66-D 

UR66DD 
AC: 660V 

390 • 495 • 580A 

750 • 940 • 1128A 
100KA 

106 52 39 36 

106 52 39 36 

Si; D:Doublc type 
DD:Tow double type 

92 



3. Technical merits of.the new fuse-links 

Thanks to the high thermal conductivity due to 

high density of the substrate, heat generated in 

the narrow paths between the holes can easily be 

carried away into the substrate. This makes it 

possible to hold temperature rise of the narrow 

paths at a moderate level for normal current,al- 

though the electric resistance at the narrow paths 

is rather high. 

The small cross-section of the narrow paths great- 

ly reduces pre-arcing I* t of this fuse-link for 

large overcurrents. 

On the other hand, the high precision of the per- 

forations equalizes voltage and current, hence 

power, of the multiple parallel and series arcs, 

preventing concentration of arc-energy on limited 

number of arcs. In addition to this, strong cool- 

ing of arcs by the ceramic substrate remarkably 

reduces arc time and arcing I* t of the new fuse- 

links. 

The combined very low value of total operating I21 

of the new fuse-links for large overcurrent is 

tabulated in Table 2. 

Table 2 Test result of new fuse 

TYPE 
RATED 

VOLTAGE 
RATED 

CUJjRjpfr IMS' 
00 

OPERATING 

4*t) 

UR61 660 
20 

60 

6.5 

15.5 

100 

1,300 

UR62 660 
60 

120 

18.5 

21.6 

750 

7,500 

UR63 660 
90 

180 

21.3 

32.0 

2,400 

18,000 

UR66 660 
150 

300 

30.4 

50.0 

9,200 

58,000 

UR66-D 660 
390 

580 

77.0 

98.0 

92,000 

300,000 

UR66DD 660 
750 

1128 

123.0 413,000 

172.0 1,220,000 

Tig.2 shows pre-arcing time-current characteristic 

of 660V/30A fuse-link, which depicts that adia- 

batic fusion of its element takes place only for 

very large currents for which pre-arcing time ex- 

ceeds 0.3 ms. 

The quick absorption of the heat generated in the 

narrow paths of the fuse-element by the substrate 

and the fast sticking of the paths onto the sub- 

strate prevent deformation of the narrow paths 

loons 
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? 
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current (A) 

Fix. 2 Proofing time-current 
characteristic of UR 61 — 3 0 A fuse 

caused by the temperature fluctuation by repeti- 

tive overloads. 

Fig.3 shows the number of repetitive current cy- 

cles (on-period 1 sec/off-period 300 sec) that can 

be imposed on a 60 A fuse-link until its fusion as 

the function of the test current given in % of its 

1-sec fusing current. It indicates that at a cur- 

rent of 70% 1-sec fusing current the fuse-link 

withstands 50,000 cycles of repetitive overload, 

which must be quite a remarkable value for a semi- 

conductor fuse-link. 

In general, low operating I1t of a semiconductor 

fuse-link is incompatible with the longevity. How- 

ever, in the case of the new fuse-links, they are 

compatible with each other. 

The perforation through the element makes it ra- 

ther easy to control arc voltage of the fuse-link. 

Hence, arc-voltage is no great a problem for our 

fuse-links. 



n 

1 = 11/I Iilovcr load current 

I» : 1 s c c fusing current 
6 0 I 

100 500 1,0 0 0 5,000 10,000 

No. of rcpetivivc current 

50,000 

Fig. 3 Result of rcpetivivc life tost using UR62-80A 

One of the features of the new fuse-links is their 

high insulation resistance after the interruption,- 

made possible by the introduction of the substrate 

combined with the appropriate design of the narrow 

paths. 

The largest merit of the fuse-element on ceramic, 

in view of the production engineering, is its out- 

standing robustness compared to the ordinary semi- 

conductor fuse-elements. 

The new construction not only permits rough hand- 

lings of the fuse-elements during the construction 

of fuse-links, remarkably increases reliability of 

the product. 

4. Breaking test facilities 

To facilitate the development of new fuse-links, a 

special test circuit as indicated in Fig. 4 was 

introduced, where the capacitor charged up to 

about 5,000 V was discharged through the upper 
part of the coil to the fuse-link producing near- 

sinusoidal current of 50 kA at 100 Hr. 

The initial rate of rise of the test current was 

set at 44.4 x 10 A/s which corresponds to test 

current of 100 kA at 50 Hz as indicated in Fig.5. 

The highest arc voltage did not exceed 1.3 times 

the peak recovery voltage. 

After the interruption of the current by the fuse- 

link, the discharge current flows through the en- 

tire coil and its frequency turns to 50 Hz pro- 

ducing recovery voltage of 50 Hz. Test results by 

this resonance circuit, which was very useful in 

developing our new fuse-links, were compared with 

those by a short-circuit test machine. The result 

showed good coincidence. 

5. Conclusion 

A new type of semiconductor fuse-links with fuse- 

elements depisited on ceramic substrate has been 

introduced. 

Co: 10KV, 4 0 0 0 /» F 

1KA—lQOKA 
5 0 ~ 1 5 0 H z 

F.:tcst fuse 

Lil ai r Irons. 
Lj : a i r inductance 
So: chargc/dischargc 
change over switch 

i: cl os c s 
h I s han t 

AC.100V 

( 
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t c h 
l i T. 
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Ro 5 OH z 12 Co 
T.P. chi 150—50Hz V.D. 

L3 D.M. Coop 
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F i g. 4 Interrupting test circuit of AC660V, 100KA fuses 
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CH 1 

10 93V 

50HZ 

85 0 V 

pTäs-^j 
17045A 

CH 2 

« ji-M4xl06A/S 

time dt 

result Fi z. 5 UR6 6D — 

Very low operating I1t without sacrificing longe- 

vity is the most outstanding feature of this type 

of fuse-links. 

Also the inherent sturdiness of the fuse-element 

has made handlings during the fuse production easy, 

resulting in higher reliability of new fuse-links. 
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SOME DESIGN AND APPLICATION ASPECTS OF VERY SMALL FUSES 

P. van Rietschoten, J. Jaspar, L. Vermij, Littelfuse B.V. Utrecht, The Netherlands. 

Abstract 

For the protection of electronic circuitry normally 

fuses with small dimensions are used. For so-called 

on-board protection on PC-boards and especially for 

surface mount technology there is a trend to very 

small sized fuses. This offers special problems for 

design and application of such fuses which do not 

occur in that extend with "normal" miniature fuses. 

On hand of some theoretical calculations and 

experimental results the influences as mentioned 

will be shown and principle solutions for these 

problems are indicated. 

1. Introduction 

In modern electronic equipment it is common practice 

to use components with smaller and smaller 

dimensions and with a high package density. This is 

especially true for the so-called surface mount 

technology. Also for fuses used for the protection 

of such circuitry there is a requirement for smaller 

dimensions. In figure 1 typical dimensions for a 

fuse as used for surface mount applications. 

Figure 1: typical dimensioning of a fuse 
for surface mount technology. 

These relatively small dimensions offer special 

problems for design and application which do not 

occur in that extend with 'normal' miniature fuses. 

It is obvious that the length of the fuse element in 

fuses of such dimensions is very small. Sometimes an 

'active' fuse element length of less then 2 mm is 

formed in such fuses. Apart from the technological 

aspect of manufacturing such fuses in large 

quantities, there is the question of breaking 

capacity. But the very short length of the fuse 

element in such fuses may also create problems in 

getting a reproducible time-current characteristic. 

In the following sections these problems will be 

treated in more detail. 

2. The minimum fusing current for very short fuse 

wires 

Solving the energy balance equation for current 

carrying conductors under steady state conditions 

gives a temperature distribution along such 

conductors, as shown qualitatively in figure 2 (!)• 

& 
-Tm < L2 L3 > 

L1 L2 L3 
length of the fuse wire L (arbitrary units) 

Figure 2: temperature distributions along short 
and long wires carrying the same 
current I. 

In deriving such temperature distributions it is 

assumed that the wire is connected to two end blocks 

1 and 2 which are kept at environmental temperature 

T0 (see figure 3). If the wire is long that means L 

£ L2 (see figure 2) the highest temperature Tm is not 

influenced by the end effects. For short wires, that 

means wires with L < L:, the highest value Tm may be 

influenced considerably by the length of the fuse 

wire. For these situations the heat transfer to the 

ends play the major role, radial heat transfer can be 

neglected. This means, however, that for short wires 

the value of the minimum fusing current I, depends on 

the length of the fuse wire. In case of short fuse 

wires, where only the heat transfer to the ends of 

the fuse wire is to be taken into account, the 

minimum fusing current can be calculated from the 

energy balance equation for steady state conditions: 

X = o 

Figure 3: a wire connected to two end- 
blocks 1 and 2. 
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(1) x 
d3? 

— + J
!
.BO- (l+n.T) - o 

dx3 

where: 

X : heat conductivity of the conductor material 

T : temperature of the conductor at x 

J : current density 

Oo: specific resistance at room temperature 

ß : temperature coefficient of resistance 

The coordinate x is demonstrated in figure 3 

At x=0 is valid dT/dx=0. Introducing T=T0 at x=±l and 

I=AJ, where A is the cross section of the wire, the 

following expression for I, can be derived from (1), 

taking into account that the value of I, is 

determined by the melting temperature Tf. 

X ' 1 
(2) I,2 = A2 [   {arccos   }2 ] 

l2ßCo 1 + ß(T-To) 

Assuming cylindrical wires for which is valid A = 

(*r d2)/4 ( d is wire diameter) then the graphs shown 

in figure 4 can be calculated from equation 2. These 

graphs show the relationship between Is and d for 

different wire lengths 

21 of the fuse wire and with the assumption that 

T0=0. 

in cross sections of tracks on the p.c.board have an 

influence on the value of T,. 

To get an impression how the value of Is is 

influenced by the value of T0, one can calculate I, as 

a function of T0 from equation 2. Some results are 

shown in figure 6 for some different length of fuse- 

wire and calculated for Cu-wires. Such curves just 

give an impression of the influance of T,, for a 

quantitative evaluation more factors are to be taken 

into account. 

Figure 5: mounting by wave soldering (A) and 
reflow soldering (B). 

FUSE 

 I ,—; r-rc 
l—I 

Fuse terminal 

I (UM ttrmrsi ' 

Wave aoiöarmg 

cfj= 
Reflow soldering 

MELTING CURRENT VERSUS WIRE DIAMETER 
AS A FUNCTION OF WIRE LENGTH 

4 

3 

///■t 

0.00 0.10 0.20 0.30 0.40 0.50 

(E-4) 
diameter (m| 

Figure 4: the minimum fusing current Is as a 

function of the wire diameter of Cu- 
wires. The length L of the wire is 
parameter. 

(For comparison also the value of a long fuse wire is 

plotted in this figure) The last assumption is more 

or less valid if the end blocks 1 and 2 in figure 3 

have a relatively high heat capacity and a very good 

heat transfer to its surroundings. In many cases in 

practice such an assumption is not justified; the 

end blocks are heated up by the energy supplied by 

the fuse wire, that means that under steady state 

conditions the end blocks have a temperature T0 * Te, 

the value of which depends on the mounting 

conditions on e.g. a p.c.board. Such conditions are 

e-9- determined by differences in pad-sizes and 

amounts of solder as will be found with different 

soldering methods( see figure 5). Also differences 

00 1 0.02 1 0.22 0.41 0.61 

TO / T s 

Figure 6: Mimimum fusing current Is in relation 
to the temperature T0 of the end- 
blocks, calculated for a Cu-wire of 40 
fjm diameter. 

In figure 6 the area close to the point T0/T,= l has 

only a theoretical meaning, the value of T0 can never 

be equal to T, by heating the wire connections by the 

fusewire only. 

What do we learn from the above? 

Let us take an example. 

From figure 4 it can be seen that the I, value of a 

copper-wire with d=40 /im and 1=2 mm is 4 A, assuming 

that T„=0. A change of the length of the wire from 

1.8 to 2.2 mm, that means 2 mm i 0.2 mm, changes its 

I, value from approximately 4.6 A to 3.6 A. It is 

difficult if not impossible to get an accuracy in 

wire length of ± 0.2 mm or less by using soldering 
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technologies for the connection of the fuse-wire. It 

is common practice to solder the fuse wire in 

miniature fuses. From the above example it is 

obvious that connecting methods for very small fuses 

have to be changed to get a rather well defined 

value of the minimum fusing current I,. 

Another aspect is how to make such a small fuse for 

low current ratings? As an example, a 100 mA fuse 

with a copper fuse wire of 2 mm length requires a 

cross section of the fuse-wire of approximately 7 pm 

as may be derived from fig. 4. Needless to say that 

this leads to unpractical designs. 

Apart from the influences as mentioned before, there 

is also the radial heat-transfer which can be 

influenced by the design of the fuse-housing. This 

means that in case of a fuse element directly 

connected over its total length to the fuse housing, 

the fuse element will be cooled and as a result the 

minimum fusing current will be changed considerably. 

As a total effect a change in I, can be found in the 

order of a factor 10, we have encountered this 

factor in a real fusedesign. 

We tested a fusedesign with a short fuse wire (less 

then 2 mm) for which was quoted that the rated 

current was 500 mA. We created a situation in which 

this fuse didn't blow at 11 Amp l Mounted on a 

p.c.board with different conditions of soldering, 

pad-sizes and track cross sections, we found 

variations of I, from about 1 Amp up to about 5 Amp. 

In the new IEC 127 part 4 covering a.o. fuses for 

surface mount designs nothing has been specified or 

required about these possible variations of I,. So in 

future there might be a situation that a fuse having 

a certain rated current according to IEC 127 part 4 

may have a minimum fusing current in a practical 

application differing from the rated current by a 

factor 1.5 to 5 or even more. 

3. Possible solutions 

From the above it is clear that the longer the wire, 

the less vulnerable the fuse will be for mounting 

conditions and inaccuracies of fuse assembly 

methods. 

If the wire is long (L > L2 in figure 2) then the 

radial heat transfer plays also a role which, in a 

properly designed fuse, has a compensating effect on 

influences from the outside. 

Not only the length of a fuse-wire, but also the 

physical parameters of the fuse-wire material, 

determine if a fuse-wire has to be considered as 

long or not. 

In fig. 7 a fuse design is shown which allows for a 

relatively long but well controlled length of the 

fuse wire. Such a design makes it also possible to 

get some degree of balancing between the heat 

transfer to the ends of the wire and the heat 

transfer via the fuse body. If moreover the proper 

fuse-wire material is selected then, under all 

practical circumstances as found on a p.c.-board, a 

change of I,-value of less then 5% can be achieved. 

This requires of course also a rather high accuracy 

regarding the assembly of the fuse, which means that 

an assembly technology has to be developed which 

allows for this required high accuracy. 

% 
% 

~\Tin.p4Qi,d 

Figure 7 

This "two-chamber" design not only makes it possible 

to design a fuse with a rather well defined It-curve, 

it realises also a better control of the arc voltage 

and a relatively high breaking capacity, without the 

use of any filler material in the cavities. 
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Literature: 
Fig. 8 shows, as an example, the oscillogram taken 

at the interruption of a 150A effective current at 

125V AC. From this oscillogram it can be seen that 

the max. value of the arc-voltage does not exceed 

350 volts. As a remark for the basic design as shown 

in fig. 7 a European patent application nr. 

89202921.6 has been filed. 

(1]: Fischer, J., Die stationäre 

stromdurchflossener, massig langer 

Arch.f.Elektrot. XL.band H3 (1951) 
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A THEORETICAL APPROXIMATION OF THE TIME-CURRENT CHARACTERISTIC OF MINIATURE FUSES 

J. Jaspar, P. van Rietschoten, L. Vermij, Littelfuse B.V., Utrecht, The Netherlands 

Abstract 

It is known from experiments that a linear 

relationship exists on log-log scale between the 

minimum fusing current and the diameter of round 

metal wires, as used in miniature fuses. This can be 

explained by using a rather simple energy-balance. 

Extending the energy-balance with Nusselt-numbers, 

it is possible to predict the slope of the 

relationship from calculations only. Since for such 

wires the I2t-value is known quantity, the limits of 

the time-current characteristic can be calculated. 

1. Introduction 

Normally, time-current (It)-characteristics for 

miniature fuses are presented on a log-log scale as 

shown in Fig. 1. Such an It-characteristic can be 

approximated by two asymptotic straight lines, one 

vertical line representing the minimum fusing 

current I, and one line under a well-known slope 

representing the I2t-value [1]. These lines are also 

shown in Fig. 1. (lines 1 and 2 respectively). 

actual It-characteristic 

I t—line 

Figure 1: Approximation of the time- 
current characteristic. 

In most cases line 2 can be calculated with rather 

good accuracy for a given fuse design, using Meyer's 

formula (2). If the value of I, can also be 

calculated, then this means that the limits of the 

It-characteristic of a given fuse can be found from 

calculation only. For a first design of a miniature 

fuse such an information is mostly sufficient, as 

far as the It-characteristic is concerned. 

In the following section it is shown how the value 

of I, can be determined for fuse designs as usual for 

5 x 20 mm and 6.3 x 32 mm fuses. 

2. Determining I. 

In most cases the fuse-wire in a miniature cartridge 

fuse can be considered as a long wire, that means 

that the temperature of the wire at its hottest point 

(the middle of the wire) is not influenced by the 

heat transfer to the ends of the wire. Along the wire 

the well-known temperature distribution as shown 

qualitatively in fig. 2. occurs. In this figure it is 

also shown at what length L, of the fuse wire a 

transition takes place from a "long wire" to a "short 

wire", as long as a wire with constant cross-section 

over its length is considered. 

The minimum fusing current I, is determined by the 

melting temperature T = T, in the middle of the wire 

under steady state conditions. In this case a simple 

energy equation per unit volume is valid, viz: 

J,2.q„. (1+ß. (T,-T<,)) = G. (T,-T0) (2) 

where 

J, = the current density. 

Co = the specific resistance at T0. 

ß = the temperature coefficient of the specific 

resistance 

G = the heat transfer in radial direction per unit 

volume and per degree C. 

Tg = ambient temperature. 

i[ 

Tm I Lt ) 

short wire 

Tm ( L2 . L3 ) 
long wire 

l_ 1 L2 L3 
length of the fuse wire L (arbitrary units) 

Figure 2: Temp, distribution along a wire 
carrying the same current If depending 
on the length L of the wire. 

Introducing I, = *)md2.J,, where d is the diameter of 

the fuse-wire, considered to be cylindrical for the 

sake of symplicity, we then get: 

rr2 

I,2 =   d4 

16 

G. (T,-T„) 

On (1 + ß. <T-T„) ) 

(3) 

or: 

I,2 >= G.K,.d4 (3a) 
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where K, is a constant, only dependant on physical 

parameters of the fuse-wire material. 

Note that also for the case of a short conductor, it 

can be shown (3] that I,2 = K2.d
4 with K2 a constant 

different from the product G.K,. 

It is a well known fact that if we plot the value of 

I, of miniature-fuses as a function of the wire- 

diameter on a log-log scale, a straight line results 

38 illustrated in Fig. 3. This relationship between 

I, and d has already been described by Preece as 

early as 1884 [4] for straight long wires in air, 

and is sometimes referred to as Preece's law. 

Minimum fusing current versus diameter 

0 30 
0 20 

0.10 =z 
-A' 

Z 
z; 

z 

log(d) (urn) 

exp. results Acc (3a) 

Figure 3: Relationship minimum fusing 
current Is and wire diameter d. 

metal we found in our experiments which does not 

follow eg. (4), at least for smaller diameters, is 

Nickel. The deviations from eq. (4) shown by Nickel 

are believed to be the result of a second order 

phase-change, which occurs at 357°C. 

Furthermore it was found that the value of Gd depends 

on the surroundings of the wire (sand filler, air 

a.s.o), but is not so much influenced by the 

dimensions or the design of the fuse, as long as the 

fuse-wire can be considered to be "long". 

Knowing values for Gd for different metals and alloys 

and for different fuse-wire surroundings, I, can be 

calculated from eq. (4). 

3. Some remarks with respect to Preece's law 

A somewhat larger model is needed in order to obtain 

a relationship between the various values of Gd for 

different metals. With such a model it can be made 

plausible that Gd = G.d is indeed a constant. 

In the above equation (2), G is the heat-transfer in 

radial direction, per unit of volume and per degree 

Celsius. 

For round wires in air, the radial heat-transfer is 

given by: 

<2 = hc. <T-T„) .»r.d.l (S) 

with 

If we plot in the same figure the relationship 

between I, and d as predicted by eq. (3a) (line 1 in 

fig.3), then it is clear that the slope of this line 

differs from the slope as predicted by Preece's law 

(line 2 in fig. 3). Furthermore Fig. 3 shows a 

remarkable fit of Preece's law to the experimental 

results obtained from fuses with Sn-plated Cu-wires. 

Obviously the factor G can not be a constant, but 

does depend on d. If, however, log I, is linearly 

related with log d, as proven by experiment, then 

log G should also have a linear relationship with 

log d. This means that some power a of d must exist, 

for which is valid: 

G.d" = constant (3b) 

Nud. K 

hc *   

d 

and: 

Q » radial heat transfer (w) 

d « diameter of wire (m) 

1 « length of wire lml 

Nud - Nusselt number related to d 

K = thermal conductivity of air [W/(m°C)] 

T0 ■ ambient temperature (°cl 

We then find: 

Nud. K 

(Vmd3) . l.G. (Tf-T0) =  (T.-T,) .ir.d. 1 

d 

From a comparison with experimental data and the 

relationship given by eq. (3a), it can be derived 

that a > 1 is valid. That means that the product G.d 

is a constant as a function of d. 

If we introduce Gd = G.d in eq. (3a), then it 

follows: 

I.1 - K,.Gd.d
3 <4> 

in which Gd is a constant. Equation (4) is exactly 

the relationship as described by Preece. 

or: 

4 . Nud. K 

G  <6> 

d3 

Since for non-moving air, the Nusselt-number Nud is 

usually given as: 

Nud = A. (Gr„.Pr)" <7) 

where: 

A, B * constants 

Grd * Grashof number related to d 

Pr = Prandtl number 

Numerous experiments revealed that Gd is indeed a 

constant for one specific metal. Different metals 

and alloys show different values of Gd. The only 
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(T,-T„) and with d3, eq. (6) can be rewritten into: 

G.dß3B* = constant . (T,-T0)
B 

Since in literature for B values are found to be 

around 0.25 to 0.33, we get in case of B * 0.33 the 

same relationship as observed by Preece: 

(2-3.B) = 1 —> G.d * constant. (T,-T0)
0” (8) 

Note that the constant in eq. (8) incorporates the 

physical properties of air, and is as a result 

temperature dependant. 

Equation (8) makes it plausible that for different 

fuse-wire materials with different values of T,, 

different values of Gd are found. 

Furthermore it follows from the above, that the 

following relationship between the constants Gj, and 

Gi2 of two different metals in the same straight wire 

fuse-design must exist: 

G„ K(T„-T0) . (Pr(T.,-T„) . (T„-T0) )
B 

K(T,J-T„) . (Pr(T.2-T„) . (Tl2-T„) )■ 

(9) 

Experimental results obtained sofar, show that eq. 

(9) can be used as a rough estimate. 

4. Conclusion 

For round long wires of various metals in air, a 

rather good fit can be obtained for the relationship 

between the minimum fusing current and the diameter, 

using Preece's law. 

Since also the I2t-value is a well-known quantity, 

the limits of the time-current characteristic as 

shown in Fig. 1. can be calculated quite well. 
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BREAKING TESTS OF LOW BREAKING CAPACITY MINIATURE FUSE-LINKS 
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Yokohama. Japan 

1. Lbc and hbc miniature fuse-links 

Standard rated breaking capacity for low-breaking 

capacity miniature fuse-links(lbc MFs), specified 

in Standard Sheets 2. 3 and 4 of IEC 127-2 and 

also in Standard Sheets 3 and 4 of IEC 127-3, is 

35A or 10 times the rated current whichever is 

greater at their rated voltage; while Standard 

Sheets 1 and 2 of IEC 127-3 specify 50 A for the 

rated current of their lbc MFs. 

In any case, the standard breaking capacity of the 

lbc MF is far lower than the corresponding value 

of 1.500A for the high-breaking capacity miniature 

fuse-links(hbc MFs) according to Standard Sheets 

1 and 5 of IEC 127-2. 

This large difference in breaking capability is 

attributable to the sand-filling of the hbc MFs. 

The sand, filled tightly in the fuse-envelope of 

the hbc MF, causes limitation of the overcurrent 

in the circuit, often reducing the actual breaking 

current of the fuse-link far below the prospective 

overcurrent. 

The extent of the current-limitation depends on 

the ratio of the prospective overcurrent to the 

rated current of the fuse-link; for the larger 

ratio the limitation is stronger. Because of this, 

breaking performance of a hbc MF depends substan- 

tially on its rated current. 

In the case of lbc MFs, however, no strong current 

limitation takes place, and the breaking current 

is essentially equal to the prospective overcur- 

rent which is determined only by the circuit con- 

stants. Hence, the breaking performance of a lbc 

fuse-link depends on the prospective overcurrent 

but not so much on its rated current as in the 

case of hbc fuse-links. 

2. Arc-energy of lbc MFs 

In return for the freedom from the troublesome 

sand-filling, the glass envelope of the lbc MF is 

exposed to the intense heat of the arc. On the 

other hand, its moderate test current doesn't gen- 

erate that violent and explosive vapourization of 

the fuse-element which sometimes destroies the en- 

velopes of hbc fuse-links mechanically. Because of 

these two facts, almost all failures in the break- 

ing tests of lbc MFs are of thermal, rather than 

mechanical, nature. 

Just for this reason, arc-energy measurement dur- 

ing breaking tests of lbc MFs becomes very impor- 

tant for the estimation of their breaking capacity 

limit. 
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Fig. 1 Test results of 5 x 20 mm fuse-links 

to IEC 127-2, at 250 V-35 A 

(Quick-acting, manufacture A) 
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3. Arc-energy versus arc-initiation angle 

Fig. 1 shows three diagrams for arc-energy in 

terms of arc-initiation angle on the source volt- 

age wave for 5 x 20 mm quick-acting fuse-links. 

Current ratings are 3.15, 1 and 0.5A from top, for 

test current 250V- 35A. All these test pieces were 

products of a single manufacturer, A. 

The top diagram shows the arc-energy decreasing 

almost linearly with the increase in the arc-ini- 

tiation angle, which implies that in every test 

arc lasted until the first voltage zero. This dia- 

gram is in general agreement with the arc-energy/ 

arc-initiation diagram by H.W. Turner et al1. 

The middle diagram for 1A fuse-links indicates 

that for the arc-initiation later than 100 degree 

arc couldn’t be established, perhaps, due to poor 

supply of metal vapour from the fuse-element. This 

was also the case when the arc started before 60 

degree, except for only one case. 

For further smaller rated current of 500mA, arc 

was established only in three of the total 20 

tests, at the arc-initiation angle about 75 degree. 

In all other cases, arc succeeded in starting but 

failed in establishment. Fig. 2 indicates the two 

cases, where arc was established (a) and was ex- 

tinguished (b). 

Interesting is the fact that when the arc is es- 

tablished arc-energy of the three kinds of fuse- 

links is nearly the same for a definite arc-ini- 

tiation angle. This observation leads us to the 

conclusion that the fuse-element of a lbc fuse- 

link is only an arc-starter and that arc-current 

and energy during the operation of the fuse-link 

are determined by circuit constants. 

Fig. 3 gives, corresponding to Fig. 1, diagrams 

for lbc time-lag fuse-links of differing ratings 

of the same size as before but produced by another 

manufacturer, B. It indicates that for time-lag 

fuse-links arc can more easily be established than 
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for quick-acting ones but that the general tend- 

ency of the arc-energy which increases with de- 

creasing arc-initiation angle is in common to the 

quick-acting fuse-links. 

Fig. 4 strongly supports our view that arc-energy 

primarily decides failures in breaking tests of 

lbc MFs. Here, the diagram shows that failures oc- 

cured only for test current 163A and only for the 

earlier arc-initiation. In these cases the glass 

tubes and, often, the end-caps could not withstand 

the intense heat of the arc. The test pieces were 

all by manufacturer A. 

Fig. 5 indicates test result of 3.15A quick-acting 

fuse-links, made by manufacturer B, for test cur- 

rent 35A at various test voltages. Also in this 

case, arc-energy was decisive for the failures of 

the test. 
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Fig. 4 Arc-energy of 5 x 20 mm quick- 
acting 6.3 A fuse-links for three 
test currents (Manufacture A) 
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Fig. 5 Arc-energy of 5 x 20 mm quick- 
acting 3.15 A fuse-links at three 
test voltages (Manufacture B) 

4. Arc-initiation angle versus making angle 

Fig. 6(a) indicates that in the case of small-cur- 

rent lbc MFs, owing to the relatively high test 

current, making angle on the voltage wave is near- 

ly equal to the arc-initiation angle which dis- 

tributes widely from 20 to 140 degree. 

Fig. 6(b) on the other hand shows the case of fuse 

links of larger current rating, where arc hardly 

started before 30 degree. This could be attributed 

to the slow heating and quick cooling of the fuse- 

element during its passage of voltage zero because 

of the relatively small test current. 

15 - 

10 - 

T 500 mA In the case of time-lag lbc fuse-links this tend- 

ency is noticeable even for fuse-links of smaller 

ratings. 

0    —T =   Cr  

0 20 40 60 80 100 120 140 160 180 

Arc-initiation Angle (deg) 

Fig. 3 Test results of 5 x 20 mm fuse-links 

to IEC 127-2, at 250 V - 35 A 

(Time-lag, manufacture B) 

5. Test requirements for lbc MFs 

At present IEC 127-1, which deals with general re- 

quirements for miniature fuse-links, specifies for 

all breaking tests of all miniature fuse-links, 

uniquely, making angle of 30 degree on the voltage 
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Fig. 6 Arc-initiation angle versus making angle of quick-acting fuse-links (Manufacture A) 

According to our test results, however, some quick 

acting (not time-lag) 2.5A or 3.15A fuse-links, 

depending on their design, may start arcing always 

around 150 degree on the voltage wave for this 

making angle, producing the most lenient condition 

as suggested by Fig. 1. 

Furthermore, if a homogeneous series of quick- 

acting fuse-links had such a fuse-link as the head 

and a small fuse-link, say 200mA, as the tail, the 

test result will be evident before the tests. Thus, 

the requirement concerning the making angle must 

needs be re-examined. 

IEC 127-1 also requires miniature fuse-links to be 

tested for currents of approximately 5, 10, 50 and 

250 times the rated current not exceeding the 

rated breaking capacity. The preceding Fig. 4, 

however, hints that breaking tests for currents 

lower than the breaking capacity might be useless. 
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Fig. 7 Arc-energy of 5 x 20 mm time-lag 2A 
fuse-links for test currents 5ln, I0in and 

the breaking capacity (Manufacture A) 

Fig. 7 represents arc-energy of time-lag fuse- 

links, made by manufacturer A. for test currents 

5 In, 10 In and for the rated breaking capacity. 

It indicates that the phenomenon of the lower arc- 

energy for lower test current as depicted in Fig.4 

prevails also for time-lag fuse-links. 

6. Conclusion 

Current-breaking performance of a lbc MF is deter- 

mined almost solely by the arc-energy dissipated 

in the fuse-envelope during its operation. 

In this point of view the making angle requirement 

and the lower current test requirement now speci- 

fied in IEC 127-1 must be re-examined. It is nec- 

essary also for the test specification for the 

homogeneous series of miniature fuse-links to be 

established. 
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Summary 

This paper presents some experimental results of 
current limiting and short circuit interruption be- 
haviour of metal film fuses on alumina in compari- 
son with a conventional fuse for semiconductor pro- 
tection. Breaking tests were carried out in a 250 V- 
circuit with di/dt-values of 12 A/fis and 36 A//xs. 

The fuse model shows very good interruption prop- 
erties and in comparison with the conventional fuse 
the rated current is higher by a factor of nearly 
three at the same i2t. 

Additionally, numerical simulations of the melting 
characteristics are made. They show that the heat 
resistance between the alumina substrate and its 
cooled reverse side has to be taken into account. 

1 Introduction 

A metal film fuse is a new application of thick 
film technology to fuses. In comparison with con- 
ventional sand filled fuses, metal film fuses show 
some advantages with respect to the gap between 
the rated current and the short circuit let-through 
current. The heat dissipated from the constric- 
tions and thus the rated current for a certain cross- 
section can be substantially increased by applying 
a metal layer on a thermally well-conducting sub- 
strate, such as AI2O3 and additionally cooling the 
bottom of the substrate. Thus a quick-acting de- 
vice can be realized, which can be used for fast 
power semiconductor protection. 

Under steady state conditions some experimental 
investigations with fast-acting miniature fuses were 
made by [1], where the fuselinks were manufactured 
by evaporating silver onto clear quartz disks. In [2] 

the time/current characteristics of different fuse de- 
signs were determined. In this case the conductor 
was formed by a burnt-in conducting paste on an 
alumina substrate as it is known from thick film 
technology of hybrid circuits [3]. The influence 
of the insulating substrate on the melting perfor- 
mance was investigated in [4] using a numerical sim- 
ulation method. It was shown that silver thin film 
fuses on alumina are very sensitive to overloads. 

Looking at the short circuit range it is known from 
conventional fuses that under adiabatic conditions 
the fusing performance depends only on the ma- 
terial and the minimum cross-section of the fuse 
conductor [5]. As in all types of fuses, the main 
factor influencing the voltage drop is the number 
of constrictions in series that is necessary for a 
safe interruption of short circuit currents [6]. Ad- 
ditionally, it is necessary to apply an arc extinction 
medium to assure satisfactory current breaking be- 
haviour. Quartz sand has proved to show optimum 
behaviour in many respects. It is understood that 
the large surface area of the sand, together with 
the microscopic channels between the grains that 
allow the plasma to flow outward from the hottest 
zones, are responsible for this performance [5]. The 
difference with a fuse conductor on a ceramic sub- 
strate compared to conventional fuses is that the 
fuse conductor is only surrounded at one side by 
the sand. 

The following studies were made to establish 
whether the experiences with conventional fuses 
can be transferred to meted film fuses in the short 
circuit range, because there is little information yet 
about their performance under these conditions. 
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2 Principal Structure of Metal Film 

Fuses 

The principal structure of the investigated fuse 
models is illustrated in fig. 1. First the conduc- 

tor is formed by a screen-printed and fired silver 

paste (4) on an AI2O3 substrate (5). The thickness 

of the substrate is 0.635 mm throughout, and its 

area is 1 x 2 inches. The typical thickness of the 

burnt-in layer is 8 /im, its specific electrical conduc- 

tivity is KP = 3.0-10
4 l/(flmm). For carrying higher 

currents, the thickness of the layer is increased by 

electroplating up to 70 jim. The specific electrical 

conductivity of the electroplated silver layer (3) is 

typically KAg = 5.4 ... 5.8 • 104 l/(fimm). 

& 

7 

2 8 

1 plastic case 
2 sand filler 

3 silver layer (20 ... 60 /tm) 

4 silver paste (8 /mi) 

5 AI2O3 substrate 

6 heat-conducting adhesive 

7 copper plate for cooling 

Fig. 1: Principal structure of a metal film fuse 

(all dimensions in mm) 

In order to provide a heat sink and to improve the 

mechanical strength, the substrate is connected to a 

copper plate (7) by a heat-conducting adhesive (6). 

The sand filler (2), which is necessary for optimum 

arc extinction, is contained in a plastic case (1) 

mounted on the substrate/conductor combination. 

To study the influence of the number of constric- 

tions, the experiments were carried out with two 
different fuse designs, shown in fig. 2. They consist 

of 5 or 7 notches in series and two parallel current 

paths. The width and length of each constriction 

is 0.5 mm. The geometries were chosen in an it- 

erative process, taking into account the results of 

nominal current, voltage drop and a large number 

of interruption tests. 
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Fig. 2: Investigated fuse designs (all dimensions 
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a) 5 constrictions in series (type 5) 

b) 7 constrictions in series (type 7) 

3 Test Circuit and Experimental 

Arrangement 

For first experiments under permanent current load 
in a low voltage DC circuit, the sand was omitted 

to allow temperature measurements in the metal 

film constrictions with an infrared thermometer [7]. 

Under these conditions the role of the quartz sand 

is negligible because of the main heat dissipation 

through the substrate. 

By water-cooling the bottom of the fuses of fig. 1, 

the DC current was determined that the fuses are 

able to withstand for a long time (t —+ 00). It was 

found that 200 °C are not exceeded in the constric- 

tions then. Though there is no precise coincidence 

with the definition in fuse standards, this current 

is referred to as rated current of the fuses. 
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The short circuit interruption experiments were 
carried out in the synthetic test circuit of fig. 3. The 
energy is supplied by a capacitor bank C charged 
to 250 V. Together with the load inductance L, it 
constitutes a resonant circuit of 330 Hz and 580 Hz 
respectively, for the chosen load conditions. The 
di/dt-values after closure of Ql were set by L to 12 
and 36 A/fis respectively, equivalent to peak short 
circuit currents of 38 and 115 kA under 50 Hz condi- 
tions. Provided the total interruption time is short 
in comparison with the resonant frequency, after 
interruption nearly the full capacitor charge volt- 
age appears and remains across the fuse terminals. 
Under these conditions the tests are an approxima- 
tion of a 250 V DC circuit and of the first critical 
stress in an AC circuit with 250 V momentary line 
voltage after clearing, respectively. In any case the 
circuit allows, to study the fusing and interruption 
behaviour and to compare the influence of different 
fuse parameters. The current and voltage of the 
fuse are measured by a 20 MHz transient recorder 
(Nicolet Explorer 2019). 

For the interruption tests the fuse model was mod- 
ified to a demountable test chamber, illustrated in 
fig. 4. The fuse conductor (2) is contacted with sol- 
dered copper strips. The quartz sand (6) is filled 
into the case (3) and fixed by a top plate (4) under 
a constant force of 140 N. The inner volume of the 
chamber is 18 cm3 and leads to a sand thickness 
above the conductor of about 12 mm. 

4 Experimental Results 

The object of the breaking tests was to get some 
knowledge about the influence of the conductor 
thickness and the number of constrictions on the 
fusing performance as well as the interruption ca- 
pability. The fusing integral, depending on the to- 
tal thickness of the conductor for the two fuse types 
at 12 and 36 A//zs, are shown in fig. 5 where every 
data point represents one interruption test. 

contact terminal 
substrate with fuse 
conductor 
plastic case 
bakelized paper top 

Fig. 4: Chamber for breaking tests 
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Fig. 5: Fusing and calculated melting integral for 
different thickness of the fuse conductors 
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The experimentally determined values are com- 
pared with the adiabatic melting integral calculated 
from [5] 

f‘"' i2dt = q2 •A K (1) 

where 

i : 

tm • 
q : 
A K: 

current 
time when melting point is reached 
minimum cross-section 
material constant (“melting impulse”[5]) 
(6.7 • 104 A2s/mm4 for Ag) 

As a simplification, the conducting sandwich con- 
sisting of 8 fim conducting paste plus electroplated 
silver is treated as a uniform metal with the AK 
value of solid silver. 

It can be seen from fig. 5 that especially for larger 
thicknesses the calculated melting integral is less 
than the fusing integral. Taking into consideration 
that the paste has a resistivity of about double the 
value of Ag and the electroplated silver of about 10 
to 15 % higher than solid silver would yield fusing 
integrals of roughly 25 to 15 % lower, depending on 
the total thickness of the sandwich. According to 
[5] the / i2dt necessary to establish the arc is nearly 
identical with the value to heat the notches up to 
the melting point. The results from fig. 5 show that 
some additional energy, though definitely smaller 
than the value for complete melting and boiling, is 
necessary. 

In fig. 6 the breaking integrals for the same experi- 
ments are summarized. There is no dependence on 
di/dt in the investigated range. Both types with 5 
and 7 constrictions interrupt the current properly 
in the investigated range, where type 7 acts faster 
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Fig. 6: Breaking integral for different thickness 
of the fuse conductors 

due to its higher total arc voltage. At a thickness of 
more than 50 /im type 5 shows an increase of break- 
ing times (= time until the residual current tail has 
disappeared) up to 28 ms, while the breaking times 
of type 7 are still below 1 ms. Failures could, how- 
ever, not be observed with these fuse types. On 
the other hand breaking tests with fuses of only 4 
notches in series have shown that they are not able 
to break the current under these conditions. 

A typical oszillogram of a breaking test of a metal 
film fuse (type 7) is shown in fig. 7. The determined 
rated current for this fuse pattern is 100 A when 
the bottom is cooled. For a current rise of 36 A//is 
the let-through current is 2.7 kA and the breaking 
time is 320 /is. The fusing integral of this metal film 
pattern is 185 A2s, the breaking integral is 313 A2s, 
respectively. 
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Fig. 7: Breaking test of a metal film fuse (type 7, 
d = 45 /im, di/dt = 36 A//is) 
a) current distribution 
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To compare the short circuit behaviour of metal 
film fuses, breaking tests were carried out with con- 
ventional semiconductor fuses. Fig. 8 shows results 
in the same time range and under the same condi- 
tions as in fig. 7 for a conventional semiconductor 
fuse (35 A/500 V) of approximately the same break- 
ing Ji2dt. It consists of a silver strip 70 ^m thick 
with a pattern of two parallel paths of 7 constric- 
tions in series. The let-through current is some- 
what less than for the metal film fuse (2.3 kA), but 
current zero is only reached after 3.5 ms. The fus- 
ing and breaking integrals are 102 A2s and 274 A2s. 
Comparing the arc voltage of the different fuses, it 
can be seen that the metal film fuse has a higher 
peak voltage, resulting in a faster current decay. 
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Fig. 8: Breaking test of a conventional semicon- 
ductor fuse (Ir = 35 A, di/dt = 36 A./ps) 
a) current distribution 
b) voltage distribution 

The results show that in comparison with the con- 
ventional fuse the rated current of the described 
metal film fuse sample is higher by a factor of nearly 
three, while the breaking i2t-values hardly differ. 
The time of the cessation of the current tail is even 
shorter, indicating in tendency a faster recovery of 
the gap. 

5 Calculated melting characteristic 

The melting characteristic of the metal film fuses 
was studied using the general purpose FEM pro- 
gram ANSYS [8]. The feature of this program is 
to solve the steady state and transient thermal- 
electrical coupled field problem with temperature 
dependent material properties. 

The governing differential equation for the heat flow 
in a conducting solid is given by 

QT 
div(X ■ gradT) - p • c— = -tj (2) 

while the Laplace equation of the electrical current 
flow is described by 

divj = div(n ■ gradip) = 0 (3) 

where 

A: thermal conductivity 
T: temperature 
t: time 
p: density 
c: specific heat 
7?: power density 
K: electrical conductivity 
J: current density vector 
<p: electrical potential 

The coupling of equation (2) and (3) is given by the 
expression for Joule heating described as 

T] = — • J2 (4) 
K 

where 77 is defined as generated heat per volume. 
The iterative solution procedure of the ANSYS pro- 
gram for equations (2) and (3) is treated in [9]. 

The generated finite element fuse model for the cal- 
culations under steady state conditions is shown in 
fig. 9. Because of symmetry it represents only an 
eighth section of type 7 (fig. 2b). The model con- 
sists of the ceramic substrate (thickness 0.635 mm) 
and the applied fuse conductor with a thickness of 
50 pm. The current load (DC only) is applied at the 
nodes of the constriction on the left side, while the 
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U = 0 
T = 20°C 

Fig. 9: Steady state FEM fuse model (all dimen- 
sions in mm) 

electrical potential on the right side of the conduc- 
tor is fixed to zero. The cooled reverse side of the 
substrate, as well as the right side of the fuse (fuse 
terminal), is kept at a temperature of 20 °C. The 
heat dissipation by convection and radiation can be 
neglected because thermal conductivity plays the 
major role in this case. It was assumed first that 
there is no additional heat resistivity between the 
conductor and the substrate and between the sub- 
strate and the copper plate (fig. 1) of the real fuse. 

The melting performance in the overcurrent and 
short circuit range was computed by increasing the 
applied current and calculating the time to reach 
the silver melting point (960 °C). As the calcula- 
tions proved that the heat conduction between ad- 
jacent constricted sections is negligible, the FEM 
model of fig. 9 was modified into a one constriction 
fuse model with a finely subdivided ceramic sub- 
strate in z-direction. The geometry is indicated by 
a dashed line in fig. 9. 

The temperature dependent material properties 
(electrical resistivity g, thermal coductivity A, spe- 
cific heat c) of the AI2O3 substrate and the conduc- 
tor are linearisized by 

X{T) = X0[l + - To)) (5) 

where 

X: g,X ,c 
ax'- temperature coefficients of g, A, c 
T: temperature 

and the index 0 is used for the properties at 20 °C. 

The properties and coefficients for the materials 
taken from the literature [10, 11, 12, 13] are shown 
in table 1. The electrical resistivity of the fuse con- 
ductor results from the parallel layers of the paste 
and the plated silver shown in fig. 1. It is higher 
than the pure silver value (gAg % 1.5 • 10-5 Omm). 

property conductor 

1.995 • 10-5fimm 

4.08 • 10-' 1/K 

A120J substrate 

eo 
electrical resistivity 

24-ltH W/mmK 

-1.0-10-' 1/K 
thermal conductivity 

ax 

0.428 W/mmK 

-1.4-IQ-4 1/K 
c0 

specific heat 
0.233 J/gK 

4.29 • IQ-4 1/K 

1.01 J/gK 

4.59-IQ'4 1/K 

density 10.5 • 10"J g/mm1 3.75 • IQ-' g/mm3 

Table 1: Material properties of the alumina sub- 
strate and the fuse conductor 

The rated current of the fuse model shown in fig. 9 
was determined as described before as 55 A, which 
is equivalent to 220 A for the whole fuse. This 
current leads to calculated maximum temperatures 
of about 180 °C in the center of each constriction. 
The results show that the hottest temperatures of 
each constriction hardly differ [9], 

Looking at the calculated time/current character- 
istics of fig. 10, it can be seen that the consider- 
able difference between the measured (100 A) and 
the computed rated current is due to the simplified 
fuse model without any heat resistance between the 
conductor and the substrate as well as between the 
substrate and the copper coolant (fig. 1). If an ad- 

1 I I Mill! rm 
no additional heal resistance 

IQ
3 

101 

additional heat resistance 
10° 

adiabatic 
E ,n-1 

to2 

current 

Fig. 10: Calculated time/current characteristics 
for one eighth section 
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ditional heat resistance is taken into consideration, 
the curve shifts to lower nominal current values. 
First estimations were carried out with the heat re- 
sistance of a 0.1 mm thick layer of heat-conducting 
adhesive (dashed line). The results are in much 
better agreement. It can be concluded that this re- 
sistance plays the major role in this case, and that 
its reduction will further improve heat dissipation 
from the notches. 

6 Conclusion 

The investigated metal film fuses have a quick- 
acting fusing performance. They additionally 
showed an excellent short circuit breaking be- 
haviour in the investigated range of current rises 
up to 36 A/ps. 

In comparison with conventional semiconductor 
fuses the rated current can be nearly three times 
higher for the same short circuit i2t-value. This 
effect is due to the good heat dissipation through 
the AI2O3 substrate cooled at the reverse side. 

The results of the numerical calculations show that 
the heat resistance of the intermediate layers must 
be taken into consideration to simulate the com- 
plete melting characteristic of metal film fuses. 
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Summary 

European or IEC motor controllers have experienced 

difficulty in gaining North American market 

acceptance even though complying with UL and CSA 

Standards. It is the author's belief that this is 

due in large part to philosophical differences 

between North American and European low voltage fuse 

standards. This paper therefore reviews North 

American low voltage, current-limiting fuse 

standards and explains their influence on equipment 

standards with particular reference to motor 

controlgear and the application of fuses for short 

circuit protection of motor circuits. Special 

reference is given to the North American Time Delay 

fuse. 

1. Introduction 

North American low voltage fuse, equipment and 

installation standards are co-ordinated to the 

extent that when short-circuit protection is 

provided by current-limiting fuses, it is common 

practice for tne end-user, not the equipment 

manufacturer, to decide on the class and brand of 

fuse to be installed. This is contrary to European 

standards and practice where it is becoming more 

usual for the equipment manufacturer to have to 

assume responsibility for the installed fuses. 

Introduction of the much smaller European designed 

IEC contactor into the North American market met 

with some resistance primarily because some 

controlgear manufacturers did not fully understand 

the concepts underlying the North American system of 

fuse protection and many North Americans did not 

realize that the IEC type of contactor needs a more 

current-limiting class of fuse than is commonly used 

for the protection of the larger dimensioned North 

American or NEMA type of contactor. 

2. North American 600 Volt Fuses 

For the purposes of this paper, we can say that 

North American general purpose current-limiting 

fuses are available in three basic classes - Class 

R, Class J and Class L. 

The Class R fuse, ratings 0.1-600 amps, can be 

summarized as a large dimension fuse with current- 

limiting performance adequate for the traditional 

NEMA type motor controllers. The Class J fuse, 

ratings 1-600 amps, has overall dimensions similar 

to IEC 269 fuses and has much better current- 

limiting performance than the Class R fuse. The 

Class L fuse is the extension to the Class J range 

in ratings from 601 amps through 6000 amps. 

A significant feature of the North American fuse 

system is that short-circuit performance limits are 

specified. That is to say, UL and CSA current- 

limiting fuse standards specify for each class of 

fuse the limits of cut-off current, or peak current 

as it is more commonly referred to in North America, 

and total operating I2t that the fuse can let- 

through under short-circuit conditions, up to and 

including its maximum interrupting rating. Note 

that the normal interrupting rating for current- 

limiting fuses in North America is 200kA. The class 

of fuse also determines the dimensions to ensure 

that fuses of different classes are not readily 

interchangeable. 

Table 1 compares peak current and total I>t limits 

for Class J, R and L fuses at 200kA RMS Sym., 600V, 

single phase. 

Table 1. Some Standard Limits of Ip and I2t 
for Class J, R and L fuses 

Fuse Class 

& rating fA) 

J-60 

R-60 

Maximum Limits 

Ip CkA) 

16 

26 

30,000 

200,000 

J-200 

R-200 

30 

50 

300,000 

2,000,000 

J—400 

R-400 

45 

75 

1,100,000 

6,000,000 

L-800 

L-1600 

80 

150 

10,000,000 

30,000,000 
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The significance of the short-circuit peak current 

and Pt limits lies not so much in the actual values 

specified, but in the fact that equipment and 

controlgear standards can recognize permanent and 

standardized maximum short-circuit let-through 

limits which can be used to establish equipment 

short-circuit ratings when protected by fuses of a 

specified class. Brand testing of individual 

manufacturers' fuses is not required. 

3. The Time Delay Fuse 
T 

First introduced in 1939, the North American Time 

Delay fuse was primarily designed to provide both 

overload and short-circuit protection in motor 

circuits. The Time Delay characteristic requires 

the fuse to carry 5.0 I for a minimum of 10 seconds. 

This delay permits the fuse to be sized close to 

motor full load current and yet still provide a good 

motor start characteristic, 

A measure of the motor start capability of the Time 

Delay fuse is that it would require a Non-Time Delay 

fuse of twice the current rating of the Time Delay 

fuse to obtain a similar characteristic at 10 

seconds. 

The Time Delay fuse is normally sized for short- 

circuit protection at between 125% and 175% of motor 

full load current. It should be noted that this 

method of sizing the fuse only requires reference to 

the motor full load current. With the North 

American system, it Is not normally considered 

necessary to check Time Delay fuse time-current 

characteristics for motor start capability or for 

co-ordination with the overload relay. 

Both Class R and Class J fuses can be obtained with 

either a Non-Time Delay or a Time Delay 

characteristic. Note that both characteristics have 

to meet the same cut-off current and Pt limits 

specified for the class of fuse together with the 

conventional fusing current, If, which for North 

American general purpose fuses is 1.35 I . Figure 1 

shows the basic difference between the time-current 

characteristic of a Non-Time Delay and a Time Delay 

Class J fuse. 

CLASS J 25A 

— T-D 

—NON-T-D 

4 * 10* 2 4 # ir 

PROSPECTIVE CURRENT (AMPERES 1 

Fig. 1 Class J 25A. Time-current characteristics 

4. North American Fuses and Equipment Standards 

Equipment manufacturers can design and test to 

standardized fuse short-circuit characteristics. 

North American fusible equipment standards therefore 

specify that short-circuit tests must be conducted 

with test limiters or fuses that have peak current 

and Pt let-through characteristics not less than 

those specified in the fuse standards for the class 

and rating of a fuse to be used in the equipment. 

From the standpoint of short-circuit protection, 

this system allows for safe interchangeability of 

fuses of the same class but different manufacture, 

regardless of any design changes that fuse 

manufacturers can make from time to time. This in 

turn enables the end-user to exercise freedom of 

choice between fuse manufacturers. In North 

America, the equipment manufacturer is normally 

responsible only for the fuse class, not the fuse 

brand. 

5. Motor Circuits and North American 
Installation Standards 

Not only does the North American standards system 

recognize fuse peak current and Pt limits, but the 

wiring or installation standards (NEC in the U.S.A. 

and CEC in Canada) also provide guidance to the end- 

user by specifying maximum fuse ratings for the 

short-circuit protection of motor circuits. 
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These ratings are normally 300% of motor full load 

current for Non-Time Delay fuses and 175% of motor 

full load current for Time Delay fuses. If starting 

difficulties are encountered, they can be increased 
to a maximum of 400% and 225% respectively. 

The installation standards therefore augment the 

system by identifying standardized fuse ratings to 

which motor controlgear can be short-circuit tested 

i.e. 400% motor full load current for Non-Time Delay 

and 225% motor full load current for Time Delay 

fuses. Lower test ratings can be used but the 

equipment must be specially marked to indicate the 

lower limit. 

Again, note the end-user orientation in that the 

maximum rating of the SCPD is normally determined by 

the motor full-load current and not by the 

controller, unless specially marked. 

6. Short-Circuit Protection of IEC Style Contactors 

It is well known that the IEC contactor requires the 

SCPD to have relatively low cut-off current and IJt 

let-through levels if "no damage" or Type 2 co- 

ordinated protection is required. In the North 

American system, the Class J fuse is the most 

current-limiting general purpose fuse and the Time 
Delay version is normally installed in motor 

circuits because it allows a lower current rating to 

be used and significantly reduces the cut-off 

current and I2t let-through values. 

Table 2 compares some typical 3 phase values of peak 

current and IJt let-through at 200kA by Class J and 

Class R Time Delay fuses when selected for short- 

circuit protection of a 600V, 3 phase motor circuit 

naving a full load current of 20 amps. To provide a 

reference point, typical values for a European type 

gG fuse are also shown. 

Table 2. Typical let-through values of Ip and IJt. 

Fuse and % of 
motor full load 
current 

Fuse 
h 
(A) 

Ip 
(kA) 

I't 
(A'S.) 

Time Delay: 

Class R at 125% 

Class J at 175% 

Class J at 150% 

Class J at 125% 

IEC269: 

Type gG at 200% 

25 

35 

30 

25 

40 

14.0 

6.5 

6.1 

5.5 

9.0 

20,000 

4,500 

2,200 

1,600 

10,000 

It can be seen from Table 2 that the higher damage 

levels would be obtained with Class R fuses and that 

the Class J fuse presents the end-user with the best 

prospect of obtaining "no damage" protection. 

7. Motor Controlgear Co-ordination Tests 

North American and IEC controlgear standards 

recognize two levels of short-circuit test currents 

- a lower level based on the contactor rating and a 

higher level to establish a higher short-circuit 

rating. These are known as test currents "r" and 

"q" respectively in IEC 947-4-1. 

This standard also specifies two levels of short- 

circuit co-ordination for permitted damage levels - 

Type 1 and Type 2. While North American controlgear 

standards do not specify short-circuit co-ordination 

in terms of Type 1 and Type 2, they do not permit 

the overload relays to be damaged during the low 

level test when protected by fuses. Damage is 

however permitted when the SCPD is a circuit 

breaker. 

IEC 947-4-1 also recognizes a third level of test 

current for verification of discrimination between 

the overload relay and the SCPD(s). This third 

level was specified in the old controlgear standard, 

IEC 292-1, as test currents "p", which were 0.75 I 

and 1.25 Ic, where Ic represented the cross-over 
point of the SCPD and overload time-current 

characteristics. 

These test currents "p", contributed to the 

acceptance problems in North America, partly because 

discrimination between overload relays and fuses had 

never been regarded as a problem and partly because 

IEC292-1 specified that "The SCPD shall not operate 

in place of the starter for currents up to the 

maximum overload level in normal service (including 

stalled current of the motor)." This concept is 

contrary to that of the North American system which 

permits the end-user to size a Time Delay fuse close 

to motor full load running current. 

IEC 947-4-1 has modified this part of the standard 

in that it classifies discrimination between the 

overload relay and the SCPD as a requirement which 

may be verified by a special test. Furthermore, it 

does not specifically require that the cross-over 

point of the overload relay and SCPD time-current 

characteristics shall prevent the SCPD from 

operating at currents up to the maximum overload 

level. 

It should be noted here that limiting the fuse cut- 

off current and I2t characteristics also limits the 
potential for variation in time-current characteris- 

tics among fuses of different manufacture. 
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A study undertaken by the North American NEMA and 

EEMAC fuse committees in 1985 for unification 

discussions with IEC/SC328/WG8, showed that for- 

operating times of 0.1 seconds or longer, the 

variation among North American fuse manufacturers' 

published time-current characteristics for Class J 

fuses was, for the most part, within ± 10% of the 

mean value. This relatively small variation among 

fuse time-current characteristics is obviously 

important to the concept of safe fuse 

interchangeability, particularly where equipment 

withstand limits are critical. 

8. Conclusion 

References 

1. IEC Standards: 

IEC 269 - Low voltage fuses. 
IEC 947 - Low voltage switchgear and 

controlgear 
IEC 292-1- Low voltage motor starters 

2. UL Standards: 

UL 198C - High interrupting capacity fuses, 
current-limiting types. 

UL 198E - Class R fuses. 
UL 508 - Industrial control equipment. 

3. CSA Standards: 

C22.2 No. 14-M1987 - Industrial control 
equipment. 

C22.2 No. 106-M90 - HRC fuses. 

North American standardized fuse short-circuit 

characteristics have resulted in a high degree of 

uniformity among operating characteristics for fuses 

of the same Class and rating but different 

manufacture. They have permitted the development of 

a standards system based on the concept of safe 

interchangeability among fuses of the same class but 

different manufacture. 

The Time Delay fuse has provided a simple method of 

rating fuses for use in motor circuits and the Class 

J Time Delay is recognized by many motor controlgear 

manufacturers as providing "no damage" protection 

for IEC type motor controllers in the North American 

market. 

Under the European system, a controlgear 

manufacturer would have to test all available fuse 

brands, and hope their designs did not change, to 

achieve the level of fuse interchangeability 

expected in the North American market. It is the 

author's opinion, therefore, that fuse brand testing 

for proof of performance with equipment, 

particularly motor controlgear, is likely to remain 

the less preferred system in North America. 

4. Installation Standards: 

National Electrical Code 1990. 
Canadian Electrical Code 1990. 

Notes: 

1. u.S. and Canadian standards are not identical. 
However, many of the differences tend to be 
minor in nature and should be eliminated in 
the standards harmonization process now taking 
place in North America. 

2. A proposal by IEC/SC32B/WG8 to include Class J 
and Class L fuses in the IEC 269 standard is 
currently being processed 

118 
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Summary 

The risk of contact welding of contactors protected 

by fuses, when a short circuit occurs, is strictly 

dependent on the electrodynamic force acting on the 

contacts of the contactor, the rating of the pro- 

tective fuses and the value of the prospective 

short circuit current. 

The phenomenon has been dealt with by many authors; 

some papers on the subject are herewith quoted. 

In this paper the results are reported of numerous 

short-circuit tests performed on contactors pro- 

tected by fuses, which confirm the considerations 

made by the above authors. 

A brief description of the test carried 

out on 70 types of contactors, made by 16 different 

manufacturers with overcurrent up to 50 kA (r.m.s.) 

at 418 V (1.1 x 380), 50 Hz, is presented. 

The results of the tests are illustrated by compre- 

hensive diagrams. In particular the diagrams show: 

- the instantaneous value of the current for which 

the separation of the contacts by electrodynamic 

effect occurs on each type of contactor; 

- the maximum rating of the protective fuses that 

prevented the tested contactors from contact 

welding, as a function of the rated operational 

current of the contactor, for utilization cate- 

gory AC 3; 

- the minimum rating of the protective fuses which 

produced contact welding as a function of the 

above rated operational current of the contactor. 

At last, a comparison is made between the shown 

test results on contactors protected by fuses and 

the prescriptions of the new IEC Standards 947-4 

(IEC Standards 947-4: Low-voltage switchgear and 

controlgear. Contactors and motor starters). 

1. General 

In most application, contactors and motor starters 

are protected by fuses against short circuit cur- 

rents. 

Fuses are suitable for preventing excessive damage 

to the contactor or its parts. In particular they 

are capable of limiting the thermal and electrody- 

namic stresses which can cause the contact welding 

of the contactor. In the present paper for contact 

welding is intended a stable union of the contacts, 

which cannot be easily broken by repeated opera- 

tions of the contactor control circuit. In other 

words a welding is meant, which requires the use of 

a tool for the contact separation, although it also 

is not always effective. 

2. Test carried out and relevant methods 

The tests were made on 80 types of contactors of 16 

different manufacturers and current ratings in ac- 

cordance with the following table no. 1. 

The tests were carried out with alternating current 

at 418 V (1.1 times the rated voltage), 50 Hz, on a 

single phase circuit, with overcurrents up to 

50,000 A (r.m.s. value of the symmetrical component 

of the prospective current). The power factor was 

0.5 up to 10,000 A, 0.3 from 10,000 to 20,000 A and 

0. 25 from 20,000 A up to 50,000 A. 

The circuit comprised one pole of the contactor in 

series with a protective fuse, as shown in figure 

1. The contactor was in the closed position before 

the initiation of the overcurrent. The supply 

source of the electromagnet of the contactor was 

independent of that of the test circuit. 

The tests were repeated under the same conditions 

on all the poles of the contactor. 
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Table 1 

Manufactu- 
rers of 
contactors 

Rated operational current of the contactors tested,for utilization category AC3 
( amperes ) 

12 25 40 63 100 160 250 400 630 

12 25 50 80 125 200 250 

16 20 32 40 63 100 160 250 400 

16 20 40 80 125 200 

20 40 80 160 315 630 

32 50 80 160 250 400 

10 20 25 32 40 50 80 100 160 250 630 800 1000 

25 50 125 

12 80 315 

10 16 25 40 50 80 100 

160 250 400 630 

16 25 32 40 63 80 100 125 160 250 500 630 1000 

12 16 20 32 50 63 80 

50 63 80 125 160 250 

40 63 125 200 315 800 

Before any test were carried out, 100 opening and 

closing cycles were made on each contactor at the 

rated current and voltage, rated frequency and 

power factor approaching unity, in order to stand- 

ardize the initial conditions of the contacts. It 

has been intended, in such a way, to minimize any 

accidental differences existing on new contacts 

which could reduce the reliability of the results. 

The instantaneous value of the minimum current for 

which separation of the contacts by electrodynamic 

effect occurs was first determined on each individ- 

ual pole of each contactor. 

The importance of the knowledge of such a current 

Fuse 

O 

o \ 
d Pole of 

the 

Contactor 

Fig. 1 - Test circuit comprising one pole of the 

contactor under test and the protective 

fuse. 

value has been discussed in previous papers (1). 

(2): here is sufficient to remind that the contact 

welding of the contactor is more probable for short 

circuit current values near to that for which sep- 

aration of the contacts by electrodynamic effect 

occurs, than for greater prospective currents. 

The determination was made by means of a suitable 

equipment causing a sinusoidal half wave of current 

of given amplitude, at 50 Hz, to flow through the 

contacts of the pole of the contactor. 

The current amplitude was gradually increased, test 

by test, in successive tests and the voltage drop 

across the contacts was observed: contact separa- 

tion is indicated by a sudden increase in the volt- 

age drop, as can be seen in figure 2. 

The found values differ, by a few percent, from 

pole to pole of the same contactor. In the diagram 

of figure 3, the minimum recorded for each con- 

tactor is reported as a function of its rated oper- 

ational current for utilization category AC 3. 

The reported data of the same diagram were smoothed 

by the least squares method and represented by a 

dashed straight line statistically equivalent. 

The behaviour of each contactor protected by fuses 

under short circuit conditions was then examined. 

The values of prospective test currents were se- 

lected for each contactor in the range comprised 

between a minimum" current value slightly lower than 
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Fig. 2 - Test current and voltage drop across the 

contacts of a contactor which separate and 

then return to touch. 

that which starts separating the contacts of the 

contactor by electrodynamic effect and a maximum 

current value stated in 50,000 A (r.m.s. value of 

the symmetrical component of the prospective cur- 

rent). 

The fuse-links put in series with the contactors 

were of current limiting type, general purpose ap- 

plication, in accordance with IEC Standards. Their 

rated current was selected according to the in- 

structions of the contactor manufacturer for a 

first series of tests, which were carried out in 

the above range of prospective currents. The fuse 

rating was then increased or decreased dependently 

on the results of the first series of tests, for 

making further series of tests under unaltered 

remaining conditions. 

As a common, general result it can be stated that: 

- for prospective currents not causing contact sep- 

aration by electrodynamic effect no contact dam- 

age occurred; 

- in the range of prospective currents within which 

contact welding was expected (1). (2), this 

occurred; 

- for larger prospective currents only erosion of 

contacts occurred. 
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Contactor rated operational current 
for utilization category AC3, A 

Fig. 3 - Current causing contact separation by 

electrodynamic effect as a function of the 

rated operational current of the 

contactors tested. 

Figure 4 shows, for example, the behaviour of the 

above listed contactors rated 400 A made by four 

different manufacturers. As the current rating of 

the protective fuse increases the range of prospec- 

tive currents within which contact welding occurred 

becomes wider. 

In the diagram the values can be seen of: 

- the maximum rating of the fuse which prevented 

contactors from contact welding under short cir- 

cuit currents; 

- the minimum rating of fuse which produced contact 

welding of the contactors. 

Figure 5 shows, as a compendium, the maximum rating 

of fuses which prevented the tested contactors from 

contact welding as a function of their rated opera- 

tional current for utilization category AC 3. Note 

that for many contactors, especially the larger 

ones, the rating of the protective fuse may become 

lower than that of the contactor. This fact leads 

to a certain derating of the operational current of 

these contactors when a significant reduction of 

the risk of contact welding is desired. 

Figure 6 shows, comprehensively, the minimum rating 

of fuses which produced contact welding of the 

tested contactors as a function of their rated op- 

erational current for utilization category AC3. 
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protected by fuses of various current rating: 
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Fig. 5 - Maximum rating of fuses which prevented 

the tested contactors from contact welding 
as a function of the rated operational 
current for utilization category AC3 of 
the contactors tested. 

Fig. 6 - Minimum rating of fuses which produced 

contact welding of the tested contactors 
as a function of the rated operational 
current for utilization category AC3 of 
the contactors tested. 
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Diagrams no. 5 and no. 6 can be useful to choose 

the protective fuses suitable for preventing the 

contactors from contact welding. 

The new (1990) international standardization deal- 

ing with the coordination of contactors and motor- 

starters with short circuit protective devices has 

been issued as IEC Standards 947-4. In this Stand- 

ards methods of testing can be found intended to 

improve the contactor conditions of use and appli- 

cation for achieving better safety and continuity 

of service. 

Test currents "q" and "r" aim at this purpose. 

Test current "q" corresponds to the maximum value 

of short-circuit prospective current of the instal- 

lation where the contactor is used. It is intended 

to verify that, during short circuit, there be no 

permanent arcing, flashover or ejection of flames 

or external effects which may be dangerous to the 

surroundings. 

Test current “r" is a current related at discrete 

steps to the rated operational current for utiliza- 

tion category AC3 of the contactor. Test current 

"r" values are specified in the following table 2 

and shown in diagram n.7. 

Since the origins of the Standardization of con- 

tactors, test current "r" was intended as a short 

circuit current causing a high level of stress to 

the contactor protected by a given short-circuit 

protective device. With reference to the above 

considerations related to the protection afforded 

by fuses, it has to be reminded that the most 

severe stresses for the contactor are likely to be 

experienced for a range of these currents near to 

the current at which the contacts of the contactor 

are just thrown apart by electrodynamic effect. 

Table 2 

Rated operational current 

I CAC-3) 

(A) 

Prospective current "rr 

CkA) 

0 I £ 16 

16 < I £ 63 

63 < IB £■ 125 

125 < Ie £ 315 

315 < I £ 630 

630 < J £ 1 000 

1 000 < I £ 1 600 

1 600 < I 

1 

3 

5 

10 

18 

30 

42 

Subject to agreement 

between manufacturer 

and user 

08 

6 8 10 500 1000 100 

Contactor rated operational current 
for utilization category AC3, A 

Fig. 7 - Test current "r" at discrete steps as 

specified in ICE Standards 947-4 as a 

function of the rated operational current 

for utilization category AC 3 of the 

contactors tested. 

That is particularly true for the risk of contact 

welding, as can be seen in the above diagram of 

figure 4. 

The opportunity originates from the above consider- 

ations of examining whether test current "r", as 

specified in IEC Standards 947-4, be significant 

also for the risk of contact welding. 

That has been done in figure 8, by comparing the 

prospective current values for which contact weld- 

ing were experimentally verified with test current 

"r" values as specified in the quoted international 

Standards. 

Precisely, in diagram of figure 8, as a function of 

the rated AC3 operational current of the tested 

contactors, the following quantities have been 

plotted for easy comparisons: 

- the ranges of the prospective currents of the 

tests in which contact welding was systematically 

experienced (the short circuit protective device 

being the fuse specified in the above diagram of 

figure 6); 

- the test current values "r" at discrete steps as 

specified in IEC Standards 947-4 (already report- 

ed in figure 7); 

- the dashed straight line of the above figure 3 

statistically equivalent to the current values 

for which contact separation of the tested con- 

tactors occurs. 
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Fig. 8 - Comparison of the prospective current 

values for which contact welding was 

experimentally verified with the test 

current "r" values as specified in the 

quoted international Standards. 

It can be observed that "r" prospective test cur- 

rent values practically comply with the above 

reminded condition of being hear (slightly higher) 

to those values for which the contacts of the con- 

tactors are just thrown apart by electrodynamic 

effect. In addition, they fall in the prospective 

test current ranges where contact welding was ex- 

perimentally verified. 

Therefore, it can be deduced that the tests made by 

current values "r" give also significant results as 

regards the risk of contact welding of contactors 

in short circuit conditions. 
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STARTERS PROTECTED BY FUSES 
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SUMMARY : As well known, the stress and damage that 

short circuit currents can cause to contactors and 

their thermal overload relays are directly connected 

to the rating of the protective fuses. 

In this study, a particular attention is paid to the 

phenomena which concern the thermal overload relays 

when the rating of the protective fuses is much 

higher than that of the relay, until 4 times. 

1. - PRELIMINARY 

On determining the co-ordination between 

starters and protective devices against short 

circuit, the Italian rules (CEI 17.7) and the 

International ones (IEC 947.4) supply the parameters 

which enable to verify, either experimentally or 

theoretically, the correctness of the combination. 

They are the tripping characteristics of the thermal 

overload relay in the range of the overload currents 

that the contactor is capable of breaking and that of 

the short circuit protective device when higher 

currents occur. 

The protection of the starters against 

short circuit currents is entrusted to fuses or 

circuit-breakers; however, fuses represent the 

protective device which is used still today in the 

majority of the cases. 

For example, in figure 1 the average 

time/current characteristic of a thermal overload 

relay of a starter having a current setting range 

38-60A, set at 50A, and that of a 80A fuse type gG 

are compared. 

The intersection point Ic^ of the two 

characteristics marks the boundary of the respective 

breaking ranges of the two devices, and has to 

correspond (according to the prescriptions of the 

above mentioned rules) to the maximum breaking 

capacity of the contactor of the starter : in this 

case to the value of 650A. 

Thermal relay 

Fuse 

3 4 5 2 3 4 5 10 

Rated current , A 

Figure 1 - Average time/current characteristic of 

a thermal overload relay having a 

current setting range 38-60A, set at 

50A, and that of a 80A fuse type gG. 

The subject of this study are the 

applications in which the rating of the fuses is much 

higher than that of the thermal overload relay, which 

is, therefore, submitted to particularly heavy 

stresses when fault overcurrents occur. 

The study has a fair interest because 

these applications are specifically provided for in 

the co-ordination requirements of some International 

standards, such as those of CSA C22.2-14 and UL 508. 

One of the conditions prescribed by the above 

standards is the non-damage of the relay in order to 

consider the co-ordination as valid. 
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To this scope, according to the 

European practice, fuses type aM are chosen with a 

rated current equal to that of the motor full load 

current, while fuses type gG are sized from 1,5 to 

2,5 times the motor current. 

CSA and UL standards establish, on the 

contrary, the use of delayed fuses sized 2,25 times 

the motor current, and non-delayed fuses sized 4 

times, for the verification of the co-ordination. 

This last value can decrease to 2,25 

times, but this degrading has to be shown in the 

nameplate of the starter including the data of the 

thermal overload relay. 

The Canadian Electrical Code 

establishes, then, the use of delayed fuses sized 

from 2 to 2,5 times and the use of non-delayed fuses 

sized from 3 to 3,5 times. 

In the following, it is taken into 

consideration the case in which the protective device 

against short circuit currents of the same starter 

above mentioned is a 200A fuse type gG. 

The contactor of the starter has a rated 

operational current of 63A in categories AC3 and AC4, 

at 500V . 

Fuse relay Therma 

5: 

4 5 3 4 5 

Rated current 

Figure 2 - Average time/current characteristic of 

a thermal overload relay having a 

current setting range 38-60A, set at 

50A, and that of a 200A fuse type gG. 

From the comparison of the time/current 

characteristics of the thermal overload relay and 

that of the fuse, represented in figure 2, it clearly 

results that the contactor is required to operate 

before the fuse when fault currents higher than 650A, 

i.e. higher than its breaking capacity, occur. 

We shall distinguish two conditions of 

behaviour of the contactor when fault currents 

included between the value corresponding to its 

breaking capacity (650A, point Ic^ of figure 2) and 

the intersection point Ic^ (3300A, figure 2) flow 

through it . 

The conditions which can prolong the 

duration of the fault current are the following : 

(a) Welding of the contactor contacts phenomenon 

which can happen as soon as it manifests a fault 

current enough to cause the repulsion of the contacts 

owing to the electrodynamic effect. 

This value of current differs from 

contactor to contactor and rises with the contactor's 

size. 

With reference to the above contactor of 

the starter, this possibility can occur beginning 

from a current of 2500A (instantaneous value), 

corresponding to a current of 1500A (r.m.s value) 

with power factor 0.5. 

This result is drawn from a previous 

experimental study carried out on 120 contactors 

of different type and rated current, which enables to 

establish statistically the value of the repulsion 

current as a function of the contactor's size, as it 

can be observed in figure 3, drawn from this study. 

(b) Persistent arc between the contactor contacts : 

phenomenon which can happen during breaking 

operations, if welding does not occur prior, 

controlled by the thermal overload relay with fault 

currents higher than the breaking capacity of the 

contactor itself. 

This risk is as much higher as the fault 

current is near enough to the value Ic^ of figure 2. 

In both the above-mentioned cases, the 

thermal overload relay is no longer capable of 

protecting itself. 

The fault current will continue to flow 

in the circuit until the operation of the fuses. 
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The thermal stress, due to the 

persisting current, may cause remarkable damages to 

the thermal overload relay and even cause the melting 

2 
of it in case the I t let through is higher than the 

one tolerable by the temperature sensitive element of 

the relay itself. 

<M 
o 

0.8 

0.6 

o 8 8! 

6 0 10 20 50 100 200 500 1000 

Rated operational current of the contactor for 

utilization in category AC3 , A 

Figure 3 - Current causing contact separation by 

electrodynamic effect as a function of 

the rated operational current of the 

tested contactors . 

The melting It of the temperature 

sensitive element is a parameter that is clearly 

definable at level of project, but its definition in 

an experimental way allows to acquire in addition to 

the confirmation of the design calculations, further 

data like as: reliability of the construction, 

presence of weak parts, imperfection of the weldings 

or the connections to the incoming and outcoming 

terminals. 

In any case, it is a question of a 

non-negligible factor of knowledge in the set up of 

the prototypes and in the settlement of the 

co-ordination between starter and device for the 

protection against short circuit. 

According to this point of view, an 

investigation was carried out on the whole line of 

thermal overload relays, manufactured with the 

conventional technics of the bimetal element and the 

2 
heater element, in order to verify the melting I t 

for each element and to define by consequence the 

fuses which enable to exclude the probability of such 

melting, whatever the value of the fault current may 

be. 

2. - TESTS CARRIED OUT 

The above-mentioned relays were deprived 

of the tripping device before carrying out the tests. 

The incoming and outcoming terminals of 

each thermal relay, mounted in its plastic housing, 

were supplied by a single-phase alternating current 

at 50Hz. 

The testing current was made by an 

auxiliary equipment and switched off by the melting 

of the heater element. 

The supply voltage was maintained, in 

the major part of the tests, lower than 60V in order 

to reduce conveniently the arcing time during the 

melting process. 

Figure 4 shows the test circuit. 

Single-phase 

supply voltage 

at 50Hz 

Auxiliary 

equipment 

Thermal 

overload 

relay 

-LP- 

Voltage at the 

terminals of the 

heater element 

Test 

current 

Figure 4 - Test circuit 

For each type of heater element, several 

tests were carried out with values of current 

increased step by step. 

Figure 5 shows a bimetal element 

complete with its heater element of wounded wire, 

before the test. 

In figure 6, that shows the same element 

after the tests, the melting of the heater element 

can be seen. 
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In each test, the test current, the 

voltage at the relay terminals, the values of the 

prearcing time and of the energy which caused the 

melting of the heater elements were recorded by means 

of a data acquisition system and a transient 

recorder. 

I 

in 1250 

• 1000 

M 750 

S 500 

250 

0.5 1.5 2.5 3 3.5 4 

Test current , kA 

Figure 7 - Behaviour of the melting It of the 

heater element as a function of the test 

current . 

Figure 5 - Bimetal element complete with heater 

element of wounded wire, before the 

test . 

Figure 6 - Bimetal element complete with heater 

element of wounded wire, after the 

test. The melting of the heater element 

is evident . 

From the examination of the test 

results, it was noticed that, at the rising of the 

2 
test currents, the melting I t decreases 

progressively of intensity, so much that it reaches a 

value that remains pratically steady, as it can be 

seen, by way of example. in the graphic 

representation of figure 7, related to a thermal 

overload relay with current setting range 29-47A. 

The same behaviour was found out in all 

the tested samples. 

2 
About 20 measurements of the melting I t 

at the changing of the test current were made on each 

of 22 tested samples. 

In figures 8 and 9, two typical tests 

are shown, that refer to the same above-mentioned 

thermal, relay, carried out with currents of 950A and 

3600A (r.m.s.) respectively. 

V (inst.val.) 

0 0,4 

kA (inst.val.) 

1,5 
1 

0,5 -- 

0,8 
t dl" 

0 0,4 0,8 1,2 1,6 
t (a) 

Figure 8 - Test carried out with current 950A 

V (inst.val.) 

100 ■ 

50 - J\ 

t (ms) 
kA (inst.val. 

t (ms) 

Figure 9 - Test carried out with current 3600A 
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The equivalent value of the test current 

was obtained from the relation : 

I 
eq. 

2 
I t = thermal stress which caused the melting, 

experimentally determined 

t = melting time, limited to the pre-arcing time, 

experimentally determined 

Figure 10 sums up the results of the 

tests carried out on the whole line of thermal 

overload relays. . 

rh~ where 

Each thermal relay is represented by a 

thick line, parallel to the axis of abscissas, the 

extremes of which define the current setting range of 

2 
the relay, while the value of the melting I t is 

plotted in ordinate. 

In the same graph, the values of the 

2 2 
melting I t of the fuses were plotted (pre-arcing I t 

2 
+ arcing I t at 500V), either of aM type or gG type, 

as a function of their rated current. 

The above-mentioned values of the fuses 

were taken from catalogues of some European 

Manufacturers. 

10 

10 

El 
10 

»—r~s 

10 

10 

10 

2345 10 2345 10 2345 10 2345 10 
Current setting range of the thermal overload relays and rated current of the fuses , A 

Current setting range of the thermal overload 

relays to be coupled with contactors having a 

rated operational current 6A to 125A 

• Manufacturer A of fuses aM 0,24A to 800A 

o Manufacturer A of fuses gG 2A to 800A 

▲ Manufacturer B of fuses aM 2A to 800A 

A Manufacturer B of fuses gG 8A to 800A 

□ Manufacturer C of fuses gG 6A to 160A 

2 2 
Figure 10 - Comparison of the I t causing melting of the heater element with the melting I t of the fuses 
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3. - CONCLUSION 

With reference to the above mentioned 

considerations, it is possible to evaluate 

graphically the rating of the fuse which guarantees 

the non-damage of the thermal overload relay when 

conditions of particular stress occur in presence of 

the above-described fault currents. 

2 
The I t let flow by the protective fuse 

has to be always lower than the melting I2t of the 

thermal overload relay. 

The Authors wish to thank Prof. G. 

Cantarella and Dott. G. Farina for their valuable 

advices. 

4. - REFERENCES 

(1) - Toniolo S.B., Cantarella G. : Protezione di 

contattori mediante fusibili. 

L'Elettrotecnica - N° 3bis , Vol. LV , 1968 

(2) - Cantarella G., Farina G., Tartaglia M. : 

Behaviour of contactors protected by fuses 

during short-circuit currents. 

Proceedings IEE , Vol. 124 , N° 12 , 1977 

(3) - Wright A., Newbery P.G. : Electric fuses. 

IEE Power Engineering Series 2 . 

Peter Peregrinus LTD , 1982 

(4) - Bellato G., Buccianti R. : Contattori di 

bassa tensions ; indagine sul mercato 

italiano. 

Elettrificazione, Febbraio 1987, pag.70-121 

(5) - Arato D., Cantarella G. : Risultati di 

prove di corto circuito su contattori e 

rischio di saldatura dei contatti. 

Rendiconti della LXXXVIII Riunione annuals 

dell'AEI , Catania 1987 - Memoria l.a.3 

(6) - Arato D., Cantarella G. : Contattori e 

avviatori in corto circuito. Prove secondo 

le norme. 

Elettrificazione, Marzo 1990, pag. 49-52. 

(7) - Standard CEI 32.1 , Aprile 1988 - Fascicolo 

1081 : Fusibili a tensions non superiors a 

1000V per corrente alternate e a 1500V per 

corrente continue . Parte 1° : Prescrizioni 

generali. 

Comitato Elettrotecnico Italiano . 

(8) - Standard C22.2 - N°14 - M1987 : Industrial 

Control Equipment. 

Canadian Standard Association. 

(9) - Standard UL508 - Septem. 1989 : Industrial 

Control Equipment. 

Underwriters Laboratories Inc. 

130 



_ ' 

COORDINATION OF FUSES-STARTERS : NEW STANDARDS, NEW NEEDS 
M. Bret 

Tdldmdcanique 

Rueil Mnlrnniaon France 

Summary 1.3 Applicable standards 

In the new contactors and motor-starters standard 

there are new coordination needs and requirements. 

The behaviour of the devices submitted to these 

requirements is analyzed in detail. Then, the 

consequences on the fuses and on their 

characteristics are considered in order the 

possible improvements regarding coordination. 

1 Introduction to Coordination 

1.1 General 

Issued since May 1990, 947-4-1, IEC standard 

requires that the manufacturer of a starter shall 

give the type of coordination of the product and 

the associated Short Circuit Protective Device 

(SCPD). 

Tests have to be done on starters and fuses 

following the conditions of 947-4-1 I EC standard 

in order to permit coordinated association. For 

this purpose, fuses standards are preparing guide 

of coordination to explain how to proceed. The aim 

of this study is to develop how the standards deal 

with coordination and what are the needs. 

1.2 Definition 

An assembly of two or more devices in series (e.g. 

SCPD associated with a contactor and an overload- 

relay) is coordinated if it is able to permit 

normal duty and to eliminate unexpected over- 

current under the following conditions : 

- Discrimination (selectivity) between over- 

current protective devices ensured 

- Effects on devices and on environment limited 

within acceptable limits (e.g.: no danger to 

persons) 

- Back up protection (cascading) between over- 

current protective devices in case of 

association with more than one short-circuit 

protective device (one protective device may 

assist one other in case of too high short- 

circuit current). This condition will no be 

analized in this study. 

Speaking about coordination between fuses and 

motor starters, the following international 

standards are to be taken into account : 

IEC 947-4-1 dealing with contactors and motor 

starters 

32B(Sec)112 : Application guide for coordination 

between fuses and motor-starters. It 

will be part of IEC 269 (dealing 

with fuses). 

IEC 947-4-1 replaces IEC 158 and IEC 292-1 and, 

although these two standards are well known it is 

preferred not to speak of them in this study 

2. Rules of the coordination 

Following the definition given in Sub-clause 1, 

coordination of protection between fuses and 

motor-starter implies verification of : 

a) that the rating of the fuses is adequate for 

the starter : that is for its rated 

operational current Ie under the 

corresponding voltage and utilization 

category (e.g. AC3 for starting and switching 

of motors during running). 

b) that the discrimination between the fuses and 

the overload protection of the starter 

(overload relay + contactor) is fulfilled 

c) that the protection is ensured: that is 

short-circuit cleared without unacceptable 

damage. 

These 3 points are developed here below : 

Regarding adequate rating a) of the fuses to the 

load it shall be checked that they can withstand 

expected currents for normal duty such as starting 

of motors, plugging, inching corresponding to the 

utilization category without any melting. 

Regarding discrimination b), it shall be checked 

that : 

- for small over-currents, only the overload relay 

shall operate (the fuses shall not) 

- for high over-currents, the fuses shall operate 

before the starter 
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Bad discrimination will happen in case of poor 

accuracy and/or too wide a tolerance of the 

tripping curve of the overload relay or of the 

melting curve of the fuses. So, if attention has 

not been given to discrimination, unexpected 

melting of the fuses may occur (sometimes inducing 

the customer to increase the fuse rating) and/or 

the withstand capabilities of the starter may be 

exceeded. In both cases the consequences can be 

damage to the assembly, or worse, to the whole 

installation. 

Regarding protection c), the standards allow two 

types of coordination, "1" or "2". For both of 

them, it is required that, under short-circuit 

conditions, there shall be no danger to persons or 

installation. In addition, it is said that. 

- For type "1", the starter may not be suitable 

for further use. 

- For type "2", the starter shall be suitable for 

further use, the risk of contact welding (of the 

contactor) is recognized, in which case the 

manufacturer shall indicate the measures to be 

taken as regards to the maintenance of the 

equipment. 

The purpose of this study is to consider mainly 

coordination type "2" and the corresponding 

requirements 

3. Requirements and procedures of Standard 

3.1 IEC 947-4-1 

The best way to consider the standard requirements 

is to analyse the specific needs of the tests. It 

can be noticed first that these are three phase 

tests contrary to single phase tests fuses : 

sometimes, this may induce some difficulties in 

finding the optimum fuse rating for the 

association. 

time 

woo 
Time/current characteristics 

l'-CO 

1000 

wo 

© cross-over point 
Ic 

lap 

I2t limit 

of relay 

k'le 1 2 5 10 

le = rated operational current 

^pigTlj Discrimination between overload relays (a) 

and fuse (b) 

Two tests shall be done, one with a current Id - 

0,75 Ic and one with Ic2 • 1,25 Ic, Ic being the 

current corresponding to the cross-over point of 

the overload relay and the fuse charateristics 

respectively. The power factors shall be those 

corresponding to the utilization category of the 

starter (e.g. 0,45 for AC3) under the nominal 

voltage 

It shall be verified that : 

- After the test Id the fuse has not operated and 

the overload relay has operated to open the 

starter. 

- After the test Ic2, the fuse has operated before 

the starter. 

3.1.2 Short-circuit test current 

3.1.1 Discrimination test current 

The diagram fig. 1 illustrates the tests : 

There are two test currents : 

- current "r" which is a conventional prospective 

test current related to the rated operational 

current Ie (AC-3), e.g. 3kA for 16 <Ie <_ 63A.The 

power factor has generally a higher value than 

those used to test the fuses (e.g 

cos phi ■ 0,9 for "r" current - 3kA) 

- current Iq, which is the rated conditional 

short-circuit current, stated by the 

manufacturer of the starter, withstandable 

satisfactorily by the association (e.g. 50kA). 

Note : Iq _> current "r" 
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For each of these short-circuit tests, the current 

is applied twice, the fuses being changed and, if 

necessary, the overload relay reset and any welded 

contacts separated between the two operations 

(Coordination type "2") 

The starter nay be replaced between teats at 

current "r" and tests at Iq. 

It shall be verified, after these tests, that the 

fault current has been successfully interrupted 

without any breakdown to earth (or the safety 

perimeter), without any damage to the conductors 

and without cracking or breaking of insulating 

parts. 

It shall also be verified that no damage has 

occurred to the overload relay (by checking its 

characteristics) and to the contactor (e.g. by 

checking the making - breaking capabilities after 

having separated welded contacts if necessary); 

the adequacy of the insulation shall also be 

verified by a dielectric test. 

3.2 32B(Sec)112 

This draft is mainly based on I EC 947-4-1. It 

innovates in the way that it gives tools to likely 

predict the behaviour of association type "2" 

between fuse and starter, that by comparison of 

characteristics of these devices. 

The characteristics taken into account are : 

- Peak-current of the fuse and of the contactor 

- I^t of fuse, overload-relay and contactor 

- Clearing-time of the fuses 

Fig. 2 and 3 (respectively starter and fuses 

charateristics) illustrate how to choose a 

suitable fuse rating to protect the starter 

assembly. 

The horizontal axes give the rated operational 

current le AC3 of the starters and the rated 

current In of the fuses. The vertical axes give 

peak-current and I2t corresponding values. 

Knowing the value of the current setting of the 

overload-relay II (II ■ nominal current of the 

load), it is possible to determine its I2t limits 

(A). Due to having a fixed AC3 rating for the 

contactors, the rating 12 of the contactor to be 

used is often higher than that of the overload 

relay (12 2 II). The corresponding peak current 

limit (B) and the I2t limit (C) are shown on 

fig.2.Then, by comparison of these (D), (E) and 

(F) of the fuses, find the appropriate fuse 

rating (only the smallest rating, (II), is valid). 

These I2t and peak charateristics are commonty 

used for fuses but not usually used for contactors 

and overload relays: the next clause will give an 

explanation of this new approach. 

Test current : lq=50kA-440V-3 phases Test current : lq=50kA-440V-3 phases 

     _/_ 
overload relay 

totoi 121 
maximum clearing I2t 

contocteur I 

total I2t i 

maximum 

peak let-through 

current 

contocteur maximum 

peak current 

— le 

1000 

Rated operational curren le AC3 (A Rated current In (A) 

Fuses characteristics Starter characteristics 
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4, Behaviour and naeda of contactors and 

overload relays 

4.1 Overload relays 

The withstand limit of overload-relays is given by 

withstandable l2t. Although this limit may depend 

on the short-circuit current, a value of 100 Ie2 

can be withstood by main overload-relays for the 

highest short-circuit currents (values of more 

than 400 Ie2 are often vithstandable). This limit 

is to be taken in account for currents higher 

than lap (e.g. see lap » 17 Ie on fig.l). 

4.2 Contactors 

Regarding discrimination problems, it shall be 

verified that the breaking capacity of the 

contactor is higher than the crossover current Ic 

(see fig.l) 

Regarding short-circuit currents area, the 

behaviour of the contactor is more complex, and 

can be illustrated by fig. 4. 

The electrodynamic forces increase approximately 

in proportion to the square of the intensity of 

the current. When the force applied on the moving 

part of the contact is large enough, this 

separates from the fixed part : this is the 

repulsion phenomena. An electrical arc occurs and 

the contact material melts around the feet arc 

area. When the intensity decreases, the distance 

between the fixed and movable contacts decreases 

also until it closes again. When the molten metal 

solidifies there is welding of the contacts (see 

Fig.4a). Depending on the "quality" of the 

welding, the contacts can or cannot be separated. 

This "quality" depends on the quantity of molten 

metal that is depending on the energy developed 

during the repulsion of the contact, or, in other 

terms, on the intensity of the current and on the 

arc voltage and duration. Other phenomena can also 

be great big influence on the welding. 

For example, if the current is cleared when the 

contacts are still separated (e.g. due to their 

inertia delaying the instant of reclosing), the 

molten metal may have solidified before the 

reclosing avoiding the welding of the contacts. 

That is illustrated by fig. 4b. 

This behaviour is theoretically quite complex but 

can be practically resolved in a simple way for 

the user. 

(aeporotion) 
important ore with 

large separation 

ped [A: 

welding when 

reclosing 

X 
prospective 

/ V / 

limited 

fl. “A Behaviour of contacts under 
^r ig.4oj badly limited current 

("separation) (important ore") 

no welding 

when reclosing 

pa pa 

pa DQ'- 
< / V / 

prospective 

current 

limited 

current 

(Fig.4b) 
Behaviour of contacts under 
limited current 
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Having done several short-circuit tests, the 

manufacturer knows the vithstandable current's 

characteristic curve of the starter. These waves 

such as those of Fig. Ab can be described by their 

peak, their IZt and their approximate duration. 

Then, by analyses on several ratings of starter, 

it becomes possible to draw characteristic limits 

as shown on fig. 2. 

It must be noticed here that limits given for one 

short-circuit prospective current under one 

voltage (e.g. SO kA, 400 V) cannot be extrapolated 

to other short-circuit conditions (e.g. 3 kA, 500 

V) because the shape of the current characteristic 

is generally different. 

S. Consequences and requirements for the 

associated fuses 

5.1 Time - current characteristic 

The fuse characteristic must be selected such that 

the cross over point Ic (see fig. 1) is greater 

than the actual starting current ; IEC 947-4-1 

requiring the overload relay to trip between 2 or 

4 seconds and 10 seconds at 7,2 times Ie (Trip 

class 10A or 10 relays), it is hoped that the 

fuses can withstand these values without melting 

to be easily coordinated regarding this need. 

The minimum breaking capacity of the contactor 

being 10 times its rated AC4 current (IEC 947-4- 

1), it is very convenient to have Ic < 10 Ie to 

minimize the size of the contactor. 

5.2 Peak-current characteristic 

A better coordination is expected with a better 

limitation of the fuse (lower peak-current and 

IZt). But, in order to compare the fuse and the 

starter characteristics, these should have been 

obtained using the same conditions. For lower 

short-circuit current tests (e.g. 1 kA) the power 

factor (0.95) needed for coordination is higher 

than those (0.25) generally used for obtaining 

fuse limiting curves. The actual peak currant 

limitation may have a value more than 20% higher 

than those shown on the fuse characteristics 

declared using the lower power factors in the IEC 

269 standard. Fig. 5 shows, for prospective 

currents of 1 and 3 kA, the influence of power 

factor on peak current for different rating of 

fuses. Revised characteristics according to IEC 

947-4-1 needs should be a useful improvement for 

determining coordinated associations. 

1(269) * I peak with IEC 269 power factor ( 0.25 ) 

1(947) - I peak with IEC 947 power factor ( depending on Ip ) 

1(269) 

1(947) 

'■o_. 

^ip - 1 kA ( co, -0.25/0.95 ) 

3 kA ( co, -.025/0.9 ) 

Ip ■ prospective short—circuit current 
fuse rating (A) 

(W) Influence of power factor 

on limitation 

5.3 IZt characteristics 

For the same prospective short-circuit current 

with the total IZt are generaly lover with high 

power factors (e.g. 0.95) than Which low ones 

(e.g. 0.25). So, the knowledge of total fuses IZt) 

corresponding to test conditions of motor-starter 

standards should be of great interest to 

predetermine more accureetely coordination, and to 

optimize the choice of the different devices (It 

shall be remind that decreasing total let-through 

IZt may conduct to the choice of a smaller rating 

of the starter). 

5.4 Clearing time 

Long values of clearing time increases the risk of 

welding because the contacts of the contactor may 

reclose when there is melted metal due to the arc 

(case of fig. 4a). For coordination with a starter 

it is often preferable to use a fuse with 

slightly higher peak current and IZt but shorter 

clearing time than the opposite. By clearing time, 

it can be considered, for the contactor, that the 

current is cleared when it becomes a few percent 

less than its limiting peak value (e.g. 5%). 
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As this value is quite difficult to obtain, it can 

be easier to use instead the ratio 

0.5 I2t/(I)2 - with I2t the total I2t and I the 

limited peak current - by assuming that the 

limiting curve is a part of sinusoidal waveform. A 

good ratio for test currents should be : 

- currents "r" : 0.5 I2t/(I)2 <6 ms 

- currents "q" : 0.5 I2t/(I)2 <5 ms 

5.5 Test voltage 

In the case of a short circuit between phase and 

neutral, the supply voltage is V - 0/30'5 

In the case of a phase to earth short circuit, it 

is the same (except for a very small percentage of 

networks having one phase connected to the earth). 

In the case of a short circuit between 2 phases, 

the full voltage is withstood by 2 fuses in 

series, that means each fuse has to withstand D/2 

or, if only one operates, it has to withstand 1,5 

times the phase to neutral voltage due to the 

neutral point displacement voltage, 

that is 1,5 V - D x l,5/3°>5- 0,87 D. 

The same condition appears in case of a 3 phase 

short-circuit. 

That means that it could be of interest to take 

the limiting characteristic corresponding to,0,87 

of the nominal voltage of the fuses to optimize 

the coordination. 

71. Conclusion 

The new contactors and motora-starters standard 

(IEC 947-4-1) gives coordination requirements and 

that insolves some consequences for uses. In 

particular, attention should be taken regarding : 

- time current characteristics (discrimination 

problem) 

- limiting characteristics (short-circuit 

consequences on the starter) 

- conditions of test (power-factor, voltage ...) 

In order to facilitate ethe interpretation of this 

Standard, an application guide of coordination is 

under preparation. It will be of good help, mainly 

if users know the mechanisms of coordination. It 

will be a very useful tool to : 

- estimatee the rating of fuses and starters to 

establish tables of coordinated devices 

- compare different kind of fuses (e.g. fuses used 

for direct tests with others) 

- choose device in order to do verification 

coordination tests 

Due to the needs and requirements regarding 

coordination, a new philisophy of coordination 

will appear and more adapted fuses characteristics 

will appear in the futur. 
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’aM" FUSE AND ITS COORDINATION WITH STARTERS 

R. Deshayes 

Ferraz 

Lyon, France 

ABSTRACT 

The coordination between fuses and contactors/motor 

starters requires a full knowledge of the behaviour of 

all components so that the contactor and its relay are 

not damaged during fault conditions. 

The new IEC 947-4-1 Publication deals with 

contactors/motor-starters and the IEC 269-1 and 2 

deal with "aM" fuses used in combination with them. In 

fact, these two documents are not correctly 

harmonized. 

This paper emphasizes the lack of assets of the 

International Standardization in the field of "aM" fuses. 

On one hand the information given by [EC 269-1 and 2 

Publications do not allow a good assessment of the 

coordination between starters and fuses. On the other 

hand the electrical characteristics of these fuses are 

not up to date. 

This leads the author to advise new tests to verify 

"aM" fuse characteristics, mainly l2t and peak let 

through current, and to suggest new values for them. 

Moreover it is shown that these actual characteristics 

are good enough to get the best coordination with 

starters. 

INTRODUCTION 

When a motor starts, a peak current appears, which 

can reach 25 times the load continuous r.m.s current 

during the first sinusoidal half-wave. 

It is followed by a starting time of around 6 times the 

normal current of motor. When the speed has reached 

a steady state, the current recovers its normal value. 

The protective device must stand these overloads 

without operating or ageing. Moreover, when these 

overloads last longer than the normal starting time or 

when there is a fault creating higher overcurrents, it 

must ensure the protection of cables, motor and 

starter. 

To meet these requirements, one combines with the 

contactor a relay or a release that operates in case of 

an overload or phase loss, and a short-circuit 

protective device (SCPD) which operates above the 

breaking capacity of contactor. 

Fuss 

Contactor 

Relay 

M I Motor 

Figure 1 : Motor circuit diagram 
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diagram fig. 1 is achieved. 



FUSE-STARTER COORDINATION COORDINATION TESTS 

Figure 2 : Coordination of protections 

I EC 947-4-1 Publication on low voltage motor starters 

has foreseen some tests to check the coordination of 

the protections of starter-fuse assembly. 

Two types or levels of coordination are considered : 

- Type "I" admits that the starter, after a short-circuit, 

may not be capable of operating without repair or 

replacement of parts. However, it must not cause any 

danger to people or installations. 

- Type "2" requires that in short-circuit condition the 

equipment does not cause any danger to people or 

installations and be capable of ensuring its function 

afterwards. 

The risk of contact soldering is admitted. In this case 

the manufacturer must stipulate the measures to be 

taken as far as the equipment maintenance is 

concerned. 

Two tests are foreseen to check this coordination : 

Fig. 2 illustrates the combination between fuse- 

contactor-relay where the various curves represent : 

(1) starting current of motor 

(2) relay operating curve 

(21 maximum admissible thermal stress of relay 

(3) time/current characteristics of fuse 

(4) protective limit of bus-conductors 

In this combination the relay protects the circuit 

against overcurrents lower than the breaking capacity 

(Pc) of the contactor. Actually, it operates for currents 

below the point (5) absciss. For example, it must let 

the motor starting current (I) pass through, but has to 

limit the duration in order to protect the cables, motor 

and fuses in case of rotor blocking. It is the same in 

case of a phase loss. Above point (5) fuse (3) breaks 

the circuit by limiting the peak current and I2t of 

current wave to avoid the damage of contactor 

contacts by excessive energy (repulsion with arc) and 

of relay and cable by thermal effect (l"t). 

- One test at the conventional current "r" precised in 

the table 3 hereafter, corresponding to a condition 

often severe for the contactor. 

Fig. 3 : Prospective current "r" 

Rated 
operational 
current (A) 

Prospective 
current V 

(kA) 

Power 
Factor 

0 < le < 16 
16 < Ie < 63 
63 < Ie < 125 
125 < Ie < 315 
315 < Ie < 630 
630 < Ie < 1000 
1000 < Ie < 1600 
1600 < Ie 

1 
3 
5 
10 
18 
30 
42 

Agreement of 
manufacturer/ 

user 

0.95 
0,9 
0,7 
0,5 
0,3 
0,25 
0,25 

- One test at the prospective short-circuit current "Iq" 

if it is higher than "r". "Iq" is the combination 

conditional short-circuit current, i.e. the value of the 

prospective current that the starter combined with its 

SCPD can withstand satisfactorily. 
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During these two tests at currents "r" and "Iq" the fuse 

operates before the relay. We are far above point (5) 

of Fig. 2 in an overcurrent zone where the fuse acts as 

a limiting device. The behaviour of the contactor and 

the relay depends on its limiting speed and the values 

of the cut-off current and the operating l2t of fuse are 

of first importance in the result. 

If the starter manufacturer wishes to foresee the 

chance of the starter-fuse combination good operation 

he needs to know the fuse performances (operating l2t 

and cut-off current) in the same operating conditions 

as above. 

OPERATING CHARACTERISTICS OF "aM" FUSE 

Publications 269-1 and 2 define the test conditions and 

characteristics to be respected or to be issued for "aM" 

type fuses generally combined with starters. 

Fie- 4 TABLE XII A of IEC 269-1 Publication 

However, these performances cannot be used to study 

the behaviour of contactor because they are too far 

from these of starters. 

As a matter of fact, the current "I," of Table XII A of 

Publication 269-1 (Fig. 4) must be compared with the 

current "I " defined above. However, the combination 

test which is carried out in three-phase conditions 

leads to very favourable results (I2t, peak current) in 

comparison with these of single-phase fuse test. 

Besides, the current "l„" of the same table is close to 

current V but the power factor differs a lot. which 

cannot be justified in a technical point of view because 

both devices are combined on the same circuit to be 

protected. 

At last, for the same reasons as above, one can also 

have a favourable behaviour of fuse in three-phase 

conditions. 

Values for breaking-capacity tests on a.c. fuses 

Test according to Sub-clause 8.5.5.1. 

No. 1 No. 2 No. 3 No. 4 No. 5 

Power frequency 
recovery voltage 

+ 5 
110 of the rated voltage 

Prospec- 
tive test 
current 

For Y 
fuse-links 

For "a" 
fuse-links 

I3 - 3.2 If 

I3 - 2.5 kj Ir 

I4 = 2.0 If I5 = 1.25 If 

Is = ko I. 

Tolerance on current +10 
- 0 % Not 

applicable ±20% 
+20 
-0 

% 

Power factor 
0.2-0.3 for 
prospective 
current up 
to and 
including 
20 kA 

0.1-0.2 for 
prospective 
current 
above 
20 kA 

Same 
range as 
used for 
test No. 1 

0.3-0.5 

Making angle after 
voltage zero 

Not 
applicable 

+20° 

-0 

Not specified 

Initiation of arcing 
after voltage zero 

For one 
test: 
40° - 65 ° 

For two 
more tests : 
65° - 90 ° 

Not 
applicable 

Not applicable 
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NEW PROPOSALS FOR IEC 269-2 PUBLICATION 

It seems then necessary to plan some tests for fuses, 

enabling a comparison of the operating l2t 

characteristics and cut-off current of fuses with the 

values wished for the contactors. For this, the tests 

already prescribed should be completed or modified as 

follows : 

a test should be prescribed at a current 

corresponding to the rated breaking capacity of fuse 

but at a voltage equal to the voltage between phases x 

3:2 = 0,866 x U between phases. 

v: 

Figure 5 : Applied voltage during 
a three phase fault 

D = middle point of BC 

This value is generally admitted as the maximum 

voltage that a single fuse has to break during a high 

current three-phase fault (Fig. 5). 

As most of these fuses are used under a three-phase 

voltage close to 400 V, the test voltage would be : 440 

x 0.866 = 380 V. For a fuse with a rated voltage of 

690V, the test voltage would be : 760 x 0.866 = 660 V. 

The operating l2t achieved during these tests will be 

useful for the study of coordination with contactor. 

- in the same way. the fuse must be tested at the 

current "r" with the power factor of table Fig. 3 and 

under a voltage of 0.866 time the voltage applied 

between phases. 

The values achieved of total operating l2t and cut-off 

current shall be used for the study of coordination 

with contactor. 

RESULTS ACHIEVED WITH "aM" FUSES TESTED IN 

THE ABOVE CONDITIONS 

Test of current "r" 

We have tested "aM" fuses 500 V designed in 

accordance with the present IEC 269-2 Publication 

under a voltage of 380 V corresponding to the 

maximum value of the voltage applied to a fuse in case 

of a three-phase fault, in a 400 V network. 

A rating has been tested in each rating range precised 

in the first column ot table Fig. 3, at the specified 

current "r" and power factor. I2t values and cut-off 

current have then been extrapolated to achieve the 

values corresponding to the other ratings of the range 

as follows : 

l2t for lNj rating = l2t for l^2 rating/^. N ,■ 

/ 

Im for IN] rating = Im for 1N2 rating 

thus considering that each range is homogenous. 

The results have then been plotted on the graph Fig. 6 

(see annex) in comparison with the withstand 

capabilities of contactors and overload-relays 

extracted from the document ref. n° 3. 

One can thus check that the "aM" type fuses protect 

perfectly the contactors of the same rating to which 

they are combined because the cut-off currents and 

operating l2t of fuses are always lower than the 

withstand capabilities of contactors. The most critical 

device seems to be the 63 A rating for which the fuse 

performances reach exactly the withstand capabilities 

of contactors. 

Jit, 
jut 
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Test of current "la1 

Likewise we have tested these "aM" fuses 500 V at the 

prospective current "Iq" we have selected at 50 kA. 

which corresponds to the maximum current achieved 

in most applications. Under a voltage of 380 V and at a 

power factor of 0.2. the results achieved are as 

follows: 

l2t = 10 x ;N
2 

Im = 600 (1N,)M 

Where : 

lN = Fuse rated current 

I2t = Operating I2t under the specified conditions 

Im = Cut-off current 

These values are plotted on graph Fig. 7 (see annex) 

together with the withstand capabilities of contactors 

and overload-relays (document ref. N°3). This graph 

shows that the protection of contactors is well 

ensured on all the rating range. 

"aM" FUSE MELTING CURVE 

One must also examine the selection of the gates of 

the "aM” fuse time-current characteristics. 

If one observes Fig. 2, one notices that the fuses has to 

withstand the motor starting, i.e a first half sinusoidal 

wave with a peak value that can reach 25 times the 

rated current, or the r.m.s value 18 times the rated 

current, for around 15 ms (symmetrical wave), 

followed by the starting current. 6 times 

approximately the rated current for 10 seconds. 

The fuse must also operate before the relay above the 

breaking capacity of contactor. To respect this 

condition, the gate 12.5 IN within 0.5 second maximum 

is suitable. 

Besides, in case of relay failure, the upper gate 6.3 1^, 

has to be maintained for 60 seconds maximum. 

We thus get the gates of figure 8 which we consider 

satisfying for most applications. 

f (sl 10' 

Pour tous l es courants 

assignes. 

For all rated currents 

de mar rage 

moteur.N 

l\ motor start 

balise max 
max gate. 

* 

10’, 2 3 5 61 9 10’ 
k. k. k. 

3 4 S 6 8 

xln 

Fiq.8 - Zone temps-courant "aM " 

CONCLUSIONS 

The "aM" type fuse ensures an efficient coordination 

with the contactors and relays to which it is 

combined, which confirms the current practive. The 

combination rule is very simple as the fuse rated 

current is equal to the rated operational current of 

contactor. 

However, a modification of the 269-2 Publication of I EC 

is required in order to line up the test conditions of 

fuses with those of contactors and to take into 

account the actual performances of fuses that are now 

found on the market and that are appreciably better 

than these required by the current standards. 
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I. Introduction 

The motor controller plays an extremely important role in the 
operation and protection of motors and motor circuits. The 
importance of motors and motor circuits in the everyday oper- 
ation of cannercial and industrial facilities demands the need 
for proper protection. 

Several factors can determine the optimal performance of a 
manufacturing facility. Included in these factors, but not 
limited to them, are the ability to meet production schedules, 
and the ability to reduce operating costs. This paper will 
analyze one method of protecting TEC (International 
Electrotechnical Cannission) controllers to enhance these two 
important factors necessary for optimal performance. 

Proper protection requirements dictate that controllers, motor 
circuits, and the motor should be protected from short circuit 
damage, overload damage, and single phase damage. No design 
schare, no matter how expensive or well planned, can prevent 
short circuits, overloads, or single phasing. However, the 
designer does have the ability to protect against the damage 
caused by these overcurrent conditions. This paper will offer 
the following recommendations to achieve optima protection. 

1) The TEC philosophy of TVpe 2 coordination requires "no damage", 
short circuit protection of the TEC controller. The controller 
must be capable of being placed back into service following short 
circuit tests per the IEC publication 947-4 [1]. U.L. 
(Underwriter's Laboratories) Time Delay Class J fuses can provide 
Type 2 protection. (The other level of protection is Type 1, 
Midi will normally allow damage that requires replacement of the 
controller). 

2) The North American philosophy of "back-up" motor overload 
protection offers the components a second level of protection from 
overload and single phase damage. The significance of this 
back-up philosophy becomes apparent should the controller fail to 
open the circuit. Welded contacts, or miscalibrated relays are 
two reasons this can happen. Dual-Element, Time-Delay fuses sized 
slightly larger than the overload relay, will provide this extra 
level of protection for most cannercial and industrial motors. 

II Branch Circuit Protection Alternatives 

Several protection alternatives are available to the original 
equipment manufacturer, or system designer. Table I lists the 
tost popular alternatives, and their sizing (rating) philosophies 
based on motor full load current (ETA). 

Table I 

Device Type 

Motor Circuit 
Protector 

Fast Acting, 
Silver Sand* Fuses 

&oal-£lsnant, 
Time-Delay 
Class J** 

Hating  
% of 

(motor FLA) 
7mr 

300% 

125% 

Level of Protection 
TEC Type 

T"~ 
Description 

Short Circuit only 

Short Circuit only 

Short Circuit 
Back up single phase 
Back up overload 

*This refers to the fuse's construction of pure silver links (99.9% 
pure) and a sand filler material. 

** Class J Fuses are currently under consideration for inclusion 
under TEC publication 269. 

The balance of this paper will compare the performance of motor 
circuit protectors, fast acting fuses, and Dual-Elanent, Time-Delay 
fuses, per the guidelines in Table I. This analysis will be based 
upcxi how well each of these devices protects the motor controller, 
the motor circuit cccponents, and the motor. We will refer to 
Figure 1 to aid in our comparisons. This reflects components used 
in a typical 10HP, 3<J, 460 volt, 14 Anp, 1.15 S.F. motor circuit. 

1000 

Z 10 
Crossover 
Range 
In- 7-10*1 I Vc7 

\ 
5' 

2 § I c 
CURRENT IN AMPERES 

Motor and Motor Circuit 
Damage Protection. 
10 H P @ 460V 30 

Legend: 
■J Motor Start 
2 Overload Relay 
3 Motor Damage 
4 412 Wire Damage, 
5 Thermal Withstand Limit 
g Contactor Breaking Current 
j Contactor Withstand 

This figure illustrates several characteristics that should be 
identified: 

Controller - Overload Relay (2) 
Contactor Breaking Current (6) 
Crossover Range (Ic) 
Thermal Withstand Limit (5) 
Contactor Withstand (7) 

Motor Circuit - #12 Wire Damage (4) 

Motor - Motor Start (1) 
Motor Damage (3) 

New let's compare the performance of various protective devices. 
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Acting, Silver Sand Rises. Figure 3 

II 

2. Fast- 

er ossover 
Point 
I c r> 5 x If* 

Z 10 

v\ 

2z3 
CURRENT IN AMPERES 

Motor Circuit Protector 
(700% FLA) 

Legend: 

1 Motor Start 

2 Overload Relay 

3 Motor Damage 
4 ft 12 Wire Damage 

5 Thermal Withstand Limit 

6 Contactor Breaking Current 
7 Contactor Withstand 

8 MCP (700%) 

A fast. acting fuse is one whose characteristics do not exhibit 
intentional, built-in time delay during harmless inductive surges 
(motor starting currents, transformer magnetizing current etc). 
Because of this lack of time delay, fast acting fuses are 
typically sized at 300% [2] of motor FLA, to prevent nuisance 
tripping on motor start-up. However, unlike the MCP, they can 
exhibit superior short circuit performance due to die silver 
strips and sand filler material. This is referred to as current 
limitation. Vhen operating in their current limiting range, these 
fuses can reduce the damaging energies associated with short 
circuits. If the characteristics are fast enough, they can 
protect the motor circuit canponents, and the motor controller. 
In many cases, these fuses may provide Type 2 protection for the 
controller. TLo significant points relative to protection can be 
made here - (Note Figure 3) 

a. let-thru energy for fast acting fuses, although within type 2 
limits, will generally be higher than properly sized, lower 
rated time delay fuses of the sane class. 

b. Fast acting fuses sized at these values offer no back-up 
overload protection for the motor circuit. If the relays are 
unable to operate during an overload or single phase 
condition, the controller and other ccnponents may be 
subjected to excessive heating, and damage. 

1. Motor Circuit Protector - Figure 2 

A motor circuit protector is a magnectic only (short circuit only) 
device that will operate under short circuit conditions in excess 
of its instantaneous trip setting. To allow a motor to start, and 
prevent nuisance tripping, typical trip settings are 700% - 1300% 
[2] This device typically takes 1/2 cycle of short circuit 
current to operate. Unless otherwise noted, these are not 
considered to be current limiting devices. This brings up two 
significant points relative to protection - (Note Figure 2) 

a. This device typically affords Type "1" protection under short 
circuit conditions due to the 1/2 cycle or greater opening 
time (Note the intersection of the contactor withstand curve 
with the MCP curve at the .01 second level) This type of 
protection will require ccoplete replacanent of the 
controller, and 

b. MCP's provide no back-up overload protection for the motor 
circuit. If the relays are unable to operate in an overload 
or single phase condition, the motor and other components can 
be subjected to excessive heating. 

IUOO 

00 

zio —Crossover 
Point 
lc 10s IR 

—\ 5 

CURRENT IN AMPERES 
n«u>«a. 

Fast-Acting Fuse 
(IEC) (300% FLA) 

Legend: 

1 Motor Start 

2 Overload Relay 

3 Motor Damage 
4 #12 Wire Damage 

5 Thermal Withstand Limit 

6 Contactor Bieaking Current 
7 Contactor Withstand 

8 Fast Acting Fuse 45A 

Crossover 
Point 
Ic = flxle 

Z 10 

CURRENT IN AMPERES 

Dual-Element, 
Time-Delay Fuse 
(125%) - Class j 

Legend: 

1 Motor Start 

2 Overload Relay 
3 Motor Damage 

4 #12 Wire Damage 
5 Thermal Withstand Limit 

6 Contactor Breaking Current 
7 Contactor Withstand 

g Low-Peak, Dual-Element, 

Time-Delay 17'/2A 

3. Dual-Element Time Delay Class J Rises (Figure 4) 

A Dual-Element Time-Delay fuse is one whose characteristics 
have an intentional, built-in delay to withstand harmless 
inrush currents. This Dual-Element design has two separate 
elaiients inside one fuse tube. A spring activated trigger 
assembly with a heat absorber operates during overloads and 
single phasing, when sized properly to protect against these 
conditions. A second element, comprised of a short circuit 
strip (typically siver) surrounded by sand, operates mxler a 
short circuit condition to protect frem damaging high fault 
currents. Short circuits typically occur during the initial 
start-up of a piece of equipment, or when a maintenance man is 
working on the quipment. 

Sizing Dual-Elenent Time-Delay Class J fuses at 125% [2] of 
motor FLA, or the next size larger if 125% does not correspond 
to a fuse size, affords several distinct protection advantages 
to the controller, motor circuit, and motor (Note Figure 4) 
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a. They provide Type 2 protection under short circuit 
conditions, due to their excellent short circuit let-thru 
values. This type of protection does, by definition, 
require that the controller be reusable following fuse 
replacement. Note that relay calibration shall not be 
affected. 

b. They provide practical, inexpensive back-up overload 
protection for the motor circuit. If the relays are 
unable to operate in an overload or single phase 
condition, properly sized fuses will open before the 
motor damage curve is reached. This sizing philosophy is 
based on the fuses and relays being sized upon the actual 
running current of the motor, if the motor is not fully 
loaded, or the motor nameplate current. 

A further study of Figure 4 shows that several other benefits are 
established when utilizing 125% sizing: 

c. The Dual-Elament Time-Delay design allows the motor to 
start up, even though 125% sizing is used. 

d. The motor circuit conductors are protected from short 
circuit and overload damage. 

e. Contactor withstand and contactor heating curves are 
within the protection capabilities of the fuse (which 
relates directly to Type 2 protection). 

f. The crossover point (Ic) is between the optimum 
coordination limits of 7-10 times contactor ratings. 
For overloads up to this value, the relay should operate 
first. If the relays do not operate, for whatever 
reason, the backup Dual-Element Time-Delay Class J fuse 
will open before the motor damage curve is reached. For 
short circuits above this value, the fuse short circuit 
element will operate, protecting the motor controller 
and components from damage. 

III. Additional Benefits of Back-up Overload Protection 

This paper has dealt with the Class J protection advantages 
of the motor circuit and its components. There are other 
economic considerations that make this back-up overload 
philosophy attractive. These include: 

- Reduced downtime 
- Reduced Installation costs 

1. Reduced Downtime 

Burned out motors are often the result of Improper 
protection. Overloads and single phasing are major causes of 
these failures. If overload relays became miscalibrated, the 
motor loses a major degree of overload protection. If the 
contacts in the motor controller weld, the relays will offer 
no protection for the motor. Back-up overload protection 
with Class J fuses will operate independently of these 
controller problems, and protect the motor from overload and 
single phasing damage - protection that is Impossible with 
300% sizing of fast acting fuses, and 700% sizing of MCP's. 

There is less downtime, and lower replacement costs, in 
changing Dual-Element Time-Delay Class J fuses, as opposed to 
changing a burned out motor. The type of facility and the 
processes involved will determine what the downtime can cost. 

2. Reduced Installation Costs 

Sizing Class J Dual-Element Time-Delay fuses for back-up 
protection will result in lower fuse ratings than those sized 
at 300% of motor F1A. This may result in lower fuse costs, 
lcwer fuseblocks or disconnect costs, and less space. 

To explain let's look at an exaiple: 

10HP, 460 Volt, 3 Phase Motor 
14 Ampere FLA 

Alternative A - Fast Acting Fuses sized at 300% 

Cost * extended 

3 - 4QA Rises $42.09 
1-3 Pole 6QA Block 15.82 

Total Cost $57.91 

Alternative B - Dual-Elament Time-Delay Rises 
sized at 125% 

Cost * extended 
3 - 17-1/2 A Rises $22.11 
1-3 Pole 3QA Riseblock 15.41 

Total Cost $37.52 

* Suggested resale of one manufacturer's product. 

The use of Dual-Element Time-Delay fuses has reduced the initial 
installation cost of these devices by 35%. 

TV. Summary 

IEC controllers, motor circuit components, and motors can be 
damaged due to overcurrents. The specification of Class J 
Dual-Element Time-Delay fuses offer several advantages, if 
sized for back-up overload protection. 

1) Type 2 protection, under short circuit conditions, for 
the controller. 

2) Back up protection under overload conditions. If the 
relays are ndscalibrated or the contacts weld, the fuses 
can open to protect the motor, motor circuit, and 
controllers. 

3) Back-up protection under single phasing conditions. If 
the relays are miscalibrated for the contacts weld, the 
fuses will open to protect the motor, motor circuit, and 
controller. 

4) Reduced downtime after an overload or fault condition. 
Resetting of overload relays, or replacement of back-up 
fuses, is more cost effective than replacing motor 
circuit components, or a burned out motor. This "second 
line of defense" will decrease the need to replace burned 
out motors that have seen an overload or single phase 
condition. 

5) Reduced installation cost due to lower fuse ratings and 
lcwer fuseblock ratings. 

No other overcurrent protective device offers all of these 
advantages in protecting motor circuits vMch utilize IEC 
controllers. 

REFERENCES 

[1] IEC Publication 947-4: Lew Voltage Switchgear and 
controlgear, Part 4: Contactors and Motor Starters. 

[2] National Fire Protection Association' NFPA 70-1990 
"National Electrical Code" 
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THE DISTRIBUTION OP CONSTRICTIONS IN CORRUGATED FUSE-ELEMENTS 

J. Oesowicki and K. (Jwidak 

Electrotechnical Institute, Gdahsk, Poland 

SUMMARY 

The paper presents preliminary experiments 

results of an eff ect of constrictions 

positioning in the h.v. corrugated strip 

tape fuse-elements on the overload current 

breaking process 

1. INTRODUCTION 

The fuse-elements in h.v. fuse-links, with 

ratings above 100 A, consist of several 

parallel silver (Ag) or, rather rarely, 

copper (Cu) strips. For the reason of 

interrupting phenomena these fuse-elements 

are usually longer than the fuse-body. A 

rate of both lengths reaches up to 5 and 

generaly depends on the voltage ratings as 

well as on the fuse design. The lengtheing 

of a fuse-element can be obtained by a 

winding of the fuse-strips on a ceramic 

support or by corrugating them. In the case 

of corrugated fuse-elements a lengthen rate 

is no more 1.8. 

The main draw-back of the first (winding) 

design is the space inside of a fuse-body is 

not effectively used (with regard to arc 

quenching phenomena). On the other hand in 

the design of parallel corrugated strips it 

is of rather limited rigidity. A thermo- 

-mechanical endurance when ageing during the 

multiple overloads was one of the problems 

intensively investigated up to now. One of 

the latest publication 111, by Namitokov, 

Ilyina, and Shkiovsky, gives in this matter, 

a very important theoretical approach, which 

shows that with respect to ageing the best 

positioning of constrictions shall be on 

flat parts located between bent sections. 

But a thermo-mechanical endurance of the 

elements, mentioned above, is one aspect of 

the proper distribution of the constrictions 

only. Not the less there is also important 

the question how this distribution impacts 

on the breaking capacity. That is why 

authors decided to search this problem 

experimentally because there are no test 

data sufficient enough to analytical 

approach. 

For the being time our tests were limited 

to the interruption of overloads 

corresponding to the pre-arcing time of 

about 0.1 to 120 seconds. 

The paper gives results of model test of 

h.v. motor-protection fuses, with rating 7.2 

kV a.c., containing 6 parallel copper 

currugated strips, which are fixed, each to 

the separate insulation support. 

2.TEST CONDITIONS 

The test were carried out on a model h.v. 

fuse-link 292 mm long, outer diameter 82 mm. 

As the fuse- elements were used corrugated 

copper strips with constrictions as shown in 

Fig. 1. The rigidity problem of corrugated 

model strips was partially solved by fixing, 

in several points, of eadh strip to the 

separate support. Quarc sand of granulation 

of 0.2 to 0.5 mm was applied as an arc 

quenching medium. Its basic chemical 

composition was: 99.24% SiO^, 0.22% 

A1 O +TiO , 0.05% Fe O and 0.1% CaO. When 
2 3 2 2 3 

filling with sand, the fuse-links were 

subjected to shaking to provide minimum 

porosity 121. Two types of the copper 

corrugated strip-elements were investigated. 

The distinction between each type depends on 

a location of the constrictions on the folds 

of a fuse-element [Fig 21 An active length 

of the fuse-elements was of 450 mm and a 

thickeness of 0.18 mm. The elements 

were composed of six strips, each 6_Q os
mm 

wide. Every strip contained 43 constriction 

rows, the constriction rate was 1:6.7. The 

distance between every next constriction 

axis was of 10 mm. The formed fuse-elements 

were placed inside the fuse-body uniformly 

so, that the minimum distance between the 

near edges of adjacent strips as well as the 

minimum distance from the inside part of 

insulation body were at least 6mm. This 
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a) 
m 
O' 

420 

10 

■\r 

b) A 
12.4 

260 

Fig. 1 Tested fuse-elements. a) shape, b) 

corrugation 

arranging of strip-elements inside the 

fuse-body C43 allows to reach relatively low 

overload breaking capacity, at which the 

pre-arcing time is around 200s as well as to 

reach relatively high breaking capacity, at 

least of 50kA. 

b / 

Fig. 2 Constrictions distribution 

In consideration of costs, preliminary 

experiments were carried out on model 

fuse-links 70mm long inside of which single 

copper strip fuse-elements 100mm long of 

cros-section 6x0.2mm2 were inserted. The 

fuse-element constrictions were distributed 

on the eight V-shape folds giving the 

constriction ratio of 1:7. Two utmost 

distributions were investigated on an every 

top and in the middle of the V-shape. Test 

currents were done 2 and lOkA; voltage 

1250V; 50Hz; p.f.=0.2. 

The overload interruption tests were carried 

out in synthetic circuit C53. The test 

current, of 3.81 to 81 , was selected to 
n n 

obtain the pre-arcing time of 3 to 120s. For 

this purpose the fuse under test was 

pre-heated with a test current at 50V a.c. 

This current was maintained up to the moment 

when its value sharply decreased. It meant 

that melting process of the fuse-element has 

started. Next, this current was switched of 

automatically and a power supply at f ull 

value of the test voltage was switched on. 

The change-over time was of 0.2s. 

Interruption tests of the current of 161^ 

<2560A) were carried out in the circuit 

shown in Fig.3. Resistors and air-cored 

reactors were applied for the pre-setting 

the current and power factor values. The 

tests were performed at 7.2_0.15kV a.c. The 

test p.f. was 0.5*0.03 and 0.13 0.02 at the 

current of 81^ and 161^ respectively. In 

these both tests the making angle was 0 to 

10 electrical degrees. The test current and 

voltage were measured with an error 

evaluated at *5%. The measured values were 

recorded by means of two channels transient 

recorder. 

0.1 kV T215kV 

15kV Q5kV 

MkV 1 15kV„ Z R L OB f- B 
I CD tr r1 r2 

Fig. 3 Test, circuitry for test current 161^. 

Wb - master breaker, Tj»T
2’T3 - trans 

formers 3x3MVA, Z - making switch, 

R - resistor, L - reactor, OB - fuse 

model under test, B - shunt, - re- 

-covery voltage measurements, P^ - 

current measurements 

3.EFFECT OF THE CONSTRICTION ARRANGING ON 

THE BREAKING CAPACITY OF A CORRUGATED 

FUSE-ELEMENT 

The breaking capacity of a non-corrugated 

strip-element depends on geometrical 

dimensions of this element but first of all 

on the constriction number and the distance 

between themselves £3,4]. There is also 

additional factor which brings an influence 

on the breaking capacity of a corrugated 

fuse-element i.e. the way of constrictions 

arranging on a f old. If a constrictions 

number is equal to a fold number, that two 

extreme cases can be distinguished, 

respecting to the distance between two next 

147 



on This constrictions i.e.: constrictions on fold 

tops <Fig.2a) and constrictions in the flat 

sections middle of the fuse-element CF ig .2b) 

In the course of an arcing, initiated by an 

arc ignition in every constrictios, being 

lengthned arc columns interact. This 

interaction is the greater if these arcs are 

closer C41.lt is a result that the heat 

transfer from the arc column is worsening, 

hence decreasing of the arc voltage 

gradient. When these arcs ignite in the fold 

tops an electrodynamic current effect, in 

short-circuit breaking conditions, causes 

additionally the pushing-out the arc column 

outside the element fold. It causes that the 

voltage gradient in the arc column increases 

and in this way the arc column cooling 

process improve itself. 

The voltage, current, arc-energy, breaking 

Joule's integral records at the voltage 

1250V and visual inspection of f ulgurite 

enabled to draw the following general 

conclusion: the best breaking capacity prove 

the fuse-elements having the constrictions 

on the tops of corrugations. 

This conclusion was experimentally 

verified on 7.2kV fuse-link models. The 

interrupting tests, at the current <3.8, 4, 

5, 8 and 165x1^, were carried out on 3 fuse 

samples with both types fuse-elements. It 

was found, that the fuse-links of which 

elements are with constrictions in the 

middle of flat section (Fig.2b) only in abt. 

20% interrupted satisfactorily a test 

current. So high percentage of interrupting 

failures related to the whole overload test 

current range, (3.8-16)xI^ In the basis of 

the visual inspection of fulgurites as well 

as the analysis of interrupting records it 

can be pointed out two main reasons of 

interruption failures. The first one is, 

just mentioned, thermal interaction of the 

next arcs when they ignite in the middle of 

the flat section of a corrugated strip. A 

relatively short distance between next arc 

centres (approx. 5.5mm) makes difficult a 

cooling down of these arcs. On this way 

relatively low arc voltage gradient is 

obtained. It leads to an increasing of an 

arcing time and consequently a fulgurite 

cross-section increases reasonably. This 

increasing causes the arcs coming close 

together up to the moment of converting them 

in a single arc. This single arc develops 

itself along the axis of a strip-element. 

This kind of an arc length shortening leads, 

as a rule, to a fuse interruption failure. 

The typical records of such f allures are 

shown in Fig.4. 
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Fig.4 Exemplary records of interruption 

failure. a) U -7050V, I -614A, b) 
P P 

U -7050V, I -2560A 
, P P 

♦2.06-IkAJ a ) 

♦ 1.23 
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Fig. 5 Exemplary records of interruption. 

a) U -7380V, I -630A, b) U -7450V, 
P P P 

I -2560A 
P 
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On the other hand all the fuse samples of 

which elements were with the constrictions 

on a fold top interrupted satisfactorily. 

The highest arcing time values, when 

interrupting the test current up to 51^, 

were no more than 50ms and respectively at 

161^: within 10-20ms.Exemplary interruptions 

are shown in Fig.5. Fulgurites from this 

interruptions are shown in Fig.6. 

m 

vvwvWPP®*' 

Fig 6 Exemplary fulgurites of interruption 

195 - U -7380V, I —630A; 202 
P P 

U -7450V, I -2560A 
P P 

4. EFFECT OF FUSE-ELEMENTS CONFIGURATION ON 

THE MULTIPLE OVERLOADS ENDURANCE 

As it was concluded in the paper til that 

due to the desired endurance on cyclic 

overloads it is advisable to have in the 

strip elements much folds being as close as 

possible to the constrictions. With regard 

to an interruption, however, most 

advantageous is if the constriction is in a 

top of the fold of a corrugated 

fuse-element In the case when whole element 

is corrugated, there appears favorable 

tension distribution on particular 

constrictions, as a result of an expanding 

and contracting of the element subjected to 

the cyclic overloads variations. Amount of 

these variations can be evaluated by simple 

calculations, assuming that the temperature 

rise of an element by AT causes the every 

flat section length rise by Al, of this 

element. Decreaasing of an angle between the 

flat parts of a fuse element is assumed by 

L<p (Fig 6). The variation of the angle <p can 

be evaluated from the formula (1) 

sin[ 2 " A2 ]“ 1 Cl + oATi <1;> 

Assuming AT-300K, c»«17exp<-6> 1/K for the 

copper, a—6 2mm, l«10mm, the variation of 

angle A0—O.33° is obtained as the result 

when every flat section of the element 

lengthened itself by Al—0.051mm. This 

lengtheing by Al is several times shorter 

than a diameter of the smallest quarc sand 

granule used as an arc quenching medium. It 

seems that, at a normal packing density, 

these variations of Al and A <p do not cause 

yet creation in the element constrictions 

distinctly destructive tensions, which can 

change a fuse time-current characteristic. 

- A Y 

V 
2 a 

Fig. 7 Fuse-element geometry changes due to 

heating 

Certain verification of the consideration 

above are endurance on pulse load test 

results performed on 7.2kV fuse-link models 

with fuse-elements of constriction on a 
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REFERENCES fold top (Fig 2a). The pulse load endurance 

coefficient K, estimated for these models 

fuse-links (acc IEC 644 15]), is equal 

0.72. Comparatively high value of the 

coefficient K (in spite the copper 

fuse-links were used) proves that the pulse 

load endurance of the copper corrugated 

fuse-elements with constrictions on the tops 

is absolutely satisfactorily. 

5. CONCLUSIONS 

Model overload interruption tests on h.v. 

fuse-links with corrugated strip 

fuse-elements prove that the most 

advantageus is a distribution of 

constriction on fold tops. By the 

corrugating of strip elements the tension in 

a fuse-element was reduced. 

Constriction placed in fold tops do not 

make worse the fuse-links endurance on 

multiple overloads. 

[13 Namitokov K.K., Ilyina N.A., Shklovsky 1.0. 

Pulse withstandability of semiconductor 

protection fuses, 1989, Switching Arc 

Phenomena, Ldd±, Poland 

[23 Ossowicki J., Analysis of the process of 

filling up of fuselinks with quarc sand, 

Prace IE1, 1970, 64, 31-46 (in Polish) 

[33 Ossowicki J., Pisanko A., Influence of the 

distance of the constriction in the strip 

fuse-element on breaking short circuit, 

1989, Switching Arc Phenomena, Löd±, 

Poland, 230-236 

[43 Ossowicki J., The effect of fuse-element 

shape on breaking phenomena in a.c. circuit, 

1987, ICEFA, Eindhoven, Netherlands, 57-62 

[53 IEC Publication 644 (1979), Specification 

for high-voltage fuse-links for motor 
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NON ADIABATIC PROCESS IN FUSE ELEMENTS 

WITH HEAVY CURRENT FAULTS 

0. Bottauscio, G. Crotti, G. Farina 

Istituto Elettrotecnico Nazionale 'Galileo Ferraris' 

Torino, Italy 

Summary 

The pre-arcing phenomenon in a low 

voltage fuse operation in the case of high 

values of short-circuit current is analyzed 

in order to evaluate relevant quantities as 

pre-arcing time, cut-off current and pre- 

arcing I1 2t. The phenomenon is faced both by 

a numerical simulation of the melting 

element and by an experimental 

investigation on different types of fuses. 

The investigation shows that the values of 

the pre-arcing I2t are higher than those 

which correspond to the adiabatic 

conditions even in the case of very high 

values of the prospective short-circuit 

current; moreover, the pre-arcing I2t, for 

a definite value of the short-circuit 

current, depends on the making angle. The 

tests carried out on three types of fuses 

show a good agreement with the results of 

the simulation. 

1. Introduction 

The knowledge of the fuse operating 

characteristics in overload and short- 

circuit conditions is essential when 

problems of protection of apparatus and 

coordination of interrupting devices are 

faced. 

The International Standards, 

concerning low voltage fuses, indicate the 

operating characteristics to be provided: 

the time-current characteristics have to be 

presented for pre-arcing times exceeding 

0.Is; in the case of shorter times, the I2t 

characteristics have to be specified. With 

reference to this last requirement, it has 

been observed that the heating process is 

non-adiabatic even in the case of heavy 

currents which cause the melting of the 

fuse in short times. In order to evaluate 

the relevant quantities, the pre-arcing 

phenomenon of a low voltage fuse for high 

values of short-circuit currents has been 

analyzed both by a numerical approach and 

an experimental investigation on different 

types of fuses. The investigation shows 

that the pre-arcing I2t depends on the 

current value also in the case of short 

pre-arcing times and, for a defined current 

value, on the making angle. 

2. Numerical simulation of the heating 

process 

The phenomenon of non adiabatic 

heating of the fuse element has been faced 

by a numerical simulation. Fig.l shows a 

scheme of the fuse element under 

consideration. 

The fuse heating is described by the 

following equation: 

620 60 

po(l+a0)j
2 = - X   + c — (1) 

6x2 6t 

where the first term corresponds to the 

heat supplied to the fuse element, the 

second represents the heat lost by 

conduction and the last the heat stored in 

the element. The transversal conduction of 

the heat is not taken into account because 

the thermal conductivity of the sand is 

negligible with respect to the copper one. 

In equation (1) Oo is the resistivity at 

0°C of the material of the fuse element, a 
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A 

X 

Fig.l - Schematic representation of the 

fuse element 

is the temperature coefficient of 

resistivity, X is the thermal conductivity, 

c is the heat capacity and j is the current 

density, whose expression is: 

j (t) = I/S [sin( co t+ip - <p ) - 

- sin( ip- g>) e_t/_c ] (2) 

where \p is the making angle, g> the phase 

angle of the current, r the time constant, 

I the amplitude of the symmetrical 

component of the prospective current and 

S=S(x) the cross section of the fuse 

element. 

In order to solve equation (1), the 

finite difference method has been used. The 

computation of the temperature needs the 

knowledge of the current density in each 

point of the fuse element. The density, as 

a consequence of the presence of restricted 

sections, varies along the length of the 

element; in order to evaluate it in each 

subvolume, the current field in the whole 

fuse element must be computed. To this end, 

the formal analogy between the electric and 

the current fields can be advantageously 

used: in fact, the distribution of the 

electric field vector is the same for the 

two fields under consideration, because the 

electric potential satisfies the Laplace 

equation in each point of the medium and 

the same boundary conditions. 

On the basis of these considerations 

the charge simulation method, which is 

commonly employed to solve the Laplace 

equation in electrostatic problems, has 

been used. The method consists in 

substituting the conducting element with a 

distribution of discrete charges. Between 

the surfaces A and B (see Fig.l) a voltage 

V is applied. In the equivalence with the 

electrostatic field, these surfaces can be 

considered as two electrodes of known 

potential; then the electrodes A and B and 

the boundary Q between the conducting 

element and the sand are replaced by a 

discrete charge distribution. The value of 

these charges is not known, but can be 

calculated taking into account the boundary 

conditions: 

VÄ = V 

VB = 0 

(3) 

J„ =0 

a 

The application of these conditions to the 

boundary points leads to a system of n 

linear equations for the n charges. 

This method, that is rather easy to 

apply and can be used to study field 

distributions in a complex geometry domain, 

gives satisfactory results for the aim of 

this work. 

The above method has been applied to 

study the heating up of different kinds of 

fuses. The current density distribution has 

been calculated by the charge equivalent 

method and the temperature distribution has 

been obtained by solving numerically 

equation (1). The knowledge of the 

temperature distribution along the melting 

element permits the evaluation of the 

quantities which characterize the pre- 

arcing process. 

Fig. 2 shows the computed temperature 

distribution in the surrounding area of a 

restricted section, when the temperature 

reaches the melting value, for a short- 

circuit current of 5 kA, cos go =0.2 and for 

two different making angles. The analysis 

of the two temperature distributions puts 

in evidence the fact that the process is 

non adiabatic even at these current values. 

The phenomenon is more evident for the 

making angle at which the first loop of 

current is not sufficient to determine the 

melting of the element. In this case, at 

the zero crossing of the current, the 

energy input reduces and heat is conducted 

away. 

The computed temperature behaviour 

versus time in the center of the restricted 

section which first reaches the melting 

temperature is reported in Fig.3 for two 

different making angles. 

The knowledge of the temperature 

behaviour in each point of the fuse element 
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Fig.2 - Computed temperature distribution 

in the surrounding area of a 

restricted section, when the 

melting temperature is reached, for 

a short-circuit of 5 kA, power 

factor equal to 0.2 and for two 

different making angles. 

»[•cl 
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400 - 

Fig.3 - Computed temperature distribution 

versus time in the centre of the 

restricted section which first 

reaches the melting temperature for 

a short-circuit current of 5 kA, 

power factor equal to 0.2; the 

curves are referred to two 

different making angles. 

permits the evaluation of the let-through 

energy ( X21) necessary to lead the element 

up to the melting temperature. Then, the 

computed behaviours of the melting I2t 

versus the making angle have been obtained 

for different current values. These 

behaviours are shown in Fig.4 for current 

values of 5, 10, 25 and 50 kA, power factor 

equal to 0.2. 

Fig.4 - Computed behaviour of the melting 

I2t versus the making angle, for 

different short-circuit currents, 

in the case of a 160 A fuse. 

3. Experimental investigation 

In order to verify the validity of the 

computed results, an experimental 

investigation has been carried out. 

Three different kinds of fuses rated 

160, 200 and 250 A, 500 V, 50 Hz, have been 

tested in an a.c. circuit supplied at 418 V 

with power factor equal to 0.2 with 

prospective currents of 5, 10, 25 and 50 

kA. 

For each value of current the pre- 

arcing time and I2t have been recorded for 

different making angles. The results are 

illustrated in three diagrams (Fig.5, 6, 7) 

corresponding to the three types of fuses. 

The experimental behaviours of I2t 

versus the making angle are similar to the 

computed ones and the making angle 

corresponding to the maximum I2t , is 

correctly simulated by the calculation. The 

comparison between the measured and the 

computed results shows that the calculated 

I2t values are less than the experimental 

ones. The difference can be explained 

taking into account the fact that the 

computation has been stopped at the instant 

at which the melting process starts; to 

reach the value of pre-arcing I2t the 

further heating of the fuse until the arc 

is formed should be considered. 
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Fig.5 - Experimental behaviour of the pre- 

arcing I2t versus the making angle 

for a 160 A fuse: 

• ) short-circuit current = 5 kA 

■ ) short-circuit current = 10 kA 

O ) short-circuit current = 25 kA 

*) short-circuit current = 50 kA 

Fig.7 - Experimental behaviour of the pre- 

arcing I2t versus the making angle 

for a 250 A fuse: 

■) short-circuit current = 10 kA 

O) short-circuit current = 25 kA 

*) short-circuit current = 50 kA 
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confirmed that the heating process is non- 

adiabatic even in the case of short pre- 

arcing times. As a consequence, the pre- 

arcing I2t depends on the rate of rise of 

the current which is imposed, for a defined 

value of the current, by the making angle. 

This fact must be taken into account in the 

co-ordination of circuit-breakers and fuses 

and in the protection of switchgear, 

controlgear and semiconductor devices, in 

order to verify all the operative 

conditions which can occur in actual 

installations. 

Fig.6 - Experimental behaviour of the pre- 

arcing I2t versus the making angle 

for a 200 A fuse: 

• ) short-circuit current = 5 kA 

■ ) short-circuit current = 10 kA 

O ) short-circuit current = 25 kA 

*) short-circuit current = 50 kA 

4. Conclusion 

Both from the numerical analysis of 

the heating phenomenon and the 

experimental investigation, carried out 

with test current up to 50 kA on fuses with 

notched-strip elements, it has been 
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MATHEMATICAL MODELLING OF THE HEAT TRANSFER PHENOMENA 

IN VARIABLE SECTION FUSIBLE ELEMENTS 
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Bucharest, ROMANIA 

Summary 

The paper presents a general heating equa- 

tion, in overload regime, of the fusible 

elements designed for current-limiting 

electric fuses, fusible elements made up of 

silver tapes with rectangular constristlons. 

An original method for mathematically solv- 

ing this partial differential equation of a 

parabolic type and, finally, a comparison 

between the computation results and the 

experimental ones obtained when testing 

some fuse-links for power transformer 

protection, are presented. 

List of symbols 

Y" - specific mass, kg/m^ 

c - specific heat, Ws/(kg.°C) 

> - thermal conductivity coefficient, 

Vf/(m.°C) 

K - side surface heat transfer coeffi- 

cient,- W/(m2.°C) 

(> - fusible element resistivity ,flm 

J - electric current resistivity, A/m2 

1^ - conductor peripheric length 

(perimeter), m 
p 

Ax - conductor cross-section area, m 

6fi - ambient temperature, °C 

6 - fusible element temperature, °C 

qo - fusible element resistivity at 0°C, 

iLvrI 

Ofo - resistivity variation coefficient, 

function of temperature, at 0 °C, 

1/°C 

g - fusible tape thickness, m 

a - fusible tape minimum half-width, m 

b - fusible tape maximum half-width, m 

d - perforation half-length, m 

1 - current instantaneous value, passing 

through the fusible element, A 

I - current effective value, A 

IQ - current effective value on a fusible 

element in overload regime, A 

- fusible element initial temperature, 
On 

- fusible element fusion temperature, 

°C 

tj. - time necessary for the fusible ele- 

ment temperature to reach its fusion 

temperature, , in the x = o point, 

a 

®max ” MX^auB temperature the fusible 
element can reach, °C 

T - time constant, s 

n - number of the interval divisions 

[o, dj 

Ax - discretization step 

N - system equation number obtained 

through discretization. 

1. Introduction 

High-voltage current-limiting fuse-links 

are widely used for short-circuit and over- 

load protection of the electrical circuits 

that contain motors, power capacitors or 

high-power distribution transformers. 

The complex nature of the heat flux inside 

the current-limiting electric fuses makes 

impossible the direct analysis of the phe- 

nomena, using classical techniques. The 

specialized literature briefly presents 

various computation methods, which mainly 

make use of finite difference techniques, 

for establishing the behaviour of the 

current-limiting fuses under overload and 

short-circuit conditions [l],[s],[)]. 

Though the finite difference methods seem 

to be the most adequate, they require, 

however, high computer elapse times and 

large memories, too. Consequently, the 

paper [4] suggests a decoupled method which, 

as it is stated, offers accurate enough 

prediction for the time—current characte- 

ristics, without excessive computation 

times and memories. 

As it is customary, the current-limiting 

fuse-links include more fusible elements 

made up of multiple constrictions (reduced 

section) tapes. These constrictions can 

have various shapes: circular, rectangular, 
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trapezoidal. 

The papers [$],[&],[?] present original 

methods for solving the general heating 

equation, in non-adiabatic regime, of the 

variable section fusible elements (tape- 

shaped of silver, with circular constric- 

tions) . 

In the present paper, the general heating 

equation of the fusible elements is written 

for fusible elements made up of silver 

tapes with rectangular constrictions and 

an original method for solving this equa- 

tion is also presented. The computation 

results are compared with the experimental 

ones obtained when testing seme high-volt- 

age currant-limiting electric fuses, 

designed for power transformer (short- 

circuit and overload) protection. 

m _a 
' Csl ‘ 

-2d - 

Fig. 1 Fusible element 

2. Establishing the differential equation 

of a fusible element heating with 

rectangular constrictions 

We consider a fusible element made up of a 

rectangular perforation tape, schematically 

presented in Figure 1. 

If one takes into account both the heat 

conduction in the fusible element and the 

heat transfer by convection and if one 

assumes that the fusible element tempera- 

ture varies with its length only (the ele- 

ment width is much smaller, while the 

thickness is negligible), then, one can 

obtain the following general equation for 

a variable section fusible element heating 

(in non-adiabatic regime): 

de(x,t) d26(x,t) - 
~vo  = X 5  + o(e).J (x,t) - 

dt dx2 ^ 

- —K.(e(x,t) - ea) (l) 

where: 

0,(0) = ?o(1 + 

In the case of the fusible element in Fig.l 

the currant density J(x,t) and the 1%/A% 

ratio have the following expressions: 

- for o * x < d: 

1 (t) l(t) I 

Ax 2ag 2ag 

where: 

Ax = 2ag; lx = 2(2a + g) 

1 2(2a + g) 2 
—   = ~ (g «a) 
Ax 2ag g 

- for x>d: 

J(x,t) 
Kt) Ut), I0 
Ax 2kg 2bg 

where: 

Ax = 2bg; lx = 2(2b + g) 

1 2(2b + g) 2 
— =   - - (g< b) 
Ax 2bg g 

As one can notice, in the relations that 

determine the current density J(x,t), the 

instantaneous value of the current 

i(t) = V2Iosinuot was replaced by the over- 

load current effective value, 1^, because 

the times are high enough for the thermal 

effect of the alternative current i(t) to 

be the same as that of the steady current Iq. 

Taking into account the above-given rela- 

tions, the general equation (1) of a vari- 

able section fusible element heating, in 

the particular case of a fusible element 

made up of a rectangular constriction tape, 

will have the following two expressions: 

- for o <-X < d: 

de(x,t) d2e(x,t) 
t0 ~t =X_^2— + <?0(l+o^e(x,t)). 

I2 2K 

• - - (»(:,*) - ea) (2) 

- for x^d: 

de(x,t) d2e(x,t) 
_ = X-^-2  + qo(l+«o6(x,t)). 

120 2K 
. - —(e(x,t) - ea, (3) 

157 



9(x,n 

3- 
II 

CD 

3- 
ju^ 

CD 

9(x,o) = 0Q 

-d 

«s 
-o 
CD 

äfi(x,t) 

x=o 

Y(t) = ef - (ef - e0)exp(-t/T) 

(7) 

(0) 

(9) 

K = 

1 

T 

®f - 1/o<o 

  K — 
' cg fc 

4b2g2' 

4b2g2 

(lo) 

(11) 

Coe can notice that bpth the global coeffi- 

cient K and the time constant T depend on 

the testing currents, as wall as the fusi- 

ble element sizes. 

4. ^IgniMthm for solving the fusible 

element heating equation 

in 
If the differential equation (2) the fol- 

lowing notations are used: 

Pig. 2 Limiting conditions 

5. Initial and limiting conditions 

The problem finally raised is related to 

the determination of the time t^ necessary 

for the fusible element temperature 0(x,t) 

to reach its fusion temperature 0^ in the 

x = o point, where the fusible element sec- 

tion is minimum, for various overload cur- 

rent values, Ig. To this purpose, one must 

solve the differential equation (2) - 

partial differential aquation of a parabolic 

type - by means of certain initial and 

limiting conditions. They have the follow- 

ing form: 

0 (x, o ) = X(x) (4) 

0(0,t) = 'Y(t) (5) 

0 (d, t) = 4>(t) (6) 

and are schematically shown in Figure 2. 

These conditions were established in paper 

[ß] and have the following expressions: 

X(x) = 0. 

where 0f = 0fflax. 

On the basis of the relations established 

for the boundary condition determination 

'f(t) - established on the basis of the dif- 

ferential equation (3) - one has obtained 

the analytical expression of the heat trans- 

fer coefficient K by the lateral side, as 

well as of the time constant T: 

A -   
■S' c 

B,_L,M|4.!k) 
tfo 4a g g 

TS'c 4a g g 
K) 

(12) 

(13) 

(14) 

then, the fusible element heating equation 

can be written as: 

Ö0(x,t; 
= A 

ö20(x,t) 
+ B0(x,t) + C (15) 

bt bx* 

with the initial condition at t = o: 

6(x,o) = 0Q 

and the limiting conditions: 

Ö©(x,t) 

bx 
= o 

x=o 

0(d,t) = 0 ( -d, t) =w(t 

(16] 

(8) 

(171 

When writing the limiting condition (17), 

the symetry of the fusible element has been 

taken into account (see Fig. 2). 

In order to solve the differential equation 

(15), a second order partial differential 

equation of a parabolic type, the DSCT 

numerical method (Discrete Space, Conti- 

nuous Time) was used. 

By discretizing the space x, the second 

order partial differential equation (15) is 

transformed into a first order ordinary 

differential equations system, a function 

of time t, which can be written in a con- 

centrated form as: 

döjtt) 

dt 
= A 

9ul(t) - 2@i(t) f e^ft] 

l\x 

+ B0^(t) + C (18) 

where 1 = l,...,n; &x = d/n because, as it 

is shown in Figure 3> the space x discreti- 

zation in the interval [o, dj was made by 

a constant step. 
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Fig. 3 Discretization of apace x in the 

interval [o, dj. 

The initial condition (16) ia tranaformed 

in a set of initial conditions: 

share: j-1,, N-2 

(N-D2 

A0 = A (26) 

while the Initial conditions are: 

y^(o) = 90 (27) 

(1=1 N) 

In order to solve the differential equation 

system (25) with the initial conditions 

(27). a computation program was carried out 

on a digital computer, using the integra- 

tion method 3UNGE-XUTTA-GILL. 

@i(o) = e0 (19) 

(1 —11..., n) 

and the limiting conditions can be written 

as (see Fig. 3): 

en+1(t) = 9g_^(t) (2o) 

8^_l(t) = Y(t) (21) 

(i=l) 

5. Establishing the mathematical model 

for the computer 

In order to establish the mathematical model 

for the computer, the boundary function f(t) 

defined by the relation (9) was replaced by 

its derivative: 

d'f(t) 1 
  = - (e, - Y(t)) (22) 
dt T 1 

with the initial condition at t = o: 

Y(t) = e0 (23) 

On the basis of equations (18) and (22), in 

view of the relations (2o), (21) and 

assigning a certain value to the parameter 

n, one can obtain a system of N differential 

equations. 

If the following notations are used: 

Yi =Y; y2 = 
eii y5 = ; yN = 0n (24) 

where a = N-l, the mathematical model for 

digital computer will have the following 

general form: 

dy. 1 

— • -j <*, - >i> 

+ Byj+1 + C (25) 

^ = 2Ao(yN-l"yN) + ByN + C 
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Fig. 4 Computation results. 
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Fig. 5 Time-current characteristics for 

a high-voltage fuse-link with lo 

fusible tapes (Ifl=25oA; g=o.3mm): 

... - data obtained during testings 

xxx - data obtained by means of 

computation 

ooo - data obtained by means of 

computation, using a coeffi- 

cient K correction factor. 

6. Computation results 

There have been considered the following 

cases: 

a) Fuse-link with lo silver fusible tapes 

with rectangular perforations for the rated 

current lQ = 25 oA (I = 25A), each fusible 

element having the following dimensions: 

g = 0.3 mm; a = o.5mm; b = 1,5 m; d = 3 

mm. 

b) Fuse-link with 5 silver fusible tapes, 

with rectangular perforations for the rated 

current I = loo.* (I = 2OA), each fusible 

element having dimensions similar those 

given above, with the exception of thick- 

ness which is g = 0.2 mm. 

In each of the two cases, there were taken 

into account certain prospective currents, 

from the time-current characteristics, 

obtained during the fuse-link overload test- 

ing and there were computed the correspond- 

Fig. 6 Time-current characteristics for 

a high-voltage fuse-link with 5 

fusible tapes (I^=looA; g=o.2mm): 

... - data obtained during tastings 

xxx - data obtained by means of 

computation 

ooo - data obtained by means of 

computation, using a coeffi- 

cient K correction factor. 

lng current by a single fusible element. 

For each of these oveload current values, 

IQ, there were established - by means of 

the digital computer - the temperature time 

variation characteristics 9 = 9(t) in 

various points of the interval[o, d], up to 

the moment tf when the fusible element 

temperature in the x=o point reaches the 

silver fusion temperature, 9f = 96o °C. 

As an example, Figure 4 shows the time 

variation forms of temperature 9 = 6(t) for 

x = o and x = d, obtained in two computation 

variants. As one can notice, when analyzing 

the presented curves, ln the constriction 

(reduced section) area of the fusible 

tapes, the temperature variations at the 

moment t = t^ are of the order of tens of 

degrees ( A@ = 83°C andA@ = lo8°C, respec- 

tively ). 

Figures 5 and 6 present the time-current 
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characteristics of tho two fuse-links 

analyzed above, in both cases, one can 

notice that the results obtained by compu- 

tation differ, to a certain extent, from 

those obtained when testings are carried 

out namely, for the same values of the 

prospective current one can obtain, by com- 

putation, generally higher pre-arcing times. 

However, it was found out that, if in the 

place of the heat transfer coefficient K, 

defined by the relation (lo), a corrected 

coefficient K'= kQK is used in the computa- 

tions, where the correction factor kQ is 

defined by means of the empirical relation: 

I - loo 
k =1.1 + —  . 0.2 (28) 
0 25 

then, the obtained computation results are 

in full agreement with the experimental 

ones. 

7. Conclusions 

The heat transfer phenomena in current- 

limiting electric fuses are mathematically 

modelled by partial differential equations 

of a parabolic type. Due to the fact that 

there occur high prearcing times (of the 

order of seconds and tens of seconds) when 

heating, in an overload regime, the fuse- 

links designed for power transformer pro- 

tection, the thermal phenomena cannot be 

considered as adiabatic. 

The computation method presented in this 

paper makes it possible to establish the 

temperature curves 0 = 0(t) for x = para- 

meter and, Implicitly, to establish the 

time t^ when temperature @(t) reaches the 

fusible element fusion temperature 0^ in 

the x = o point, where the fusible element 

section is minimum. The paper presents 

computation results obtained in various 

study variants which are compared with the 

experimental ones obtained during the tast- 

ings (time-current characteristics). 
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Abstract 2. Fundamentals of TLM 

This paper describes a simple, explicit and 
unconditionally stable routine, based on 

Transmission-Line Modelling, for the solution of heat 

diffusion, to calculate electric fuses operating times. 

Using the technique it was possible to compute fuse 

pre-arcing times, at low current, and establish good 

correlation with practical results. 

List of principal symbols 

T = temperature [K] 

H = magnetic field [A/m] 

V = electric potential [V] 
yi = incident potential (wave) 

Vr = reflected potential (wave) 

i = electric current (A) 

Rjj = electrical resistance per unit length [fi/m] 

Re = electrical resistance [fi] 
Rx, Ry, Rz = thermal resistance in the direction 

[K/W] 

R0 = electrical resistance at 293.2 K 

Qj = capacitance per unit length [F/m] 

L(j = inductance per unit length [H/m] 

Z = transmission-line impedance [fi] 

A2 = mesh size in 1-D [m] 

<T = electrical conductivity [1/nm] 
£ = electrical permittivity [F/m] 

u. = magnetic permeability [H/m] 
p = density [Kg/m3] 

Cp = specific heat [J/KgK] 

k = thermal conductivity [W/mK] 

1. Introduction 

Transmission Line Modelling (TLM) has been used in 

a wide variety of applications, including heat transfer, 

and has proved to be very efficient and often faster 

than other methods (e.g. Finite Differences). 

It is an unconditionally stable technique which means 

that there is no convergence process for each 
numerical iteration. Variable meshing and 

non-uniformity of physical parameters can be easily 

considered with little extra computation. 

It is, therefore, an ideal tool for determining the full 

range of fuse operating times which may vary from 

fractions of milliseconds to several hours. 

Although the TLM method was originally designed to 

analyse electromagnetic problems [1,2] its versatility 

was soon recognised and the technique was expanded 

to deal with other problems, including heat transfer 

[3,4]. 
Before it is possible to explain how TLM can be 

applied to analyse the heat diffusion process in 

electric fuses it is worth considering the fundamentals 

of the technique, which are summarised in the 
following sections. 

2.1 Diffusion equation 

The differential equation which models the potential 

for the network shown in Fig. la is 

Cfv = R C ÖV * L CHS£Y ID 

0? ' 'at ' 'at' 

and for the 3-D network shown in Fig. lb is 

2 _ - - A \i I ^ r? \l 12) 
Tv - 3R,C(|y . 3L,C,|V 

Maxwell’s curl equation for the lossy-wave in a 3-D 

space is 

VZH= 7 4”, 

In the case of diffusion U.CT > > ,u €.so Eq. (3) becomes 

V2H = ,uCT 0 H (4) 

The analogy for the electrical network is that RjCj 

» LjCd which means that the second term in Eq. 

(2) may be neglected i.e. 

V'v ■ 3R(C,|y (5) 

Because of the similarity of the last two equations it 

can be inferred that the potential V in the electrical 

network shown in Fig. 1 has a wave-like behaviour 

and hence it can be represented by a travelling wave 

in a lossy transmission line. 



2.3 Transmission-line modelling (TLM) 

A x 

The medium to be modelled is divided into a number 

of interconnected elemental transmission-lines - space 

discretization. Time is also discretized into steps of At, 

the wave transit time for the transmission-line. The 

impedance Z of the transmission-line can be 

calculated as 

(a) One dimension LRC network 

1 

L, R d ''d 
1—I 

(b) Three dimension LRC network 

Fig. I 

2.2 Thermal analogue 

The Heat Conduction Equation in Cartesian 

co-ordinates for a 3-D problem is 

V2T = liß. (6) 

k 0 t 
There is an obvious analogy between Eqs. (5) and (6) 

provided that 

3R C = -£i>£ (7) 
d d R 

or 

R' ' 1 (8) 
3Cd = _ 

The similarity between Eqs. (5) and (6) leads to the 

conclusion that the solution of the wave equation (5) 

yields the temperature distribution in a 3-D space 

provided that the specific heat is represented by the 

capacitances, and the thermal conductivity by the 

resistances of the network (i.e. node voltages in the 
TLM model represent point temperatures). 

Z -- A t /C (9) 

where 

C = cpyoAxAyAz /3 (10) 

for the 3-D model shown in Fig. 2, 

Z = 3At/cpyoAxAyAz (I I) 

In.principle At is an arbitrary value, but one should 
keep in mind that as the whole transmission-line is 

represented solely by its capacitive component, there 

is an indictive error Le. This error is defined by 

Le = At2/ C (12) 

which gets smaller as At decreases. 

The medium wave velocity is 

vm = I / \/ LC (> 3) 

and the TLM wave velocity is 

V = AI/A! (14) 
TLM 

which shows that the chosen values for AC and At 

have to be compromises. 

The basic wave equation for the potential at any 

termination of the transmission-line is 

V = V' * V' (15) 

So for the Thevenin equivalent of the network shown 

in Fig. 2 

v ■ -L *: ,i61 

Incident voltage waves will flow along all six branches 

of the network towards the node, where they will be 

reflected back, producing corresponding reflected 

voltages equal to 

V'; R ' 1 V ' (17) 
R ♦ Z 

Expressing Eqs (15), (16) and (17) for the six 

branches, one has 
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II 

H 

Ay 

Fig. 2 Three dimension elemental TLM node 

v' 

where 

s = _L 

2 II I I 
-2111 

I- 2 I I 
II- 21 
I I 1-2 
I II 1-2 

(18) 

( 19) 

o 
\ -> vr 

V _ . 

At later 

* th 
iteration 

(k ♦ I) th 

iteration 

For the first time step all the incident waves are 

known (initial condition) and from Eq (16) all the 

potentials at the centre of the node can be calculated. 

Using the scattering equation (18) all the reflected 

waves can be determined. This completes the 

calculation for the actual time step. 

For the next iteration each node has to be connected 

to its neighbour and its ’new’ incident wave is set 

equal to the reflected wave from its neighbour, 

calculated at the previous iteration (as illustrated in 

Fig. 3). 

Fig. 3 Connection of two adjacent nodes 

Put mathematically, 

x*l .1 *.r (20) 

(k ♦ I) t h iteration k t h iteration 

As the new V* are known all values of V can be 

computed. The process continues step by step until 

an artificial time limit is achieved. Boundaries can be 

dealt with by choosing appropriate line terminations. 
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2.4 Variable meshing 

Most realistic problems have complex 2-D or 3-D 

geometries which implies that a large number of small 

meshes are needed to achieve the required accuracy 

of results. Accordingly small time steps would be 

necessary and computing time would be substantially 

increased. Variable meshing can be introduced in 

order to minimize this effect. However, meshes of 

variable sizes have different wave impedances and 

different transit times (see Eq. (11)). These create 

undesired internodal reflections. This problem can be 

avoided by the use of stub transmission lines. These 

stubs are ’extra’ lines terminated by an open-circuit 
and connected to the centre of the node with a 

capacitance defined by 

2.5 Variable parameters 

The method of using stubs will also allow for 

variations in the physical ’constants’ of the material 

which alter the impedance of the transmission-line. 

So, in the case of the thermal model where Cp and k 

vary, it will be necessary to adjust the line 

impedances. 

2.6 Electrical analogue 

Prior to the TLM calculation it was necessary to 

know the elemental current for each node. It was 

assumed that each node had the electrical resistance 

defined by 

R = R o (I * ocAT ) (23) 

C = C " C# (21) 
STUB node A node B 

where ’node A’ is the node of reference for balancing 
the impedances for the rest of the network. The 

schematic diagram of Fig. 4 shows what happens 

before and after the inclusion of the stubs. 

Variable Meshes 

Mesh Mesh B 
x,y) I ,y 

before 

-STUB 
/7\ 0/C 

offer 

and that the individual resistances were connected as 

shown in Fig. 5. The elemental currents, and 

resistances, were updated as temperature increased 

every time step. 

R of (x,y) 
e 

i 
W V 

i 

Fig. 4 Effect of adding STUBS Io the node 

Provided that Eq. (16) is re-defined as 

Fig. 5 PoroUel-series connection of 
I he electrical resistances of 

the nodes 

—-— ( v|* vi) ♦  ?  ( Vj* Vj) 
R„♦ Z R,+ Z 

—— (vj* vi) 
R:* Z 

2VSTUB 

^STUB 

l . 2 . 2 

R„* Z R,♦ Z R,♦ Z 

then all the above remains valid. 

^ STUB 

(22) 
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2.7 Power source 

At each time step the amount of energy AE dissipated 

in the node shown in Fig. 2, due to the elemental 
current ,i, is given by 

AE = R i2 A t (24) 

This energy will cause a rise in temperature of the 

node. 

The internal energy of the node associated with a 

variation in temperature AT is defined by 

AU = cpyoAxAyAz AT (25) 

Assuming that all the energy dissipated in the node is 

used to increase its internal energy, then AE = AU 

and hence the temperature rise is equal to 

AI = R iAI (26) 

cpyoA xAyAz 

3. Modelling of an industrial fuse 

To show how TLM can be employed to model 

practical fuses, the design illustrated in Fig. 6 was 
chosen. The silver (Ag) ribbon was embedded in a 

compact block of silica (SiOg), with heat conduction 

assumed to be in all directions except through the 
narrow edges of the silver strip into the silica. The 

specific heat and the thermal conductivity of both 

silica and silver vary with temperature. The limits of 

these variations are shown in Fig. 6. 

3.1 Heat dissipation 

To allow for heat conduction longitudinally TLM 

meshes were connected as shown in Fig. 7. Ports 

:p Ag 
k Ag 

c, SiO, 

k SiO, 

and 6 for each metallic node were terminated by the 

thermal resistance of the silica block immediately 

above or below. 

When 100 A flowed through the fuse illustrated in 

Fig. 6 the temperature distribution in the metallic strip 

was found to be as shown in Fig. 8. 

3.2 Fuse pre-arcing time x current characteristic 

To demonstrate the reliability of TLM to determine 

the fuse pre-arcing time x current characteristic a 

number of simulations were done for the fuse 

illustrated in Fig. 6. The results over the time range 
10-2 to 10* seconds are presented in Fig. 9. The 

corresponding computing times varied from a few 

seconds to 3j hours. Had it been permitted to run 

the program for longer periods the simulated 

characteristic could have been extended, since TLM 

does not require a convergence process and is 

explicitly stable. 

4. Conclusion 

It has been demonstrated that using TLM and an 

orthogonal, irregular mesh, it is possible to model 

heat flow in electric fuses and consequently, calculate 

fuse pre-arcing times. Comparison with practical tests 
showed good correlation of results. The explicit 

nature of TLM makes it faster and therefore more 

convenient for calculating long pre-arcing times 

because in TLM there is no calculation involving two 

273 K 

0.23 

254 K 

0.28 76 

4.27 3.55 
0. 18 0.28 

4E-3 4.3E-3 

% 
007 

0.32 node 
x, y) 

Fig. 6 Fuse modelled by TLM 

(dimensions in cm) 
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adjacent nodes for the same time step (unlike Finite 

Differences where a set of simultaneous linear 

equations has to be solved each iteration). Although 
in this work the granular silica was represented by a 

simple resistor connected to the external ports of the 

node, this representation could be refined but it 

would increase computing time. TLM provides a 

useful tool for the determination of long-time fuse 

operating characteristics. 
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IDEHTm CATION AND OPTIMIZATION AS MAIN APPLICATION AREAS POR 

MATHEMATICAL METHODS IN PUSS DESIGN 

K. IC. Namitokov, N.A. Ilyina, G.G. Zhemerov and I.G. Shklovsky 

The efficiency of experimental approaches 

and modelling techniques in the design of 

modern quick-acting fuses could be greatly 

increased if the variety of problems 

arising in the field were tractable in 

terms of identification and optimization. 

Identification is understood as a search 

for qualitative and quantitative relations 

between structural parameters and perform- 

ance characteristics of the fuse, either 

through the use of a known mathematical 

model or in the course of developing one. 

The relations found form a basis for 

predictions. The stage of critical import- 

ance for identification is that of elabo- 

rating the model structure and evaluating 

model parameters. The necessity for such 

a stage in the fuse design is conditioned 

by the fact that fuses, unlike electromag- 

netic devices for instance, do not show 

strict analytical relationships between 

structural parameters and performance cha- 

racteristics. In the case of fuses, the 

relations whose determination can be regar- 

ded as classical identification problems 

include those between 

a) the temperature field in the fuse and 

structural parameters; 

b) the time-current relation and structu- 

ral parameters; 

c) cycling capacity and structural parame- 
ters and/or type of repeated loading and 

d) functional characteristics (like arcing 
current, Jigdt and functionals, 

etc.) and structural parameters or those 

of the short circuit. 

jepending on which parameters are known, 

these problems can be formulated either as 

direct or inverse. As a direct problem, 

problem a) can be analyzed, with allowance 

for nonlinearity and complex geometry of 

the boundary surfaces, in the variational 

formulation, using the finite-element 

technique1. 

In case the choice of the functional for 

the finite-element model is difficult, or 

the proper functional cannot be obtained 

at all, then a useful finite-element 

formulation is provided by Galerkin's 

scheme. Galerkin suggested a method for 

solving boundary-value problems through 

an approximate solution of a partial dif- 

ferential equation^. If applied to the 

field equation characteristic of fuse de- 

sign problems, i.e. 

+ Q =o, ^ ... (D 
dxz dy2 

then Galerkin's finite-element formulation 

leads to 

JJ [jBj |ß]dj/dz {#} -If [A/] TQ clxdy, (2) 
9) 

where is the finite-element 

approximation for the unknown function, 

and , 

(3) 

The further procedure is similar to that 

applied to variationally formulated finite- 

-elemert equations. If combined with a 

polynomial approximation of the functions 

involved, Galerkin's technique provides a 

highly efficient, simple and general method 

for solving the equations and boundary- 

-value problems encountered in the fuse 

design. 

Identification problem b) can be diversi- 

fied, depending on various conditions. In 

the range of extremely high short-circuit 

currents, (300 to 500), the analysis 

can be based on Meyer's equation disre- 

garding the geometiy of constrictions, 

waveform of the current and the thermal 

flux from the necks to the wider parts of 

the fuse element and the filler. If the 

current values are so high that constricted 

parts get fused over 14 or 15 ms, then the 

calculation may be carried out without al- 

lowance for the heat transfer to the filler. 

Indeed, our experiments with both filled 

and unfilled fuses showed the same value of 

the fusion integral for all specimens. In 

case the fusion time exceeds 15 ms, a comp- 

lete finite-element calculation is required. 

In certain cases, it proves necessary to 

consider the rather interesting problem of 

select such values of the structure para- 
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meter with which its time-current charac- 

teristic would pass through at least four 

given points. The solution procedure is 

close to that of optimization, 

l.o rigorous models are known for problems 

c) and d), generally the model structure 

needs to be developed from basic physical 

principles (especially for new, non-stan- 

dard conditions). In many particular 

cases, however, some a priori knowledge 

can be used efficiently to simplify the 

model structure. Then evaluation of the 

model parameters, which stage is necessary 

because of the many random factors influ- 

encing the results of numerical or instru- 

mental experiments, is reduced to approxi- 

mation. The latter problem can be effici- 

ently analyzed for the case of fuses wit- 

hin the approach suggested by the present 

authors and employing the Kolmogorov- 

-Zordashov transformation. As was known by 

A.II. Kolmogorov, an unknown function 

^ of many variables can be 

represented, for the purpose of approxima- 

tion, as a superposition of single-variab- 
le functions. 7.II. Uordashov further sug- 

gested using some transformation rather 

than a simple superposition of single-va- 
riable functions, i.e. 

where the values assumed by the wanted 

function f(x) at certain points are known 

and (j) = = £ V>c Cx0 is a 

transformation of j(X) . The unknown para- 

meters of the transformation are J-i and 

4^ > where the vector J* ) 
is to be found as the eigenvector minimiz- 

ing the matrix form [_$- V-j\M ] =0 , 

with . K 

I J 'fi (GnWj (Gn)(l%(6n) l[ 

V- Hi % if<5> 

= [Xi, Xlt. . . Xn.} is the set of 

independent variables in ID (&n £2).) ; 

where p is the number of variation le- 

vels for the argument; J) is the matrix 

parameter; V a positively defined symmet- 

ric matrix of order K to allow for the 

importance (weight) of the function argu- 

ments , and a set of arbitrarily se- 

lected linear-independent functions. 

The fundamental advantage of the approach 

described is the possibility of obtaining 

a realistic model and improving the accu- 

racy, without increasing the volume of the 

instrumental experiment, solely at the ex- 

pense of sophisticated mathematical trans- 

formations. The current practical models 

for solving identification problem c) take 

the simplest structure at the empirical 

level (more details can be found in^). 

Among the approaches to identification 

problem d), one appeals to abstract, idea- 

lized models employing a specific preset 

time-voltage characteristic of the arc. 

The present authors have performed a seri- 

es of computer calculations of basic per- 

formance characteristics of fuses, using 

the simplest voltage waveforms across the 

fuse arc. Generally, the arc voltage can 

be represented as 

Uej(i)= £(u$a~fr^ (G) 
where Uji is equal to Ugmin for the wave- 

form Lia , Ußo for the mean value and 

IJgmax for Upi . The four waveforms used 
here are which is voltage reaching 

the level Üinstantaneously and then 

increasing linearly to Uamax ; Upi which 
becomes Ugmox instantaneously and then de- 

creases in a linear manner towards the le- 

vel Ujjmin (or Uc ) of the power line 

voltage; Uj0 is the voltage reaching its 

value instantaneously and staying at that 

level during the entire arc extinguishing 

stage; the same value is the mean of Uu 

and Up. ; and finally Ugmax is a constant 

voltage equal to the maximum admissible le- 

vel. 3?or the sake of simplicity, we consi- 

dered the case of an interrupted d.c., as- 

suming that arcing started at the moment 
to when the current reached the fusion 

value I0 . The calculations were perform- 

ed for Ujo =600 to 1000 V; I„ =10 to 20 kA; 

Uc =500 V; i =(5x10"5 to 6x10-4) H, and 
R_=5X10-5 to 2x10. How we describe 

some of the regularities established. 

The arcing time is determined by the mean 

voltage across the arc, being independent 

of the voltage waveform. At Ug = Ugmax = 

=const it is 1.5 times shorter than with 

other voltage types, ./hereas the aro Joule 

integral and the arc energy both depend 
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on the voltage waveform across the arc, 

changing by a factor of 2 or 3 for diffe- 

rent waveforms, even with the same mean 

voltage. The dependence upon this latter 

is quite essential, --.g. a change of Ugo 

from 2Uc to l,ZUt results in a nearly 

five-fold increase in the arc integral. 

Besides, SO of the arc energy atU^g^SUc 

consist of the energy accumulated in the 

inductor, while with Uj0 — 1,2Uc this part 

of energy makes up only 20 to 25 >« of the 

total energy. 

Go timization is understood as a search for 

the vector of adjustable fuse parameters 

minimizing some goal (quality) function 

with specific functional and/or parametric 

constraints. All the above mentioned iden- 

tification problems can be formulated as 

optimization problems as well. Of the many 

optimization approaches known for fuses we 

describe some that have been recognized as 

the most efficient. One-dimensional opti- 

mization with Fibonacci numbers. This is a 

sequential method of searching, e.g. for a 

current providing a maximum arc energy, in 

which the preceding experimental results 

influence the choice of the domain for the 

next experiment. In mathematical terms, 

the problem can be formulated as minimiza- 

tion of the error & with which the point 

(X* is determined, minimizing the wanted 

function over the interval [GK, J 

after (L steps of the process. According 

totthe method, we select points and 

XK within 6% ] , determined by the 

eauations 

xK - §^
K A - a0+ 

“y+i-K 

and 

where 

_ PVi (h-JLd j.(Ui 

(7) 

(8) 

£= & +& 
(/♦i-K 

are Fibonacci numbers, 

with F =1 . Thus, at the_ first step we 

k M which is the consider the interval 

entire domain of the function, further 

steps result in a gradual contraction of 

the interval, following shifts of one of 

the boundaries (either the right- or the 

left-hand one) at the preceding step. If 

the function assumes at X* a smaller value 

than at JCK J(0CK) , then the next 

in be selected uncertainty 
[at 

interval 

L->«i OKUJ = .T 

as 

Contrary to this, with f(%ic) 

the interval to be analysed is [ClKll = 

= [JCK, &*]. If the two values happen to be 

equal, )f(&) > then the next inter- 

val can be either or , 

since bqth intervals are of the same 

length . The last 

points of the process are given by 

Jr.i = (ik +£,)(&*■- Q-rS-l ( 9 ) 

X«i - j/4 r^i-Cy-i)+ dy-1 
If we specify the maximum allowable error 

£, then equations (9) yield unambiguously 

the minimum number of steps , and vice 

versa, for a given number of experiments 

the limiting error in determining the 

point of extremum is 

Fmi -F'n*t 
Here ^ is the error, L the interval 

length^j^'/j^and^ are Fibonacci num- 

bers, and n the number of experiments. 

By way of example, here are twelve initial 

members of the Fibonacci series, 1; 1; 2; 

3; 5; 8; 13; 21; 34; 55; 89; 144. Hence, to 

attain a 5 per cent limit to the error 

(£ =5 jö), we would need 6 experimental 

steps. Indeed, <<%/or 13< 20<21. 

V/ith 10 experiments, the error would drop 

below 0.69 j«. 

Multidimensional optimization of the fuse 

design can be done most efficiently with 

the aid of gradient methods. The great 

advantage of such techniques is that the 

derivatives of the optimality criterion 

need not be represented analytically. It 

is sufficient to calculate partial deriva- 

tives of the function at several individual 

points which can be done in terms of finite 

increments (both numerically and in an 

instrumental^experiment). The coordinates 

of point JC are calculated at each conse- 

qutive step of the procedure as 

where ^i(ocL)~(di/dXi df/d^ia the gra- 

dient of / OCn,) • It is a vector whose 

components are partial derivatives of J-i , 

specifying the direction of motion from 

point XL to X . The proportionality 

matrix K (CC'l determines the iteration 

step length. A highly reliable method is 

Box-./ilson's steepest descent technique 
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within which the step length is chosen from 
the condition that the optimality criterion 
be maximum (minimum) along the gradient 

vector. In other words, the magnitude of 

K is found from 

mx f i*VfcVfö5M [x'tK^ab 1=,.- 
= K‘>0 

Gradient-based procedures of this kind em- 
ploy linear approximations to j (X_) , which 

allows evaluating first derivatives of the 
function, along with the function itself, 
-hi3 information is of great importance in 
the search of optimum. On the other hand, 

cycling of the process cannot be excluded. 
To improve the reliability, we can resort 

to Lewton's method in which consequtive 

points are calculated from the recurrence 
relation 

ca) 

with H (xL) denoting the second derivative 
matrix (i.e. the Hessian). She method prov- 
es particularly efficient near the optimum 

where the gradient is liable to changes in 
sign that result in sharp variations of the 
vector direction and deteriorate the proce- 
dure convergence. 

lontryaqir.1 s maximal principle. The maximal 
principle allows obtaining a solution even 
when other methods fail, e.g. in the pre- 
sence of constraints and with implicitly 
specified function to be optimized. It sug- 
gests introduction of a set of variables 

P± (i)t FlCt), , P) (V for the dual problem, 
and a scalar Hamiltonian 

according to n 

(M(W < ”> 
Let the system under analysis be described 
by the equation 

[x(i),y(i),t (14) 

with boundary conditions JC(io) ~JC0 and 

and let it be necessary to 
find the control function to minimize 
the functional JT-T F(pC,. If the 

optimum control function exists and 

belongs to the set jjd) € ^ , and0C(^) 
is the optimum trajectory, then the dual 

state vector P(30 should and satisfy 

««> 

She maximal principle was used by the pre- 

sent writers to optimize the voltage wave- 
form across the fuse arc. 

The sensitivity analysis in fuse design 
suggests understanding the relations bet- 
ween design variables (such as structural 

parameters, external conditions and manu- 
facture tolerances) and response of the 
structure, i.e. variations of its perfor- 
mance parameters. Suppose the equation to 

describe the structure behaviour is 
K(B)2 (6) = F OF) , where K(&) the global 
rigidity matrix,the solution, and 

F(&) the load. In most cases the design 
problem is aimed at minimizing some cost 
function (or maximize the goal function) 
y [6, Sb(f>) ] in the presence of const- 
raints on the design variables B Mtr I 

and functional characteristics. Then the 

sensitivity analysis is oriented at finding 

afjf = lirf MK
 (iß) 

This equation represents the direct diffe- 

rentiation method. A different approach is 
that of dual variables where the researcher 
seeks to evaluate 

with =K being the dual variable 
which is determined from the symmetry of 
K . Details of the calculations associat- 

ed with the two approaches are described in 

\ The sensitivity analysis can be comple- 
mentary to the identification and optimiza- 
tion procedures, either employing their re- 
sults or accompanying them as a parallel 

process. Kote that direct differentiation 
is efficient at the preliminary stage of 
analyzing model problems when the number of 
variables involved is low. In the majority 

of practical cases, the dual variable met- 
hod is preferrable. 
Gradient methods and the approaches used in 

sensitivity analysis are largely applicable 

to optimized parameter scaling for fuse 
structure modification. A complete recalcu- 

lation of performance characteristics for 
new structure parameters can result, with 
the use of standard high-order models, in 

forbiddingly high costs and computer time 
expenditures. The volume of computations 

can be greatly reduced through the use of 
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results relating to a reference structure. 

E.g., let the basic physics in the refe- 

rence structure be governed by the matrix 

equation LKo 1 {&} “Fo , where 

K is the conductivity matrix (alterna- 

tively, the rigidity matrix) specified by 

Materials, 212-217- 

L2l C.A.J. Fletcher. Computational Galer- 

kin Methods. Springer-Verlag, 1984. 

, where [33 K.K. Namitokov, N.A. Ilyina, and 

I.G. Shklovsky. Pulse withstandability 

of semiconductor protection fuses. 

In: Switching Arc Phenomena, Sixth 

Int'l Conf., 12-15 Sept. 1989, Lodz, 

Poland. Conference Materials, 

205-211. 

the structure parameters, and To the po- 

tential (temperature, or mechanical stress) 

matrix representing response of the struc- 

ture to the applied load F0 (electrical, 

thermal or mechanical). By modifying the [4] E.J. Hang, K.K. Choi, and V. Komkov. 

Design sensitivity analysis of struc- 

tural systems. Academic Press, N.Y., 

1986. 

structure, the designer changes the matrix 

Kl , which leads to the necessity of find- 

ing the new response Wi through the solu- 

tion of the equation [jCj] {^1} 
It is possible, however, to make use of the 

knowledge obtained from the reference equa- 

tion, and scale the response by generating 

With moderate (up to 10%) changes in the 

. Since the best convergence is provi- 

ded by rational approximating functions, 

these can be used to obtain a solution with 

as high parameter variations as 35 to 47 %. 

The required response is sought in the form 

of the rational function 

Conclusion. The approaches discussed allow 

the problem of fuse design and analysis 

i) to be formulated in rigorous mathemati- 

cal terms for specific practical cases; 

ii) to be analyzed on a systematic basis, 

as a consistent set of logically interde- 

pendent algorithms; 

iii) to be treated by efficient and approp- 

riate methods. 
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ABSTRACT 

This paper describes breaking current process in 

sand filler fuses under the short circuit 

conditions, and analyses the basic characteristic of 

anode, cathode and arc column during arcing process. 

A mathematical model that describes the arc 

phenomena is set up. The results using this model to 

calculate the arcing process agree with the 

experiment results well. 

1 Introduction 

The arc model in sand filler fuses is one of the 

main subject in fuse research area, a great progress 

has been made, especially the variations of arc 

cross-sectional area during the arcing process have 

been taken account into the model, the calculation 

results of model become more accurate. However, 

there are some problems in all of the existing 

models, all kinds of models are expressed in 

different mode, angles and respects considered in 

the models are disparate, so it must be proved that 

which kind of the model should be used exactly in a 

specific situation and which one be universal. 

Meanwhile, a great deal of work need to be done to 

get some experiment formulae or constants in the 

models. In order to gain a universal arc model, 

this paper analyses the breaking current process in 

sand filler fuses, sets up a mathematical model 

based on the physics characteristic. The experiment 

formulae or constants are used in the model as 

rarely as possible. 

2 The mathematical model of arc 

When the arc emerge, the voltage across the fuse 

increases rapidly, so arcing phenomena can be 

described by the variation of arc current and arc 

voltage with time. 

Generally, the arc can be split into three 

regions: anode, cathode and arc column, these are 

considered separately in the following subsections. 

2.1 The cathode fall region 

. China 

A great part of electrons resulting in arc 

discharge generates in cathode fall region or emits 

from cathode. This region is about 10-3 millimetre 

long, but there is a regular voltage across it, for 

low boiling-point cathode, the cathode drop is 

supposed to be 10V in this paper.1 

2.2 The anode fall region 

This region is also about 10*3 millimetre long 

as with the cathode fall region. However, the 

process taking place in this region is quite 

different from that in the cathode fall region. 

Above 99 percent of electrons and ions generates in 

the cathode fall region, while below one present of 

ions is engendered in the anode fall region.2 The 

main function of the anode fall region is to change 

directional motion energy of ions in this region 

into thermal energy in arc column. 

The anode drop could be any value between zero 

and the ionization potential of anode element 

material. It is assumed that the anode drop equal 

to the ionization potential, because field 

ionization is the probable mechanism for ion 

production in case of fuse arcs. 

2.3 Analysis of arc column plasma 

As mentioned earlier, the cathode fall region 

and anode fall region in an arc are about 10-3 mm 

long, therefore the arc column may be taken to 

occupy the whole gap length between the electrodes. 

To derive the mathematical model of arc simply, it 

is presumed that arc column be cylinder and all of 

the parameters in arc column be homogeneous. In 

case of this presumption, it will be considered 

that the length, cross-sectional area, and 

conductivity of the arc column vary with time 

during arcing process so as to determine the 

resistance of arc column, then the arcing phenomena 

could be described by mathematical easily. 

2.3.1 Electron density of arc column plasma 
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Arc 

neutral 

exerted 

1.50x10-:?: 2 

<r~ ln( 1.242xl07T3 2/ne0•5) 
(11) plasma consists of ions, electrons and 

particles, when the electrical field is 

, the discharge particle in plasma will move 

directionally, therefor current flow in plasma. The 

current density could be expressed: 

J = n,qui - neque (1) 

where u, n are diffuse velocity and density 

respectively. 

According to condition of quasi-neutral in 

plasma, n«=ni, then 

J = neq(ui - u.) (2) 

because the discharge particle is accelerated by 

electrical field, therefore 

Ui = biE (3) 

ue - beE (4) 

Here, b, and be are removal rate of ions and 

electrons respectively, since electron mass is much 

lighter than ion mass, be is much bigger than bi, so 

J = neqbe(-E) (5) 

according to Ohm’s law, J=dE, then 

 0[_ 
n' - qbe 

(6) 

On the basis of gas dynamics theory, electron 

removal rate can be determined as following:3 

be nie V r (7) 

where \e is free path of electrons, and V? is 

thermal motion velocity of electrons, it is given by 

the formula 

Vr (8) 

Whereas free path of electrons could be expressed* 

\ _ KT 
" irR3P (9) 

where R is radius of gas molecule, P is pressure of 

arc plasma, T is temperature, K is Botzmann’s 

constant. 

therefore electron density is given by the 

expression 

ne 
A/ 3nmeR

2Po' 

q'Mr 
(10) 

2.3.2 conductivity of arc column plasma 

In arc column plasma, electron mass is much 

lighter than ion mass, therefore velocity of 

electron which is acquired by effect of electrical 

field is much higher than that of ion, It is 

considered that current be mainly delivered by- 

electrons, if ionizability in fuse arc plasma is 

more than 0.01 percent, conductivity of arc column 

plasma could be expressed by Spitzer’s formula.5 

2.3.3 Length of arc column 

Element material corrodes continuously due to 

the effect of anode and cathode during the arcing 

process, so the length between electrodes enlarge 

unceasingly, the rate of its enlargement equals to 

total bumback rate of anode and cathode. 

Bumback rate of electrode material is relate 

to energy balance in anode and cathode fall region. 

A.Wright considered this energy balance and 

obtained that the total energy supplied to anode 

fall region in each unit time was given by the 

expression6 

power = (Vaf + Vwf + Vr)i 

where Va t is anode fall voltage, VWf is voltage 

associated with the work function of the element 

material, VT is voltage associated with the thermal 

energy of the electrons which enter the anode, i is 

arc current. 

Meanwhile, he found that corroding degree in 

two electrode fall region is identical from a large 

number of X-ray photographs of breaking current 

tests. Therefore, it could be assumed that energy 

supplied to cathode be the same as that supplied to 

anode, the bumback rate of anode equals to that of 

cathode as a consequence. 

A very small part of energy supplied to anode 

is consumed by radiation and heat conduction. The 

energy is mainly used up by electrode to rise 

temperature of electrode and evaporated. A.Wright 

found that about 20 percent of the total energy is 

used to complete the process of latent heat of 

fusion. So the enlargement rate of length of arc 

plasma could be written as 

dl 0.4(Vat+Vw f+Vt)i 
dt “ A.fO.Lf ' 1 

Here, A« is cross-sectional area of electrode, p, 

is mass density of electrode material, Lt is latent 

heat of element material. 

2.3.4 Cross-sectional area of arc column 

When an arc column is established in a fuse, it 

receives power from the electrical system, this 

energy E could be expressed as 

E=uidt (13) 

where u is voltage drop along the arc column. 

During the earlier part of the arcing period, 

some of the input power is retained within the arc 

column and makes dimension and temperature of the 
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arc column increase. However, in the later part of 

the arcing period, the changes in energy present in 

a column during the short period may be very small 

compared with the total energy input, so it could be 

considered that power given to column be dissipated 

by the surrounding filler which will consequently 

melt progressively, the mass m of sand filler which 

will melt in the time interval dt may be 

uidt (14) 
“ ' (MC4Ts+Ls) 

Here ps is the packed density of sand, Cs and L, are 

specific heat and fusion latent heat of sand 

respectively. 

Because fuselinks are vibrated after sand is put 

into them, it is assumed that the volume filling 

rate of sand should be Y • After sand melts, its 

volume will increase, the expansion rate of sand on 

liquefaction is supposed to be (S, therefore the 

volume of liquid sand is (1+ß)/ times of the 

originally occupied by sand-air mixture. In 

addition, a column expands into the space previously 

occupied by the melted electrode. Then, the total 

variation in volume can be expressed 

dV . Il-(l+B)/3ui , . dl 
dt ‘ p.(C.AT,+L.) * dt 

(15) 

According to the presumption in the earlier, arc 

column is cylinder, so the cross-sectional area 

could be given in the following 

Aa = V / 1 (16) 

2.3.5 Energy balance of arc column plasma 

When arc column is established, material 

evaporated from the electrodes often enters it in 

the form of jets, a number of atoms of this material 

are accelerated into a column and a fraction x of 

them become ionised in any short time interval, 

meanwhile, almost the same number of atoms and ions 

would be scattered out of the column. To set up 

model simply, the following equations are assumed to 

apply any time interval. 

N'a I = N. (17) 

and N« = xNa (18) 

where N’ a, is the number of atoms and ions which are 

scattered from arc column, N'« is the number of 

electrons which are scattered from arc column, and 

N'I is the number, of atoms which evaporate from the 

electrodes. 

The total mass melted from the electrodes during 

the time interval dt is given by A.Wright 

total mass = 0.4(Vaf + Vwf + Vi)idt/L( 

He also found that about 40 percent of this mass 

will evaporate, if the number \'« of atoms per each 

mass of electrode material is known, the total 

number of atoms which enter into arc column in time 

interval dt could be written as 

Na - 0.08N*(Vif +VWf+VT)idt/Lt (19) 

The energy in arc column is dissipated by the 

main ways of kinetic energy, compound and 

radiation. 

Kinetic energy could be given in the following 

kinetic energy - 1.5 (N«i + N.) KT 

and compound energy is 

compound energy = M«Ej 

where Ej is ionization energy of each atom. 

For heat radiation, it could be considered as 

blackbody radiation because the temperature and 

pressure of arc column is very high. The surface 

area S of arc column may be calculated 

S=(TTdl)= (4A./r)»-sl=21(irAa)0-s 

therefore heat radiation energy can be expressed as 

heat radiation energy = 21 (TfAa)0 - 5KsT
4dt 

where K, is the Stefan-Botzmann constant. 

According to the law of conservation of energy, 

the following equation is gained 

(m,c,3T/at)dt=uidt-Ni(1.5KT(1+X)+XEJJ- 

21KsT4 (TTAj) 0 • 5dt (20) 

Here m, and Cm are mass and specific heat of arc 

plasma. 

At any time the temperatures of ions and 

electrons in a column will be the same because the 

mean free path is very short and they must 

experience many collisions before leaving the 

column, in this circumstance the following equation 

is applicable 

_3i_= (2TO,)»/« (KT)„:exp(_-§J.) (21) 

where P is pressure of arc plasma, m« is mass of 

electron, and h is Planck constant, 

and the pressure of arc column plasma can be 

expressed as 

p =_l±x.n.KT (22) 

2.3.6 Integrated mathematical model of fuse arc 

The model of fuse arc are usually described by 

the equivalent circuit shown in Fig. 1. 

Re L< RD ZK 
—cn—0—E=3—^  

© Q: 

2=0 if short circuit occur 

Pi?. 1 equivalent circuit 
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It is often possible to regard a source as 

having resistance and inductance in series, in this 

circumstances, the nonlinear equation during the 

arcing period could be shown as follow 

es = i(R.n+Rc)+d(Lci)/dt+n(Vaf+Vcf) (23) 

Here es, Rc, Lc are electro-motive force of source, 

equivalent resistance and inductance of power 

system, Ra is resistance of each arc column, VCf is 

voltage drop of cathode fall region and n is the 

number of arcs or notches in element. 

According to Ohm’s law, it could be gained 

Aa = u / i (24) 

the resistance of the arc column can also be 

expressed as 

Ra = (25) 

Equations (10), (11), (12), (15), (16), (19), 

(20), (21), (22), (23), (24), (25) are independent 

and include twelve unknowns n„, P, o', T, 1, Aa, V, 

Na, u, i, Ra and x, if initial conditions are given 

, these unknowns can be solved. 

3 Calculation of mathematical model of fuse arc 

period. The value of this sudden change depends on 

the dimension of the notches. Long notches have 

slightly higher initial voltage than short notches. 

In this paper, the initial voltage is assumed to be 

33 V. 

The initial value of arc current can be 

determined by calculating prearcing period.7 

3.2 Calculation of arcing period 

According to the earlier analysis, the solving 

the twelve equations by the ways of step by step. 

The arc voltage U, across the ends of the fuses can 

be calculated 

Uf = n(Vaf+VCf+iRa) (27) 

If the arcs join together and become a single 

long arc, the arc voltage will be expressed as 

Uf = Vaf + Vcr +iRa’ (28) 

The above arc model are set up on the basis of 

this presumption which there is only one element in 

the fuses, if several elements exist in the fuses, 

the items which are related to current will be 

changed correspondingly. 

The twelve equations which describe the arc 

characteristic could be simplified by using 

difference method, therefore twelve parameters at 

time t+dt would be calculated easily if these 

parameters at time t are known. 

If the arc length 1 is more than or equal to the 

length between two notches of fuse during the 

calculation, the arcs will join together and become 

a single long arc, therefore equation (23) should be 

changed into 

es = i(Ra’+Rc)+d(Lci)/dt+(Va f+Vcf) (26) 

where Ra ’ is the resistance of a single long arc 

If this single long arc bumback continuously 

until the length of it is up to the element length, 

the calculation should cease, in this circumstance, 

it is regarded that the breaking current be failure. 

4 Results 

To verify the accuracy of arc model, the fuses 

in which only one element exist is used to do many 

practical tests and theory calculations, the 

results obtained are compared with each other, and 

they agree well. 

The constructions and dimension of the fuse 

element are shown in Fig. 2. 

L 

\8 
/KJ t7 

2 I ‘a I I; 

li=1 12=21 13=15 wi=0.7 W2=15 a =22.5 

3.1 Determination of the initial value 

Because '-the temperature is very low at the 

beginning of the arcing period , the value of the 

parameters 1, V, Aa, x are very small and they are 

taken to be zero, the temperature T are considered 

to be the boiling point temperature of element 

material, 

The initial value of arc voltage is difficult to 

determine. During the prearcing period, the voltage 

across the notches of fuse is very small, and it 

changes suddenly at the beginning of the arcing 

Fig. 2 element structure of a fuse 

one of the results of tests and calculations 

are listed in table 1 and Fig. 3. 

Table 1 breaking current results under the 

conditions 

of L-560V, 1=510A, coso=0.28 

current peak 

over voltage 

arcing time 

calculation results 

972.0 (A) 

468.6 (V) 

6.134 (ms) 

test results 

1072 (A) 

531 (V) 

6 (ms) 

5 Conclusions 
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The mathematical model of fuse arc which is 

derived in this paper could describe breaking 

current process of fuses. By using this model to 

study the influences of many kinds of parameters on 

breaking current process, the work of fuse research 

become easy, it will advance quickly and 

economically as well because it is not necessary to 

do a lot of tests in the study. 

U It 3) 

0.40 

-0.40 

! 20 

I current 2 — urc vullugf ] .iiBurc« twllutfu 

( a ) calculation results 

Ti.« 

( b ) test results 

Fig. 3 oscillogram of breaking current 
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1. SUMMARY. 

This paper presents a model for the calculation of 

the prearcing time in fuse-links, based on the so- 

lution of the equations of electrical potential, 

current density and heat diffusion, by means of the 

approximation of the partial derivatives through 

central finite differences. The variations in the 

values of the different parameters induced by tempe- 

rature are taken in consideration. Due to the non- 

linearity of the equations the solution is obtained 

through an iterative or Gaus-Seidel relaxation pro- 

cess. 

2. INTRODUCTION 

Gauged conductors (fuse-links) are used in the in- 

dustry as a means of protecting equipment and insta- 

llations against the sudden occurrence of current 

overloads or short-circuits. In order to adequately 

employ fuse-links as protecting elements one has to 

know their characteristic intensity/time curve. Noi— 

mally experimental laboratory test methods are used 

to obtain such characteristic curves, which bring 

about a substantial loss of both time and rejected 

materials. Consequently, a theoretical model which 

could allow the accurate prediction of the performan- 

ce of a fuse-link under different conditions of loa- 

ding and under short-circuit would undoubtedly have a 

great potential appeal for designers and testers at 

fuse-link factories. 

Due to the fact that the fuse element usually has 

complicated geometrical forms (see Fig. 1) and that 

as a rule such parameters as the electric resistivi- 

ty, thermal conductivity and specific heat vary with 

temperature, the analytical techniques approach to 

the study is not possible but it is necessary to 

appeal to the numerical calculus to be able to build 

a valid theoretical model of the performance of the 

fuse. 

Several authors have proposed different models 

for determining the prearcing-time. Leach et al.‘ 

developped a model which estimates the distribution 

of the current density by means of the approximation 

through finite differences of the electric continuity 

equation. The current density so estimated is used to 

find out by application of the law of Ohm, the heat 

generated inside the fuse, which is also expressed by 

the energetic equation OCp.m.dT, where Q is the 

heat generated, Cp is the specific heat, m is the 

mass and dT is the thermal increment produced by the 

heat generated. Wilkins and others0 brought forward 

a model which uses the the approximation of the 

partial derivatives through finite differences to 

solve the equations of the electric continuity and 

heat diffusion. In this model they take into consi- 

deration neither the eventual variation of the afore- 

mentioned parameters due to temperature nor the even- 

tual heat losses from the fuse element to the su- 

rrounding medium (the filling material, usually sand 

or quartz powder) and to the ceramic core of the 

fuse. 

Fig.li Typical fusel ink element, symmetrical part of 

a element used in our model and finite-difference 

mesh. 

Considering that the electric resistivity of the 

fuse, the thermal conductivity and the specific heat 

of the fuse, of the filling material and of the 

ceramic core vary with temperature, this paper pre- 

sents a model which uses the method of the finite 

differences to solve the equations of the electric 

potential, current density and heat diffusion to 

estimate the prearcing time in fuses, taking into 

consideration the variability of the said parameters 

with variations of temperature. 
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3. MODEL DESCRIPTION. 

Considering that the fuse used for the experi- 

mental test of the theorical model presents the shape 

shown in Fig. 1, by symmetry the part of the fuse 

shown on the said figure has been used. Although 

fuses usually present a cylindrical shape, in order 

to have a simpler modeling we have approximated 

the cylindrical surfaces which separate the quartz 

from the ceramic core and the latter from the envi- 

ronment by flat surfaces which contain them. For the 

evaluation of the prearcing time it is necessary to 

solve the equation of heat in the fuse using as a 

source of energy that produced by the Joule effect of 

current density. Consequently it is necessary to 

calculate first of all this density. 

3.1 Distribution of currents in the fuse. 

Considering that a fuse with uniform thickness 

is used, the current density J presents components 

Jx and Jy in directions x & y respectively, which are 

related to the components of the electric field E 

by: 

Jx = Ex/g 

Jy = Ey/f 
(1) 

element with the remaining elements (marked 1 on 

Figure 1) the distribution of current density is not 

affected by the presence of the restriction 

(lengthwise dimensions are usually big enough to hold 

this as a fact) whereby the current density is 

constant on each elementary surface, each component 

presenting the values given by: 

1 SV I 

e Sx 2.N.AS 

av (4) 
Jy =   = 0 

Sy 

where N is the number of elementary areas into which 

the surface is divided, AS is its area and I is the 

intensity that flows through the fuse. The + sign in 

the Jx equation corresponds to the current in-flow 

surface and the - sign to the current out-flow 

surface. The division by 2 on the Jx expression is 

due to the fact that only one half of the current in 

and out-flow surfaces is considered. 

2) On those boundary surfaces which are parallel 

to the x axis (marked "2" on Figure 1) the y compo- 

nent of the current density is null: 

SV 
Jy = 0 =>   = 0 (5) 

where f is the electric resistivity of the material 

of fuse and Ex & Ey are the components of the elec- 

tric field in the direction x & y respectively. 

Bearing in mind the relation existing between the 

electric field and the electric potential V: E = - 

grad.V and that the divergence of the current density 

is null (there are neither load sources nor sinks) 

substituting in (1) gives: 

div.J ■ - div.lgrad.V/p) = 0 

1 av 
Jx =    (2) 

e ax 

i av 
e ay 

The resistivity varies from point to point in the 

fuse as temperature changes t P=P< T < x, y, z, t > > 1, 

and bringing this over to equation (2) and ope- 

rating results: 

1 1 
  7*V +■ 71 >.7V = 0 

e e 
(3) 

a< i / e > 

aT 

aT 

HT 

av 
"77" 

aT 

"57" 

av 
ay 

s=v a*v 
ax' ay* 

3) Finally, on those boundary surfaces which are 

parallel to the y axis (marked "3" on Figure 1) the 

x component of the current density is null: 

* av 
Jx = 0 =>   = 0 (6) 

ax 

Through a discretization on the fuse as shown on 

Fig.l, the approximation of the partial derivatives 

through central finite differences* the electrical 

potential on a point of discrete coordinates (i,j) 

can be obtained and from here the components of the 

current density are calculated by means of equation 2 

3.2 Temperature distribution in the fuse. 

To accurately ascertain the distribution of tempe- 

ratures in the fuse it is necessary to solve the heat 

diffusion equation, as follows: 

d.Cp- 
ST 

at 
V(KVT) + Qv = 

S=T 

äx" 

S=T 

äx® 

a*T 

Sx“ 

SK 

~sT 

ST 

Sx 

ST 

Sx 

2 r ,2 
ST 

(7) 

Sx 

To solve equation (3) the following boundary con- 

ditions have been assumed: 

1) on the frontal surfaces which connect the fuse 

where d is the density of the material, Cp and K are 

its specific heat and thermal conductivity and Qv 

represents the energy generated per unit of volume 
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II 

and per unit of time in the material. Both Cp and K 

may vary from point to point as temperature changes. 

To solve equation (7) the following boundary condi- 

tions have been assumed as true: 

1) By symmetry there is no loss of heat (equal 

heat flows in both directions) on the surfaces which 

separate the part under examination from the rest of 

the fuse, for which reason: 

JT 
  = 0 (8) 

91 

where 1 is normal to the separating surfaces. The 

eventual losses through the external surface of the 

ceramic core of the fuse are not considered, whereby 

equation (B) is used for this surface. 

This hypothesis is acceptable enough considering 

that the fuse element is surrounded by quartz grains, 

which present a very low thermal conductivity thus 

limiting the heat which passes over to the ceramic 

core. 

2) In the separating surfaces between different 

materials (copper, quartz and ceramic) the equality 

of heat-flows in both directions is satisfied: 

9T 9T 
K,  = Ke  (9) 

91 91 

where K, and Ke are the thermal conductivities of the 

medium 1 and 2 respectively and 1 is the normal to 

the separating surface. 

The internal heat generation is due in this 

case to the Joule effect of the electrical flow and 

is represented by: 

Qv = e <Jx(i,j)= + Jy(i,j >B> (10) 

Bearing in mind the variation in thermal con- 

ductivity induced by temperature changes, the new 

temperature T'(i,j,k> on points of discrete coordi- 

nates (i,j,k) after a discrete interval of time at, 

can be ascertained through the discretization of (7) 

around central points. 

The distribution of the potential with the 

temperature existing at the beginning of each dis- 

crete interval of time or iteration is ascertained 

through the discretization of equation (3). From the 

discretization of (2) the current densitites can be 

ascertained and they are used in equation (10) to 

calculate Qv, which applied in (7) permits the ob- 

tainment of the new temperature on each point at the 

end of the interval. The new temperatures substitute 

those had at the beginning and the process is 

repeated in subsequent iterations. The process ends 

when the fusion temperature of the copper fuse ele- 

ment is reached, thus determining the prearcing time. 

1000 

3 
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“ .1 

• oxporiMntal values 

▲ theoretical results A 
* theoretical results B 

20 50 100 200 500 1000 

R.M.S. CURRENT (A) 
Fig.2: Prearcing time-current curve for a 15 A pro- 

tection fusel ink, 50 Hz symmetrical sinusoidal 

current. 

Table 1: Parameter values of copper used in the 

model. K=thermal conductivity; ?=resistivity; Cp= 

specific heat; d=density. 

e<ßm) = l .785xlO-“[^l-4.1xlO-=(T-20)+0.93xlO-‘(T-20)=j 

C«*3 
K (W/m'K) = 418.38 - 6.16x10'=.T C53 

K (W/m°K) = 400 [51 

Cp (J/Kg°K> = 358 + 0.962 T [6] 

d •(Kg/m=> = 8960 C73 

4. RESULTS. 

Figure 2 shows the experimental values and the 

theoretical results obtained for a fuse with 15 A 

nominal intensity. Values of parameters are shown on 

Table I. The theoretical results have been cal- 

culated via two different models: through model deve- 

lopped under paragraph 3 Case A results have been 

reached, whereas on Case B the thermal losses trans- 

ferred to the quartz powder and the ceramic core have 

not been taken into account. As shown, both models 

render identical results for intermediate and high 

intensities (typical short-circuit values), which 

coincide with those obtained in laboratory experi- 

ments, whereas for intensities close to the nominal 

intensity of the fuse (typical overload values) the 

results obtained with the complete model are similar 

to the experimental values, while those obtained in 

case B present differences which grow as the intensi- 

ty values decrease. This results show that the 

thermal losses by transfer to the surrounding mate- 

rials of the fuse element are irrelevant for short- 
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Circuit intensities due to the short prearcing times, 

while they grow bigger as the overload intensity 

approaches the fuse nominal value due to the longer 

prearcing times. It is consequently evident that 

such losses have to be taken into consideration if an 

accurate model of the performance of a fuse is to be 

built. 

It is interesting to note what effects have some 

parameters on the performance of the model. Figure 3 

shows the temperature reached in the middle of the 

restriction zone as a function of the current flow- 

time considering one value for the thermal conducti- 

vity of copper as constant and the other as variable. 

The intensity is 50 A while the remaining parameters 

vary with temperature. As shown, for short times 

(low temperatures) similar results are obtained with 

both conductivity values, and the gap grows with time 

(and so does the temperature as a result thereof) to 

the extent that the estimation of the prearcing time 

with one or the other value of conductivity differ in 

more than 20%, the minimum value being in no case 

under 8%. This indicates that if the model is to be 

adequate the variability of the thermal conductivity 

of copper as the temperature changes has to be taken 

into account. Of much less importance is the exis- 

tence or not of variability in the thermal conducti- 

vity of the quartz or the ceramic core because the 

temperatures on these materials are much lower than 

those on copper, which implies that the variations in 

conductivity are so small that they have very little 

effect on the estimation of the prearcing time. 
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Fig.3s Temperature at the center of the restriction 

zone as a function of the time for two different 

values of the copper thermal conductivity. 

Figure 4 shows the effect of the circuit closing 

angle on the thermal development in the middle of the 

restriction. The intensity is 300 A, using circuit 

closing angles of 0, 40 and 82° for a sinus function. 

A symmetric short-circuit has been assumed, which 

means that the circuit created presents no reactance. 
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Fig.4: Current intensity and temperature at the 

center of the restriction zone as a function of the 

time for three different values of the circuit clo- 

sing angle. 

As shown, depending on the moment the short-circuit 

is produced (circuit closing angle) the prearcing 

time obtained varies substantially with differences 

which are larger than 200% for values obtained with 

circuit closing angles of 40 and 82*. While for 

circuit closing angles of 0 and 40* the fusion takes 

place in the first half-period of the intensity wave, 

for the circuit closing angle of 82* the fusion 

cannot take place during the first half-period owing 

to the high initial stage value, wherefore the tempe- 

rature -after decreasing slightly- reaches the fusion 

value (1083 *C> during the 2nd half-period of the 

intensity wave. This decrease in the temperature 

is due to the fact that when the intensity wave 

reaches the null and close to null values, the ther- 

mal losses are bigger than the amount of energy 

brought by the Joule effect. This is shown in detail 

in Figure 5, which displays the prearcing times as a 

function of the r.m.s. current for different values 

of circuit closing angle. As shown, the prearcing 

time starts to be affected by the circuit closing 

angle at intensities close to 150 A and the differen- 

melting / temperature 

I - 300 A r 

A u - 0* 

•0-40* 
•0-82* 
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ces grow with the short-circuit intensity. This 

shows that the uncertainty in the time it takes a 

fuse to open increases considerably as the short- 

circuit intensity grows. 

10“ 

co 1(T 

wr- 

100 200 500 1000 

R.M.S. CURRENT (A) 
Fig.5: Prearcing time-current curves for different 

circuit closing angles. 

The short-circuit current depends both on the 

circuit closing angle 0 and the short-circuit power 

factor angle (1 circuit, according to the following 

formula: 

i(t> = S.lcCsinlwt +0 -(3) -exp(-wt/tan(3) 1 sin(0-(3) + 

+ H. I .exp (-wt/tan|3) .sin© 

where Ic is the short-circuit permanent current and I 

is the current which flows through the fuse before 

the short-circuit. One of the advantages of the fuse 

as against other protecting elements is the capabili- 

ty of the fuse to limit the maximum value of the 

transient short-circuit current to a value below its 

maximum peak value. Figure 6 illustrates this limi- 

ting effect (cut-off characteristics) for angles of 

the short-circuit power-factor of 0, 20 & 70°, which 

represent the maximum transient peak value as a 

function of the short-circuit permanent current. 

3. 0 

1. 0 

0. 30 
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- 78 X 0. 03 
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R. M. S. CURRENT CkA) 
100 

Fig.6: Fusel ink cut-off characteristic for three 

different short-circuit power-factor angles. 

For short-circuit permanent currents under 175, 

290 and 350 A, corres-ponding to angles of 78, 30 and 

0° respectively, the fuse exercises no limiting ac- 

tion on the maximum peak transient current due to the 

fact that the fusion takes place after having reached 

such a value. Once the limiting effect has started, 

the maximum value of the thus limited current grows 

slowly with the increase of the short-circuit perma- 

nent current. The limiting effect grows as the impe- 

dance short-circuit angle increases. As illustrated 

the experimental values obtained for an angle of 78° 

coincide fully with those calculated theoretically. 
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Fig.7: Shift of the prearcing time (with regard to 

the prearcing time for the room temperature of 20°) 

as a function of the current for two different room 

temperatures. 

The effect of the room temperature on the modi- 

fication of the prearcing time is illustrated in 

Figure 7, where the deviation is shown in percentages 

of prearcing time for room temperatures of 0 and 40 

°C with respect to prearcing time for room tempera- 

ture of 20 °C, as a function of the r.m.s. current 

flowing through the fuse. The results shown corres- 

pond to simmetric short-circuits with an circuit 

closing angle of 0°. With exception of some values 

of current where the deviations are large, in the 

majority of cases the deviations are about 1%. In 

those cases where deviations are large, the deviation 

grows as the current increases up to values close to 

1007.. Such huge deviations for certain values of 

intensity (both positive for 0 °C and negative for 40 

°C> are due to the fact that while the fuse reaches 

fusion for a given number of half-periods of the 

current wave at 20 °C, at 40 °C room temperature it 

takes a half-period less, whereas it takes one half- 

period more for room-temperature of 0 °C. As a 

consequence thereof the deviation increases as the 

intensity grows since the relative deviation is lar- 

ger when the number of half-periods taken to reach 

fusion decreases. On reaching values of intensities 
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which make the fuse open in times close to or under 

one fourth of period, these deviations go down about 

to 1% because then the difference in room temperature 

is not enough to cause the aperture in the following 

half-period. This happens with the deviation by 0"C 

for obviously at the room temperatures of 40" it 

takes only one half-period. For an intensity of 

233 A this is illustrated in Figure 8, where the 

temperature in the middle of the restriction is re- 

presented as a function of time for room temperatures 

of 20 & 40 °C. As shown, while fusion is reached in 

the first half-period of the intensity wave 

(t=0.00775 s) for the room temperature of 40 "C, for 

the room temperature of 20 °C fusion takes place in 

the second half-period of the wave (t=0.0145 s). 

Owing to the difference of 20 0 in room temperature 

the fusion temperature cannot be reached in the first 

half-period, although the temperature reached (T=1067 

°C> is very close to it. 
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The effect of variations in thickness of the 

fuse-element on the prearcing time is shown in Figure 

9, where the deviation in prearcing time obtained 

with a fuse-thickness increased by 5% and the prear- 

cing time with a normal thickness is shown as a 

function of the r.m.s. current. A room temperature 

of 20 °C has been assumed. While for intensities over 

245 A the deviation in prearcing time is about 77. 

(because beyond these intensities fusion takes place 

on both thicknesses within the first wave half-pe- 

riod) at lower intensities the deviation decreases in 

a discontinuous way after having reached a maximum at 

245 A. Such discontinuous decrease is due to the 

fact that at certain values of intensity fusion is 

reached within the same half-period on both thickne- 

sses, at other values of intensity fusion takes place 

one half-period later in the case of the thicker fuse 

and at other intensities fusion takes place one full 

period later on the thicker fuse. 
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a thickness increased 5%. 

5. CONCLUSIONS 

In this paper, we have presented a mathematical 

model for the theoretical calculation of the preai— 

cing time in fuse-links. The results obtained with 

the theoretical model coincide with those obtained 

experimentally, whereby the model proves to be appli- 

cable for the design, test and study of fuse-link 

characteristics. The consideration of variability of 

equation parameters with temperature as well as the 

consideration of thermal losses to the materials 

which surround the fuse element are of major impoi— 

tance for a perfect coincidence of theoretical and 

experimental values. The model also allows the study 

of the influence which the variation of the geometry 

of the fuse element has in the prearcing time as well 

as the selection of the material most convenient for 

the fuse specifications required. 
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Summary: 

This paper will explain the role of Underwriters Labora- 

tories Inc. (UL) in fuse safety testing and certification. 

Emphasis is placed on the the relationship of UL’s stan- 

dards to the National Electrical Code (NEC1), and the 

general requirements which are common to most UL 
Listed power fuses. 

Introduction: 

For over 95 years, Underwriters Laboratories has tested 

and certified fuses to standards developed in cooperation 

with the United States fuse industry and other inter- 

ested parties. Throughout this time, UL Standards have 

reflected the safety and performance concerns of the 

NEC which demand protection of distribution systems, 

wiring, and utilization equipment from dangerous over- 

currents. A broad spectrum of tests is used by UL to 
verify the fuse’s performance. These tests include: tem- 

perature rise, verification of fuse current rating, full-volt- 

age overload, maximum let-through energy, verification 
of current-limiting threshold, maximum interrupting ca- 

pacity, and limitation of let-through current and energy. 

For brevity, this paper focuses on power fuses, and no 

attempt is made to specify every exception or unique 

case. The exact details of testing, ratings, and require- 

ments are best stated in the standards themselves. 

1. UL Background 

1.1 UL History 

Underwriters Laboratories is the world’s largest inde- 

pendent product safety testing and certification organiza- 

tion. UL was founded in 1894, in response to the alarm- 

ing number of fires caused by the new electric light bulb 

at the Chicago Columbian Exposition. Now, 97 years 

later, UL continues testing a wide variety of products for 

safety, as well as performing research testing, developing 

safety standards, working with local inspection authori- 

ties, and educating the public about safety. 

1.2 UL’s Standards and the NEC 

In order to assure that all manufacturers of a similar 

product are treated equitably, consistent standards must 

be applied. UL develops such product standards through 

cooperation with manufacturers and other interested 

parties, taking into consideration the users of the prod- 

uct and any installation codes that apply, such as the 

NEC. 

It is important to note the strong correlation between 

the NEC and UL’s fuse standards. The NEC is an instal- 

lation code which contains provisions necessary for prac- 

tical safeguarding of persons and property from hazards 

arising from the use of electricity. It contains a number 

of specific requirements for fuses, as well as several gen- 

eral items which also apply. UL’s standards are based on 

the same overall premise of safety, and are carefully 

written to support and complement the requirements of 

the NEC with specific requirements for fuses. The result 

of this relationship is a symbiosis which benefits both 

fuse users and manufacturers by enhancing the level of 

electrical safety. 

1.3 UL Certifications 

UL has three types of safety certification: UL Listing, 

UL Classification, and UL Component Recognition. The 

type which applies to power fuses is UL Listing. 
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in compliance with UL’s requirements for the category of 

equipment involved; they bear the Listing Mark of 

Underwriters Laboratories. Fuses used to protect distri- 

bution systems must be Listed, and all Listed products 

must meet identical requirements for the specific rating 

and size involved. They are also required to be suitable 
for installation in accordance with the NEC2. They are 

considered to be physically and electrically interchange- 

able with other Listed fuses of the same Class and rating. 

1.4 UL Fuse Standards 

UL currently has several published standards for power 
fuses summarized in Table 1. 

UL also has published standards for the following fuses: 

Supplemental Fuses, UL 198G; DC Fuses for Industrial 

Use, UL 198L; and Mine-Duty Fuses, UL 198M. Special 

purpose fuses, new or innovative fuses, or novel ratings 

for a product can be accomodated by using related re- 

quirements from UL’s present standards, or by evaluat- 
ing the safety risks involved and designing a new test 

program to encompass these risks. A common miscon- 

ception concerning UL is that products outside the scope 

of present standards cannot be certified. On the con- 

trary, UL is willing to devise an appropriate investigation 

for any product. 

2. Fuses for the Protection of Distribution Circuits 

UL tests and certifies a broad range of power fuses which 

are intended to protect power distribution circuits, 

switching equipment, and wiring. These circuits are of- 

ten called branch circuits" because they begin at the util- 

ity entrance to the building and branch out to usage 

equipment around the facility. Several types or Classes 

of fuse are used to protect these circuits, including Class 

G, H, J, K, L, R, T, CC, and Plug fuses. The major 

characteristics of these fuses are summarized in Table 1. 

Examples of applications of these fuses would be protec- 

tion of a switchboard, switch, or individual circuits sup- 

plied by a distribution panelboard. 

2.1 Voltages Common in The United States 

Several low voltage (600 V ac and less) distribution sys- 

tems are used in the U.S., depending on the local utility 

and the needs of the user; voltages of 120, 208, 240, 277, 

480, and 600 V are available. These systems are pro- 

tected by Class G, H, J, K, L, R, T, CC, and Plug fuses 
with corresponding voltage ratings. A 600 V fuse can be 

used on any of these circuits, but lower voltage rated 

fuses are generally smaller, and thus using the closest 

sized voltage rating will allow the switching equipment 

to be downsized as well. 

2.2 Current Ratings 

The UL system of fuse classes divides each fuse class into 

several distinct sizes based on the current range in that 

size, as shown in Table 1. Intermediate ratings which 

are between the case size breaks have the same overall 

dimensions as the next larger case size. For example, 

ratings of 31-60 A are all sized the same. 

2.3 Interchangeability 

The UL standards for fuses include detailed require- 

ments for the physical dimensions of the fuse. These 

requirements result in Listed fuses of the same Class, 

voltage, and current rating being consistent in size so 

that a cleared fuse can be easily replaced. However, the 

differences between designs of the fuse Classes and case 

sizes is such that no fuse is interchangeable with one of a 
higher voltage rating, lower current rating, lower inter- 

rupting rating, or different Class. This is a requirement 

of the NEC3, and an essential aspect of UL Listed fuses; 

they can be used with confidence that improper replace- 

ment is unlikely. This also means that safety is not di- 

minished by allowing replacement by untrained person- 

nel. For example, a Class H fuse rated 100 A and 250 V 

has a 10 kA interrupting rating and will only fit in a 

fuseholder specifically designed for these ratings. A Class 

R, 100 A, 250 V fuse (with a 200 kA interrupting rating) 

is the same size and will fit into the same fuseholder. 

The reverse substitution cannot be made because a Class 

R fuseholder has a rejection feature which allows only 

Class R fuses to be installed. Thus the lower interrupt- 

ing rating Class H fuse cannot be installed in a Class R 

fuseholder where a short circuit current above its rating 

might be available. 

2.4 High Interrupting Capability 

The design of utility power systems in the United States 

is such that many industrial and commercial installations 

have very high available short circuit currents at the 
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Table 1 

Fuse 

G 

H 

J 

K 

R 

T 

CC 

Plug 

UL 

Standard 

UL 198 C 

Voltage 

Ratings 

300 

UL 198 B 250 or 600 

UL 198 C 600 

UL 198 D 250 or 600 

UL 198 C 600 

UL 198 E 250 or 600 

UL 198 H 300 or 600 

UL 198 C 

UL 198 F 

600 

125 

Current 

Ratings 

0-60 

0-600 

0-600 

0-600 

601-6000 

0-600 

0-1200 

0-30 

0-30 

Interrupting 

Rating. A rms 

100,000 

10,000 

200,000 
50.000, or 

100.000, or 

200,000 
200,000 

200,000 
200,000 

200,000 
10,000 

Sub-Classes 

Renewable and 

Nonrenewable 

K1and K5 

Size Breaks eure at the 

following Ampere ratings: 

15, 20, 30, and 60 

30, 60,100, 200, 400, and 600 

30, 60,100, 200, 400, and 600 

30, 60,100, 200, 400, and 600 

800,1600, 2000, 2500, 3000, 4000, 

5000, and 6000 

RK1 and RK5 30, 60,100, 200, 400, and 600 

30, 60,100, 200, 400, 600, 

800, and 1200 

30 

"Edison Base" and 30 

Type S 15, 20, and 30 

Notes: RK1 and K1 fuses have a high level of current limitation 
RK5 and K5 fuses have a moderate level of current limitation 

power entremce to their building. Calculated available 

currents of over 100,000 A rms are common, and for this 

reason, the industry and UL have selected 200,000 A as 
the necessary interrupting capability for Class R, L, J, T, 

and CC fuses. Equipment which uses fuses (Class G, H, 

and Plug) that have a lower interrupting rating can have 

interrupting ratings only up to that of the fuse. Class K 

fuses, because they are interchangable with Class H 

fuses, are considered as having a 10 kA interrupting rat- 
ing for the purpose of fuseholders and usage equipment. 

The UL requirements for interrupting testing and rat- 

ings are based on Section 110-9 of the NEC. This Section 

requires equipment which is intended to break current 
at fault levels to have an interrupting rating sufficient for 

the system voltage and maximum available short-circuit 

current. 

The ability to simply withstand high fault currents is not 

enough for many design engineers; in order to determine 

whether downstream equipment is being suitably pro- 

tected, they need information on how much current and 

energy the fuse will allow to pass under short circuit 

conditions. This need is met by UL Standards which 

require fuses to meet certain maximum let-through lim- 

its when tested at high fault currents. Two specific let- 

through limits are applied to each fuse size, the peak let- 

through current, Ip, and the let-through I2t. Ip is simply 

the maximum instantaneous current which the fuse lets 

through during clearing, and is a general indication of the 

magnetic forces which will be imposed on the equipment. 

I2t is the integral sum of the square of the current during 

the fuse clearing; it represents the heat energy let 

through during clearing. Use of let-through information 

allows system designers to choose fault protection de- 

vices which will coordinate to isolate a particular fault 

without shutting down other circuits. This coordination 

is required by the NEC4. 

3. Verification of Fuse Characteristics 

In order to verify the suitable performance of fuses, 

samples are tested on several different circuits intended 

to cover the complete range of possible field situations. 

Levels of test current range from 110% of the fuse rating 

(where the fuse shall not clear), through low overloads, 

to high short-circuit available currents up to 200,000 A. 

The maximum ampere rating in each distinct size of fuse 
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is tested (See Column 7 of Table 1) and represents the 

range of ampere ratings in that size (eg. 31-60, 61-100 

etc.). Any major construction change within a size is also 

tested; this is common in the 30 A case-size where test- 

ing may be needed on a few design breaks in order to 

properly represent the entire range of ampere ratings. 

3.1 Verification of Ampere Rating 

Several tests are used to verify the ampere rating as- 

signed to a fuse. These tests are not voltage sensitive 

and thus are performed at a convenient low voltage. The 

normal test program includes the following tests: 

3.1.1 110% Current-Carrying Capacity: Fuses are placed 

in properly sized fuseholders and 110% of their rating is 

passed through them until they show thermal stability. 

This test shows the current-carrying ability of the fuse 

under open-air conditions, which is considered equivalent 

to the normal maximum load of 80% in an enclosure 

mandated by the NEC6. Temperatures are monitored 

during the test and must be within set limits. . These 

limitations control the maximum temperatures so the 

thermal limits of fuse and fuseholder materials and con- 

ductor insulation are not exceeded. 

3.1.2 Verification of Clearing-Time: The time required 

for the fuse to clear while carrying 135% and 200% of its 

current rating must be within the limits specified in the 

appropriate standard. These tests ensure that low over- 

loads are cleared before circuit conductors and equip- 

ment are damaged by overheating. 

135% Limits 200% Limits 

Fuse 

Rating 

0-60 

61-600 

Max. 

Clearing 

Time 

1 h 

2 h 

Max. 

Fuse Clearing 

Rating Time 

0-30 

31-60 

61-100 

2 m 

4 m 

6 m 

Fuse 

Rating 

101-200 
201-400 

401-600 

Max. 

Clearing 

Time 

8 m 

10 m 

12 m 

3.1.3 500% Time-Delay: Fuses which are designed to not 
clear during short-term overcurrents, such as motor 

startup, may be designated "time-delay". To obtain this 

designation, the fuse must not clear within 10s while 

carrying 500% of rated current. Thus, loads which have 

fairly high inrush currents of short duration will not 

cause nuisance clearing of the fuse. 

3.2 Overload at Full Voltage 

In order to evaluate the fuse’s ability to clear an overload 

under full voltage conditions, the fuse is tested at 200% 

of its rating at rated voltage, with a power factor of 0.8 or 

less. This test confirms the fuse’s ability to operate un- 
der overload conditions encountered in everyday use. 

This is also a test of the materials and construction of 

the fuse, since this overload will create high tempera- 

tures in the fuse, and the fuse must extinguish a full- 

voltage arc in its overload section. 

3.3 Verification of Current Limiting Theshold 

The term "current-limiting" is associated with Class G, J, 

L, R, T, and CC fuses. These fuses have a certain thresh- 

hold above which they limit the instantaneous peak cur- 
rent, Ip, to a value less than what is available from the 

circuit, and they will clear in less than 1/2 cycle. This 

threshold is confirmed by the Maximum Threshold Ratio 

Test as follows: The available current of the test circuit 

must be equal to or less than the product of the current 

rating of the fuse multiplied by the defined threshold 

ratio for the Class of fuse. The circuit closing is con- 

trolled at approximately 90° on the voltage wave and the 

fuse must clear in less than 1/2 cycle. As an example, a 

60 A, Class T fuse has a threshold ratio of 30, and thus 

must be tested on a 1800 A or less circuit. The circuit is 

closed at 90° on the voltage wave and the fuse clears at 

190°, for a total of 100° to clear. This conforms to the 

requirements of the standard because the fuse cleared in 

less than 1/2 cycle (180°). 

Fuses rated above 600 A (Class L and some Class T) are 

not tested at the above levels, but are required to clear in 

less than 4h at 150% of current rating. 

Fuses specified as "Time-Delay" (discussed below) are al- 

lowed longer times to clear at 200%. 

3.4 Verification of Short-Circuit Interrupting Ability 

Each short-circuit test is performed at full rated voltage 

and with a relatively low power factor (0.5 or less for 10 

kA circuits, 0.2 or less for circuits above 10 kA). Circuits 

above 10 kA use controlled closing of the test circuit so 

the fuse element begins to arc at a point 60° to 90° after 

voltage zero, typically the most difficult arcing point. 
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Class H and Plug fuses are not tested above 10 kA since 

this is their interrupting rating. 

3.4.1 Maximum Energy Test 

The objective of the maximum energy test is to confirm 

that each fuse can interrupt a test circuit where the fuse 

permits a let-through current of 70-100% of the peak 

available current in the circuit. This criterion subjects 
the fuse to test at a point where the maximum energy 

must be absorbed by the fuse. 

3.4.2 Interrupting Ability Test 

This test verifies the capability of a fuse to safely clear a 

circuit with an available short-circuit current equal to its 

interrupting rating (See Table 1 for Interrupting Rat- 

ings). For example, Class J, L, R, T, and CC fuses have 
an interrupting rating of 200 kA and are tested on a 

circuit calibrated to deliver a minimum of 200,000 rms 

symmetrical amperes. 

3.4.3 Verification of Conformance to Let-Through Limits 

As discussed in paragraph 2.4, UL’s standards require 

high interrupting capacity fuses to meet certain let- 

through limits for Ip and I2t when tested at high fault 

levels. This assures users of fused equipment that exces- 

sive let-through current or energy will not be allowed by 

a replacement fuse. 

The limits for fuse let-throughs correlate with fused 

equipment testing which requires the use of special test 

fuses which exceed these limits. Thus, any UL Listed 

fuse of the correct type is suitable for the equipment. 

The equipment will be marked with the proper fuse 

Class. 

4, Follow-Up Testing 

In addition to the above testing which verifies the per- 

formance of new fuses, the NEC6 also requires that all 

product Listings include provisions for periodic inspection 

of products during production. This requirement arises 

because new products carefully prepared for certification 

do not always represent those manufactured for sale to 

users. As a result, UL has a program for regular inspec- 

tions of each manufacturer’s ongoing production. UL 

Field Representatives make frequent, unannounced vis- 

its to factories to review production controls and conduct 

detailed inspections. In addition to these follow-up in- 

spections, fuses require follow-up testing since they are 

complicated combinations of materials which make a 

simple visual inspection incomplete and since they are so 

vital to the safety of the electrical system. UL performs 

regular follow-up testing on fuses which is very similar to 

the original testing. 

5. Conclusion 

The combination of several elements in UL’s approach to 

fuse certification produces a line of fuses which provides 

closely sized oVercurrent protection to an enormous 

range of fuse applications. Non-interchangeability, broad 

test requirements, let-through limitation, and follow-up 

inspection and tests are all imperative to UL’s process. 

The genesis of these requirements is the National Elec- 

trical Code, providing the safety foundation upon which 

UL’s fuse standards rest. By specifying construction and 

test requirements, Underwriters Laboratories’ standards 

for fuses make a vital contribution to the overall level of 

safety in the use of electricity. 

Footnotes: 

[1] National Electrical Code, NFPA 70 - 1990. National 

Fire Protection Association, Quincy, MA All refer- 

ences to the National Electrical Code are to the 1990 

edition. 

[2] Ibid, Section 110-3.a(l). 

[3] Ibid, Section 240-60.b. 

[4] Ibid, Section 240-12. 

[5] Ibid, Section 384-16.C. 

[6] Ibid, Article 100 - Definition of Listed. 

Further Information: 

Further information may be obtained by contacting the 

author at: 

Underwriters Laboratories, Inc. 

333 Pfingsten Road 

Northbrook, IL 60062 U.S.A. 

Phone: 708-272-8800 FAX: 708-272-8129 
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Developments in Small Dimension Fuse Technology and the Impact 
on a Third Party Independent Certification Organization 

Douglas Porteus 

Underwriters Laboratories Inc. 

Melville, NY, USA 

1. Summary 

Abrief introduction to Underwriters Laboratories Inc. as a 

third party independent certification organization will be 
followed by a discussion of the historical evolution of the UL 

Standard for Supplementary Fuses, UL198G. The impact of 

technological advances on the Standard and UL will be 

noted, as will the UL involvement in the field of international 

harmonization of small fuse performance requirements. 

2, Third Party Certification Organizations 

2.1 In General 

There is a definite need for organizations that can certify that 

the performance of a product complies with established 

norms. Such organizations serve to demonstrate that a 

particular product actually does comply with a formal set of 

requirements, without bias or a vested interest in the products 

ultimate profitability. The economic interests of the 

manufacturer or of a particular segment of industry thus do 

not influence the determination of product compliance. 

Underwriters Laboratories Inc. fulfills the role of a third 

party certification organization because, as a not-for profit 

private corporation that does not have any stock holders, it 

does not market any products and thus has no direct financial 

reason to endorse or certify a product. Over the years UL 

has earned and maintained a reputation of fairness. UL has 

done so not only in the area of product certification, but also 

in the promulgation of the Standards to which products are 

evaluated. 

2.2 UL as a Test Authority 

One way that UL has earned a reputation for fairness is that 

UL Standards insure that the results obtained during a 

product evaluation are capable of being repeated with similar 

or identical results. This demonstrates the level of equality 

inherent in the test methods and test requirements, and also 

allows for additional verification of results should a dispute 

arise. The need for expensive and complicated tests and test 

equipment has been kept to a minimum, primarily so that 

smaller manufacturing organizations will have the same 

opportunity to design, research, and test a product as will the 

multi-national conglomerates. 

2.3 UL as a Developer of Standards 

A test authority can maintain a reputation for fairness only if 

the Standards used for product evaluations allow the 

determination of compliance to be made in a manner which is 

inherently unbiased . When UL undertook the responsibility 

to develop standards, the need for equanimity in standards 

became a basic part of the approach to accomplishing this 

task. 

As a result, UL has made major efforts to write standards 

that do not demonstrate favoritism of any kind, and that are 

not biased in favor of a particular type of product or a 

particular manufacturer. In so doing, UL has sought input 

from as many interested sources as possible. The efforts to 

maintain impartiality do not cease when a standard has been 

initially published, but continue for any revisions of the 

standard as they may become necessary. 

An additional consideration that has guided UL in the 

development of standards is that designers of products should 

be as free as practicable to incorporate technological 

advances and other factors into their product designs, in an 

atmosphere of non-restrictive trade. 

2.4 UL as a Safety Organization 

While fulfilling the roles of test authority and developer of 

standards, Underwriters Laboratories is also an organization 

whose prime concern is public safety. Accordingly, when a 

UL Standard is being developed or revised, the standard must 

serve to provide a level of safety that is commensurate with 

the product, the uses to which the product will be put, and the 

people who will use the product. The UL concern for safety 

means that any UL Standard is really a UL Standard for 

Safety, rather than merely a set of construction and 

performance requirements designed to test the products 

marketability. 

A consequence of this concern for safety is that technological 

advances which may benefit a concerned industry may not 

always be incorporated into a UL Standard. Any proposed 

revision that dilutes the level of safety provided will not be 

considered. 

However, in order to keep up with technical advances in a 

particular field as covered by the Scope of the Standard, and 
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which can serve to improve the level of safety provided, UL 

constantly monitors the industry. And UL frequently 

provides updated revisions in order to satisfy the continuous 

feedback and response mechanisms. 

Similarly, when a product is being evaluated and tested, if any 

feature of the product is observed that reduces the level of 

safety provided to a level which is less than that contemplated 

by the standard, the product may be deemed ineligible for 

third party certification by UL, even if it meets all the literal 

requirements of the standard. 

Conversely, there is also a need to acknowledge that 

technological changes may yield a product that does not meet 
all the exact requirements of the standard, but that does not 

compromise the level of safety required. Such a product can 

be eligible for third party certification if the organization 

responsible for the certification is able to be flexible in its 

approach to the certification process. As we shall see, UL is 

such an organization. 

Uhe UL Safety Standard UL198G 

3.1 Background 

The requirements for what used to be called "Miscellaneous 

Cartridge Fuses" were originally added to the UL Standard 
for Fuses UL198. This standard was for what are now called 

Class H cartridge fuses and Plug fuses of the Edison base type 

and those designated Type S. 

UL198 formed the nucleus of what later became the entire 
series of UL fuse standards, and served as the starting point 
for further fuse standards development. The levels of safety 

contemplated by UL198, in the form of required test 

parameters, influenced the development of all subsequent 
fuse standards. 

In terms of test and performance parameters, the 

requirements for "Miscellaneous Cartridge Fuses" contained 
in UL198 were basically the same as those already existing for 

the regular type of cartridge fuses. An important difference 
in the construction requirements for the miscellaneous fuses 

was that the physical dimensions were not specified. 

This was a direct response to the fuse industry and the various 

industries that used fuses. Leaving the dimensions 

unspecified provided the opportunity for third party 

certification of fuses that had many legitimate uses but which 
as a consequence of the application also needed to have 

unconventional shapes and sizes. 

In 1972, UL undertook the development of a separate 

standard for miscellaneous fuses, and during the early 

discussions it was decided to include the additional 

classifications of "miniature" and "micro" fuses. This decision 

was based on the needs of the industry, which reflected the 

technological developments of the time. 

3.2 The First Edition - UL 198.6 

Because the origins of the miscellaneous fuse requirements 

lay within UL198, certain performance values which had been 

applicable to the regular type of cartridge fuses were retained 

for the miscellaneous and miniature fuses when the First 

Edition of the Standard for Fuses For Supplementary 

Overcurrent Protection was published on August 24, 1974, 

with the designation UL198.6. 

Performance requirements that were passed on to the 

miscellaneous and miniature fuses included the 10000A 

interrupting ability requirement, as well as the test values of 

110%, 135%, and 200% of rated current for temperature, 

current carrying ability, and clearing time evaluation. Micro 

fuses were given a different set of test parameters in view of 

the differences in intended use and physical characteristics. 

The test values noted above had been chosen years before as 

the values appropriate to demonstrate an acceptable level of 

overcurrent and short circuit protection for conductors, as 

well as for switching and utilization equipment, during the 

early stages of development of the electrical industry in the 

United States of America. By the time the first edition of the 

supplementary fuse standard was published, the need for 

fuses with a higher interrupting ability rating was apparent. 

For this reason miscellaneous fuses were able to be rated up 

to 100,000 amperes, but could not be rated any less than 

10,000 amperes. The 10.000A level was kept for the 

miniature fuse for several reasons, including consistency with 

other fuse types, and the general agreement by the fuse 

industry that this value was within the capability of the extant 

fuse designs. 

The micro fuse was assigned an interrupting rating of 50 A at 

125 volts ac, based on its anticipated uses and physical 

characteristics, as previously mentioned. The micro fuse test 

levels for current carrying ability and temperature, and 

clearing time verification tests were chosen to be 100%, 

150%, and 200% of rated current for the same reasons. 

The first edition of the Standard UL198.6 formalized the 

definitions of what UL identifies as miscellaneous fuses, 

miniature fuses, and micro fuses, and also formalized the set 

of performance parameters for these types of fuses. 
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3.2.1 UL Supplementary Fuse Dimensions 

In keeping with the flexible approach to dimensions for the 

miscellaneous fuses that had been found in UL198, the First 

Edition of UL198.6 gave the requirements for the 

dimensions1 of the various fuse types in general terms, so that 

many shapes and sizes would fall under the scope of the 

Standard. 

Miscellaneous fuses have specific dimensions if they are of 

the ferrule type, and if so, they shall be either 13/32 inch 
(10.3mm) or larger in diameter, or 1-1/2 inch (38.1mm) or 

longer in length. If the fuse is not of the ferrule type the 

dimensions and shape are not specified. 

A miniature fuse has envelope dimensions of a) not larger 

than 9/32 inch (7.1mm) in diameter and 1-7/16 inch 

(36.1mm) long, and b) not less then 0.197 inch (5mm) in 

diameter if 0.787 inch (20mm) or longer, or 1/4 inch (6.3mm) 

in diameter if 5/8 inch (15.9mm) or longer. 

A micro fuse also has envelope dimensions. They are a) if 

tubular shaped with terminals on each end they must fit 

within the outline 0.197 inch (5mm) in diameter and 0.394 

(10mm) long, b) if cylindrical shaped with fuse terminals from 

base, they must fit within the outline 0.315 inch (8mm) in 

diameter and 0.394 inch (10mm) high, and c) if rectangular 

prism shaped with fuse terminals from base, they must fit 

within the outline 0.236 inch (6mm) wide, 0.394 inch (10mm) 

high, and 0.591 inch (15mm) long. 

3.3 The Second Edition - UL198G 

The Second Edition of the small dimension fuse Standard was 

published on October 23, 1981. By this time the old Standard 

UL198 had been retired, and replaced by a number of fuse 

standards, each dealing with a specific class or a group of 

classes of fuses. For administrative reasons, the designation 

of the second edition was changed to UL198G. 

The second edition was basically a reissuing of the first 

edition, with very little change. 

3.4 The Third Edition Of UL198G 

The Third Edition was published on February 3, 1988. While 

the technical specifications including the dimensions have 

either not changed or not changed substantially from the 

original, many minor changes have been incorporated into 

the 3rd Edition in response to the input from concerned 

parties. 

While it is true that the technical requirements of UL198G 

remain much the same as originally contained in earlier 

editions, technological advances in the fuse industry have not 

been ignored. Many needs of the industry have been met on 

an internal basis, and thus are not as visible as are revisions 

to a published UL Standard. 

This includes the acquisition of a trained, experienced, and 

knowledgeable staff who can get the job done. And, because 

UL can be flexible in the approach to third party certification, 

and also because UL can offer more than one type of third 

party certification, (as will be discussed below), the job can 

often be done without the need for formal revision to the 

Standard. 

One area in which UL has responded to the fuse industry is in 

the number of samples required for test purposes. Many 

years of test experience demonstrated that the level of safety 

provided by the original Standard would not be lessened if 

the number of samples used for testing was reduced. 

Accordingly, later versions of the Standard provided for 

reduced sample amounts. For example, the number of glass 

cartridge miniature fuses with press on ferrules needed for 

interrupting ability testing has been reduced from the original 

10, to 5. 

The third edition of the small dimension fuse standard 

remains in effect at this time. However, as previously 

mentioned, as a UL Standard UL198G is always under review 

and UL welcomes any input from interested parties with 

regard to revising the standard to accommodate technological 

advances which contribute to fuse performance without 

reducing the level of safety provided. 

4, UL Listing and Component Recognition 

For Supplementary Fuses 

A fuse which meets all of the performance requirements of 

UL198G is eligible for UL Listing. The UL Listing Mark 

identifies the fuse as one which has been fully evaluated to 

the Standard. 

UL also offers a service to fuse manufacturers and fuse users 

which differentiates UL from most third party certification 

organizations. Under the Component Program, a fuse may 

be evaluated that does not meet one or more of the 

requirements of UL198G. A Component Recognition is 

conditional, that is, it delineates the known limitations of the 

fuse performance, including variations from the Standard, 

and requires that the particular application of the fuse in an 

end product be evaluated by UL to determine that the fuse is 

being used in accordance with the limitations of use. 



Under the Component Program, many supplementary 

protection fuse types have been tested by UL and certified for 

use in applications where the suitability of the combination 

(fuse and end product) is to be determined by UL. 

The flexibility of the Component Program serves two 

important functions. The first is that a UL Standard need not 
exist for a fuse to be third party certified. This means that 

testing can be performed to verify fuse operation to a wide 

variety of parameters, including those developed by other 

organizations. 

The second is to allow for the manufacture of fuses which do 

not meet each and every requirement of the existing UL 

Standard, with the knowledge and understanding that such 

fuses serve legitimate needs in legitimate applications. 

In such applications, particular or limited performance 

characteristics may be an asset rather than a liability, and the 

Component Program of Underwriters Laboratories 

specifically addresses the need for third party certification in 

this area. 

The inherent flexibility of the Component Program 

contributes strongly to UL's ability to third party certify fuse 

performance without the need to constantly revise the fuse 

standard. 

& UL 198G and Fuse Technology Advances 

The small dimension fuse industry has been directly 

influenced by the electronics industry. Electronic 

components have undergone a practically continuous 

reduction in size. Advances in miniaturization of electronic 

components have impacted on the fuse industry because it is 
still desirable to protect the miniaturized components and 

associated circuitry. The fuse intended for direct insertion in 

printed wiring boards was among the first responses to the 

evolution in electronic circuitry techniques. 

UL accommodated this type of fuse in the First Edition of 

UL198.6, by including miniature fuses with "pig tail" leads and 

micro fuses with "terminals from base". 

Now many components have been made small enough to be 

mounted directly on the surface of printed wiring boards, and 
the fuse industry has developed a number of types of surface 

mounted fuses (called SMT for surface mount type) as a 

direct response to the needs of those industries which use 

fuses. 

UL198G, in its present form, does not address the SMT fuse. 

However, UL has been asked to provide third party 

certification of safety/performance by a number of 

manufacturers of SMT fuses. 

The UL philosophy has always been that a product which has 

a form of construction differing from that described in a 

particular Standard may be examined and tested according to 

the intent of the Standard, and thus may be deemed eligible 

for UL Listing or UL Component Recognition, and Follow- 

Up-Service. 

This position, which is formally stated in the Forward to every 

UL Standard, allows the SMT fuse to be tested by adapting 

the test methodology to fit the product. 

In the past, UL has adapted many test methods, such as using 

a printed wiring board with samples soldered in place, to test 

the many different types of fuses being submitted for 

certification. 

Working with fuse manufacturers to come up with suitable 

test methods and procedures has resulted in the desired third 

party certification of safety in many instances, even when the 

product being investigated is outside the literal scope of the 

Standard. 

This is a further example of how technological advances have 

impacted on UL While UL198G has not yet been revised to 

specify new ways to conduct fuse testing, UL has changed the 

way in which some fuses are tested because the changes in 

fuse designs have in some case rendered the old test methods 

inadequate. UL also acknowledges the need to change test 

methodology so that the test results more accurately reflect 

the fuse performance that will be observed in real world 

applications. 

UL does not need to wait for the Standard to catch up to the 

industry before investigating a product. 

6. The Universal Modular Fuse (UMF) 

6.1 Background 

The International Electrotechnical Commission has been 

attempting to develop requirements for a small dimension 

fuse that would have universal application and universal 

evaluation. If all third party certification organizations treat 

the fuse identically, then the UMF can be regarded as truly 

universal. Otherwise, the identifying mark of one 

organization may be judged in some cases and localities as 

being superior to the mark of another organization, and in 

other areas as inferior. 

With the desired goal of agreeing to a policy that would 

ultimately yield a UMF that was internationally equivalent, a 
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II 
meeting was held at the corporate headquarters of UL in 

April 1987. At the meeting were officials of UL as well as of 

the IEC. Also attending were a number of interested fuse 
manufacturers and users. 

Agreement was reached on two important items. One was 

that UL would support the acceptance of a single 

international fuse standard with active participation in its 

development. The other was that the gates of 1.25 ("non- 

fusing") and 1.7 ("fusing") would be reserved by both UL and 

the IEC as applicable to the UMF and to no other fuse type. 

6.2 UL participation 

The writer has been involved with UL/IEC activities since 

1984-1985, and is a member of the Working Group that has 

been charged with the responsibility to develop the UMF 

requirements. At many WG meetings, the question has been 

asked "What will UL do when the UMF documents are 

finalized, and what service will UL provide to manufacturers 

of UMFs?". The answers to these questions were given by 

Mr. Donald Mader, Vice President of UL, during the WG 

meetings at Orlando Florida, USA, in January 1989. 

UL will use the UMF documents as a basis for a UL 

Standard, which will be developed via the UL standards 

development process. UL will then be in a position to offer 

Listing and Follow-Up-Service to manufacturers of UMFs. 

6.2 Follow-Up Service for UMFs 

UL differs from many third party certification organizations 

by conducting ongoing follow ups after an initial certification 

has been issued. The historical UL follow up for fuses has 

been comprised of two parts, working together. 

Factory inspection is the mechanism by which the fuses being 

constructed at the manufacturer's factory are compared to a 

photographic and written description to see that the present 

construction is the same as that originally evaluated. This 

verifies continued compliance with the construction 

requirements of the Standard. 

Samples are also selected by the UL Field Representative 

from production samples, and these sample are subjected to 

Follow-Up-Testing to verify continued compliance with the 

performance requirements of the Standard. 

The IEC Working Groups are attempting to develop a 

scheme for reducing the number of samples tested during an 

initial submission to a test authority, based on the 

"homogeneous series" concept. This type of test approach has 

historically been used by UL when testing fuses. If an IEC 

scheme can be agreed to and adopted, the position of the 

WGs has been that a mandatory plan of follow-up testing 

must be implemented simultaneously. Accordingly, a follow- 

up plan has also been under discussion. 

At this time, it appears likely that the technical work on the 

UMF will be finalized before agreement is reached on the 

reduced sample testing scheme and a follow-up testing plan. 

The first draft of the UL UMF Standard may therefore be 

developed with the understanding that, in the absence of an 

IEC reduced testing scheme and follow-up testing plan, the 

historical approach to fuse testing will be utilized and that the 

historical type of UL Follow-Up-Service for fuses will be 

applicable to the UMF. 

In the event that the Working Groups need a substantial 

amount of additional time to agree on the reduced testing 

scheme and the follow-up plan, the First Edition of the UL 

UMF Standard may be published without the incorporation of 

these aspects of the IEC endeavors. However, it is hoped 

that while the UL UMF Standard is still going through the 

development process, the IEC will finalize the reduced 

sampling and follow-up concepts. They can then be 

introduced into the UL documents before publication. 

In this way the UL and IEC requirements can be truly 

harmonized, and the culmination of years of efforts and years 
of technological advances will be a truly universal fuse. 

7. Conclusions. 

The UL Standard for Fuses for Supplementary overcurrent 

Protection UL198G has evolved, and continues to evolve, 
with due regard for public safety, the needs of the concerned 

industry, and technological advancements. 

The methods used by UL to conduct small dimension fuse 

evaluations have changed in response to the design changes in 

the fuses being tested. 

The UL Listing and Component Recognition Services for 

fuses fill the ever growing need for third party certification of 

fuse performance, and do so with a degree of flexibility that 

cannot be achieved by other organizations. UL can respond 

quickly to technological advances that are beyond the 

immediate scope of the written requirements. 

UL has supported, and continues to support the international 

efforts for harmonization of standards, and will continue to 

participate in developing the Universal Modular Fuse 

requirements. 

[1] Underwriters Laboratories Inc., Standard For Fuses For 

Supplementary Overcurrent Protection, UL198.6, 1974, 

Pages 6,7. 
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THE EFFECTS OF SUPPLY FREQUENCY ON THE PERFORMANCE 

OF A.C. FUSES 

R V Wafer and D Osypiw 
GEC Alsthom Liverpool Polytechnic 

Installation Equipment Ltd 
Liverpool U.K. 

SUMMARY: 

Computer programs are used to predict the 
short circuit performance of a.c. fuses at 
various supply frequencies. Two ranges of 
low voltage fuses are examined in this way to 
compare their performance at 50 Hz and 60 Hz. 
The 400 Hz performance of L.V. fuses is also 
considered because they are occasionally used 
at this frequency. Finally, the performance 
of high voltage fuses, normally used at 60 
Hz, is examined when they are installed in a 
25 Hz system. Such practice sometimes occurs 
in North America. 

1. INTRODUCTION 

Most of the world's a.c. electricity is 
generated at 50 Hz or 60 Hz. There are some 
exceptions for which fuse manufacturers have 
to cater, e.g., 400 Hz in some low voltage 
applications and 25 Hz in some high voltage 
installations. 

Fuses are therefore proved at either 50 Hz or 
60 Hz, and the validity of the resulting test 
data is sometimes questioned when fuses 
proved at one frequency are proposed for use 
at the other. Thus the North American 
Standards [1,2] specify maximum values of l2t 
and peak current for low voltage fuses 
related to 60 Hz, and European manufacturers 
offer fuses which have been proved at 50 Hz. 
The approvals authorities concerned accept 
50 Hz test evidence, but occasionally 
question the validity of some of the recorded 
parameters in regard to their applicability 
to 60 Hz systems. 

The suite of computer programs developed by 
Wilkins [3] is therefore used to examine the 
performance of fuses at both 50 Hz and 60 Hz, 
and the results are compared with actual 50 
Hz test data to demonstrate the efficacy of 
the programs. 

Since the programs have been shown to be 
reliable, they can be used with confidence to 
predict the performance of fuses under 
conditions at which it is not practicable to 
test, e.g., at 400 Hz and 25 Hz. This paper 
reports investigations into performance at 
both of these frequencies. 

2.L.V. FUSE PERFORMANCE AT 50 HZ & 60 HZ 

2.1 Verification of Programs' Efficacy 

Data on two ranges of fuses commercially 
available in North America is used to verify 
the efficacy of the computer programs. The 
fuse types are HRC1-J and HRC11-C to 

reference [2] . Type HRC1-J fuses are also 
specified in reference [1], where they are 
identified as Class J. Both types were 
proved in the U.K. using 50 Hz sources. 
Whilst both ranges are rated at 600 V in 
North America, the HRC11-C range was actually 
tested at 660 V, + 10%. 

Table 1 gives the major parameters recorded 
on approval tests, and shows how the computer 
predictions compare with those values. The 
table also gives the standards' limits for 
I2t and peak current for the fuses concerned. 
Since work is proceeding to produce common 
North American fuse standards from the 
existing UL and CSA standards, these limits 
are referred to as "USC limits" in the table. 

The predicted peak currents are generally 
slightly less than the recorded values on 
test, but there is good correlation between 
actual and predicted clearing I2t values. 
There is also good correlation between other 
parameters not shown in the table (e.g., 
clearing time and arc voltage). In general, 
the fuses produce values of peak current 
which are substantially less than the 
specified maximum values with the exception 
of the 600 A rating in the HRC11-C range. 
The latter produced 90.9% of the maximum 
value when it was tested at 50 Hz, and it 
might therefore be argued that it would have 
exceeded the limit if it had been tested at a 
different arcing angle in a 60 Hz circuit. 
The North American standards specify that the 
arcing angle may be between 60° and 90° when 
fuses are subjected to tests at their 
interrupting rating (200 KA in the case of 
the subject fuse types). Therefore even at a 
given test plant setting, peak current can 
vary significantly over this admissible 
arcing angle range. The performance of the 
600 A rating of the HRC11-C range is 
therefore examined in detail in Section 2.3 
of this paper, to demonstrate that it would 
comply with the standard under the worst test 
conditions at 60 Hz. 

The performances of the 30 A and 60 A ratings 
in the two subject ranges were also examined, 
and their let through values at 50 Hz were 
well within the 60 Hz limits. These results 
are omitted in the interest of brevity, it 
being reasonable to assume that conclusions 
reached about the performances of the larger 
current ratings are applicable to these 
smaller ones. 

The clearing I2t requirements for HRC1-J 
fuses are stringent, and so inevitably the 
actual test values approach the permitted 
limits, particularly as current rating 
increases. The predicted performance of this 
range therefore merits close examination. 
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II 

TABLE 1 Let through values of fuses when tested at 200kA, compared with computer 
predictions for same fuses at same circuit parameters 

HRC1 J fuses HRC11 C fuses 

Fuse Data* 
Rating Status 
Amps 

Arcing 
Angle 
Degrees 

Peak Current 
Let through 

KA 

Clearing , It 1 At sec x 10J 

Arcing 
Angle 

Degrees 

Peak Current 
Let through 

kA P 

Clearing 
1 , 

sec x 10J 

100 TD 
CP 

USCL 

75 
75 

12.8 
12.3 
20 

38.1 
40.7 
80 

62 
62 

21.1 
17.7 
32 

189 
180 
500 

200 TD 
CP 

USCL 

77 
76 

24.7 
23.6 
30 

245 
250 
300 

64 
65 

32.2 
31 
50 

705 
766 

2000 

400 TD 
CP 

USCL 

77 
77 

37.7 
36.9 
45 

923 
933 

1100 

76 
75 

58.6 
54.7 
75 

2855 
3003 
6000 

600 TD 
CP 

USCL 

65 
66 

50.3 
47.8 
70 

2280 
2200 
2500 

69 
69 

90.9 
87.5 
100 

11020 
12800 
12000 

TD Test Data CP = Computer Prediction USCL = USC Limit 

2.2 The HRC1-J range at 50 Hz & 60 Hz 

In Table 1, the arcing angles for the tests 
vary from 62° to 77°. The maximum values of 
clearing lzt and peak current do not 
necessarily occur within such a range. 
Computer predictions have therefore been 
obtained over the complete range of 60° to 
90° allowed by the standards. The results 
are shown in Figs. 1 to 4. 

The values fluctuate over the arcing angle 
range, and the scales of the figures are 
chosen to exaggerate these fluctuations. 
Thus in Fig 4. the values of clearing X^t for 
a 600 A fuse at 50 Hz change significantly at 
an arcing angle of about 77°. Such 
fluctuations occur when a small change in 
closing angle produces a disproportionate 
effect on the rate of rise of fault current 
(see Fig 5). 

Table 2 gives a statistical analysis of the 
clearing I^t data shown in Figs. 1 to 4. The 
maximum and mean values at 50 Hz are slightly 
greater than those at 60 Hz, except that the 
maximum value of the 100 A fuse at 60 Hz is 
1.1% greater than the 50 Hz value. 

2.4 Observations on the 50 Hz & 60 Hz data 

2.4.1 Arc energy values at 50 Hz are 
invariably greater than those at 60 Hz. The 
fuses themselves are therefore stressed more 
when they are tested at the lower frequency. 

2.4.2 At a given arcing angle, the 60 Hz 
clearing i*t value can be greater than the 
50 Hz value. However this difference does 
not exceed 5% (e.g., the HRC1-J 600 A fuse at 
arcing angles of 77° to 83° - Fig 4). An 
approvals engineer might therefore multiply a 
50 Hz test value by 1.05 in order to compare 
it with the specification limit. If this 
criterion had been applied to the test values 
detailed in this paper, the fuses would still 
have complied with the standard. 

2.4.3 The peak current (Ip) values at 
60 Hz are invariably greater than those at 
50 Hz, but the fuses generally have no 
difficulty in meeting the standard 
requirements in regard to this parameter. 
In the worst case, the 60 Hz value is about 
11% greater than the 50 Hz one (i.e., the 
HRC1-J 100A fuse at an arcing angle of 74° - 
Fig 1). 

2.3 The HRC11-C range at 50 Hz & 60 Hz 

Table 1 shows that HRC11-C fuses easily 
comply with the limits specified for I and 
I t. The tests were taken at 738 V, and 
only the 600 A fuse yielded values which 
approach the specified 600 V limits. Fig 6 
gives the results of a number of predictions 
obtained for the 600 A fuse. Predictions 
for other current ratings in this range show 
similar trends to those on the HRC1-J range, 
and so they are not detailed in this paper. 

3. L.V. FUSE PERFORMANCE AT 400 HZ 

Some electrical systems in aircraft are 
supplied from 400 Hz sources, and a few 
commercial/industrial installations also 
require a 400 Hz supply at 380/415 V. In 
the latter case, the kVA rating of the 
installed plant can be quite large (e.g., 
225 kVA) . It is therefore of interest to 
consider how l.v. industrial fuses are likely 
to perform in such an installation. 
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FIG.2 200A fuse 

60° 70° 80° 
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FIG.1 100A fuse 
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FIG. 3 400A fuse 

90° 
60° 70° 80° 90° 

arcing angle 

FIG.4 600A fuse 

Key to FIGS. 1 to 4 

—o—o—o 50 Hz data 

A = Arc energy in kilojoules. 

B = Clearing I^t in A^ sec x 10^ 

C = Peak current (Ip) in kA. 

x 60 Hz data 

FIGS. 1 to 4 Predictions for performances of 
HRC1-J fuses at 200 kA, 600 V, 0.11 p.f. 
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TABLE 2 Predicted total I2t values of HRC1-J fuses at 200 kA, 600 V 
covering the whole range of arcing angles from 60° to 90° 

Fuse 
Rating 
Amps 

Supply 
Frequency 

Hz 

Number of 
Predictions 
in Sample 

Clearing l2t - Amp 2 sec x 102 

Standard 
Maximum Minimum Mean Deviation 

Cn-1 

100 50 

60 

14 

9 

40.03 

40.49 

36.32 

35.88 

38.68 

38.04 

1.08 

1.42 

200 50 

60 

14 

15 

245.6 

241.3 

217.2 

216.5 

233.2 

228.3 

13.8 

10.4 

400 50 

60 

935 

921 

842 

848 

887 

878 

27.6 

22.6 

600 50 

60 

17 

17 

2396 

2358 

2019 

2023 

2281 

2244 

91.9 

92.6 

50 

47.5 

< 45 
u 
4J 
c 
a) 

8 ,2.5 

40 

67° close> 

68° close. 

67c 

■ 68c 

End of 
pre-arcing 
period 

Closing angle 

Arcing angle 

Current at start 
of arcing - kA 

Peak current 
kA 

Pre-arcing I2t 
A2 sec x 10J 

Clearing I2t 
A2 sec x 10J 

Pre-arcing 
time-m sec 

67c 

76.9° 

46.1 

49.9 

387 

2396 

0.55 

68c 

77.5C 

44.2 

48.3 

340 

2265 

0.52 

•5 *6 -7 

Time m sec 

FIG. 5 Predicted variations 
circuit is closed at 
HRC1 - J 600 A fuses 

of fault current when the 
67° AND 68° to operate 
at 200 kA, 0.11 p.f., 600 V 
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140 
3.1 Fault levels at 415 V, 400 Hz 

A 130- 

120 

10500- 

10000 - 

9500 - 

A fault of 30 kA, 0.25 p.f., at 50 Hz would 
become 3.9 kA at 0.032 p.f. if this circuit 
were supplied from a 400 Hz source instead 
(neglecting any resulting change in the 
impedance of the source) . If this same 
circuit then had its power factor modified to 
0.9 at 50 Hz by the addition of the 
resistance of a cable run, the fault current 
would reduce to 13.5 kA, and at 400 Hz it 
would become 3.7 kA at 0.25 p.f. From these 
crude calculations, it can be concluded that 
400 Hz fault levels are never likely to be 
high, but associated power factors will 
always be relatively low. 

9000 

95 

90 - 

.»4 ; 

95- 

60° 10° 80° 90° 

arcing angle 

FIG.6 Predictions for performance of 
HRC11-C 600 A fuse at 
200 kA, 600 V, 0.11 p.f. 
(Key as per Figs. 1 to 4) 

3.2 Predictions of performance at 400 Hz 

Arising from the above considerations, 
computer predictions have beeft obtained for 
the performances of some l.v. industrial 
fuses at 415 V, 400 Hz, 0.05 p.f., at fault 
currents up to 40 kA. The results show that 
fuses are far less stressed at 400 Hz in 
terms of the arc energies they dissipate and 
the clearing I2t values they produce. 
However, their peak current values are 60-80% 
greater than 50 Hz values at the same fault 
levels (with assumed power factors of 0.1 - 
0.2 at 50 Hz). Figure 7 .shows these 
differences. 

400 Hz , 
70 

/ 50 Hz 

<D 4 0 / 
\ 30 

u 20 

  X 

10 

600A 

400A 

200A 

100A 

5 10 20 30 40 

Prosp.current kA (r.m.s. sym) 

FIG. 7 Cut-off current characteristics 
of l.v. industrial fuses to B.S.88-2 
at 50 Hz and 400 Hz, 415 V 
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TABLE 3 Predictions of let through values for a 250 A, 7.2 kV, motor circuit fuse 
at the voltages and frequencies shown 

At 1% = 46 kA At I2 = 20.7 kA 

Applied voltage (kV) 

Frequency (Hz) 

Peak current - Ip (kA) 

Clearing I^t (A^ sec x 10-*) 

Arc energy (kJ) 

6.4 

50 

6.4 4.8 

25 

29.4 23.4 

2228 5052 

739 1429 

25 

22.1 

1908 

753 

6.4 

50 

6.4 4.8 

25 

21.7 20.3 

2366 5132 

832 1453 

25 

15.6 

2321 

916 

3.3 Observations on the application of fuses 
at 400 Hz 

3.3.1 Fault levels are low compared with 
50 Hz industrial values, and fuses easily 
cope with any fault conditions they are 
likely to encounter. 

3.3.2 Fuses produce much larger values of 
peak current at 400 Hz, but only the smaller 
ratings are likely to experience fault 
currents at which they are current limiting. 

3.3.3 Designers of 400 Hz installations 
use 50 Hz equipment and derate it to allow 
for the greater heating effects produced at 
400 Hz. Cable sizes are also increased. 
This practice therefore tends to compensate 
for increases in fuse peak current values. 

4. H.V. FUSE PERFORMANCE AT 25 Hz 

The voltage rating of a fuse at 25 Hz might 
be expected to be less than that at 50/60 Hz. 
However, some manufacturers do not indicate 
any decrease in voltage rating when they 
offer their 50/60 Hz types for use at 25 Hz, 
although they do lower the claimed Wreaking 
capacity. This practice would not seem to 
be justified, unless the maximum design 
voltage rating of the fuses is significantly 
greater than the voltages at which the fuses 
are applied at 25 Hz and 50/60 Hz. 

4.1 Predicted performance at 25 Hz 

Consider the case of a motor circuit fuse 
with cartridge dimensions of 403 mm x 76 mm 
dia., having a breaking capacity of 45 kA at 
a maximum design voltage rating of 7.2 kV. 
This fuse is used at voltages down to 4.16 kV 
and might be applied in a 25 Hz system. 

Table 3 gives predictions for the performance 
of this fuse at I]_ and Ig when tested at 
6.4 kV, 50 Hz (i.e., approximately 87% of 
7.2 kV in accordance with IEC 282-1). 

The 12 duty stresses the fuse slightly more 
than the lj_ duty, and this accords with 
actual test data recorded on this type. The 
table also indicates the performances of this 
type when it is subjected to 6.4 kV and 4.8 
kv, both at 25 Hz. 

At 6.4 kV, 25 Hz, the stress on the fuse in 
terms of arc energy and clearing I^t is 
approximately twice that at 6.4 kV, 50 Hz. 
Only by reducing the test voltage to 4.8 kV 
at 25 Hz is the stress on the fuse reduced to 
a level comparable with that encountered at 
6.4 kV, 50 Hz. 

Predictions for the performance of this type 
at 30 kA show no alleviation in the let 
through values, as compared with those at 
4 6 kA. 

4.2 Observations on the application of fuses 
at 25 Hz 

4.2.1 The voltage rating at 25 Hz must be 
significantly less than the maximum design 
voltage rating of the fuse at 50/60 Hz. In 
the chosen example the 25 Hz voltage rating 
is about 75% of that at 50/60 Hz. 

4.2.2 Since the majority of high voltage 
fuses are subjected to maximum stress at the 
12 condition, it should not be necessary to 
reduce their 50/60 Hz breaking capacity when 
they are used at 25 Hz. 
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INFLUENCE OF SHORT-CIRCUIT POWER FACTOR 

ON THE CUT-OFF CURRENT OF LOW VOLTAGE FUSES 

0. Bottauscio, G. Crotti, G. Farina 

Istituto Elettrotecnico Nazionale 'Galileo Ferraris1 

Torino, Italy 

Summary 

The severest conditions in the 

breaking process of a short-circuit current 

operated by a fuse usually occur with low 

values of the short-circuit power factor. 

In accordance with this fact, the 

Electrotechnical Standards concerning low 

voltage fuses, establish, for short-circuit 

tests, the value of the power factor as a 

function of the prospective test current; 

this value corresponds to the lowest 

occurring in actual installations. However, 

as regards the cut-off characteristics, the 

maximum peak values of the current likely 

to be experienced in the case of power 

factors close to unity are higher than 

those indicated by the manufacturers, 

usually given for lower values of power 

factor. After an analytical approach to the 

problem, the paper presents the results of 

numerous tests, carried out in our 

laboratories, on several types of fuses of 

different rated currents. 

1. Introduction 

The knowledge of the fuse operating 

characteristics, which is useful to 

estimate the fuse behaviour under overload 

and short-circuit conditions, becomes 

essential in solving problems of 

coordination of the apparatus (such as 

circuit-breakers, contactors, motor- 

starters, disconnectors, etc...) and 

protection of controlgear and controllers 

(such as semiconductor devices, capacitors, 

etc...). In particular, the quantities 

involved in the interruption process of a 

short-circuit current, in a circuit 

protected by a fuse, are the let-through 

energy I2t and the cut-off current Ip. 

These quantities are functions of the mode 

of operation of the fuse as well as of the 

circuit parameters, which determine the 

prospective current and power factor. 

As known, damages to the devices to be 

protected strictly depend on the values of 

the cut-off current and I2t as well as on 

the rate of rise of the current (di/dt). As 

a consequence, in order to represent the 

most severe conditions that can be 

experienced in the installations, the 

International Electrotechnical Standards, 

concerning low voltage fuses, establish the 

conditions for short-circuit breaking 

tests; in particular, the value of the 

power factor is expressed as a function of 

the prospective test current (*). Since, 

usually, the most severe conditions 

correspond to low values of the short- 

circuit power factor, as a consequence of 

the greater electromagnetic energy stored 

in the circuit and of the higher 

instantaneous value of the applied voltage 

during the arc period, the values indicated 

by the Standards are the lowest which occur 

in the actual installations. 

However, as regards the cut-off 

characteristics, the maximum peak values of 

the current, likely to be experienced in 

the case of power factors close to unity, 

are higher than those indicated by the 

manufacturers because of the higher rate of 

rise of the current during the pre-arcing 

period. 

(*) IEC Standards (Publication 269-1) 

indicate the following power factor ranges: 

0.2-0.3 for prospective test currents up to 

20 kA; 

0.1-0.2 for prospective test currents above 

20 kA. 
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2. Simulation of the fuse behaviour 

The current in a single-phase circuit 

protected by a fuse, under short-circuit 

conditions, can be obtained by the 

following equation: 

. e = Ri + L di/dt + v_ : i) 

where e=e(t) is the supply voltage, R and L 

are the resistance and the inductance of 

the circuit and v_ the arc voltage. 

In order to represent the arc voltage 

behaviour the V-I arc characteristic is 

represented by [5]: 

v. + rx (2) 

where, for low voltage fuses, v0 is 0.6 

times the r.m.s. value of the supply 

voltage E and r is equal to 0.7 E/IT/2; 

IT/Z is the so called "one-half-cycle 

fusing current". 

By introducing expression (2) in 

equation (1), the expression of the current 

can be evaluated: 

the cut-off current, obtained in the case 

of the power factor indicated for the 

breaking tests by the Standards, has been 

compared with the one which results when 

the power factor is close to unity. As an 

example Fig.l shows the behaviour of the 

cut-off current versus the making angle for 

a prospective short-circuit current of 3 

kA, with a 16 A fuse, for a power factor of 

0.28 and for a power factor of 0.98. It can 

be noted that the maximum value of current 

is reached with the highest value of power 

factor. 

1(A) 

2000 - 

1600 - 

1200 

800 * 

400 - 

40 160 120 

i(t) = c e-<*+*>'*■* + 

R+r 

sin( wt+ ip- <p ) (3) 

(R+r) 2+( WL)2 

Fig.l - Computed behaviour of the cut-off 

current versus the making angle, 

for a prospective short-circuit 

current of 3 kA, with a 16 A fuse: 

a) power factor = 0.28 

b) power factor = 0.98 

where c is the integration constant, <p is 

the phase angle of the current, ip the 

making angle and v0 and r are equal to zero 

during the pre-arcing period. 

The knowledge of the current behaviour 

permits the evaluation of the cut-off 

current. The peak of the current is 

computed as a function of the making angle 

for a defined prospective power factor; 

then it is possible to evaluate the maximum 

cut-off current, with respect to the making 

angle, versus the power factor. Different 

circuit conditions of installations 

protected by fuses of different rated 

currents have been analyzed. In particular, 

the behaviour of fuses with rated currents 

of 16, 25 and 50 A in short-circuit tests 

with prospective currents from 3 kA to 10 

kA has been considered. For each condition. 

In order to put in evidence the 

dependence of the maximum cut-off current 

on the prospective power factor, the 

computation results have been summarized in 

Fig.2, 3 and 4, which correspond 

respectively to prospective short-circuit 

currents of 3, 5 and 10 kA. It can be seen 

that the cut-off current values increase 

when the power factor tends to unity. 

As regards the actual installations, 

the maximum and minimum power factor values 

that can be experienced must be taken into 

account. Fig.5 shows these values as a 

function of the supply transformer rated 

power for short-circuit currents of 3, 5, 

10 and 20 kA. As can be seen, the higher 

the rated power of the transformer, the 

higher the possibility of high values of 

power factor. 
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(kA) 
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Fig.2 - Maximum cut-off current versus the 

prospective power factor for a 

short-circuit current of 3 kA. The 

rated current of the fuse is 

indicated as parameter. 

Fig.4 - Maximum cut-off current versus the 

prospective power factor for a 

short-circuit current of 10 kA. The 

rated current of the fuse is 

indicated as parameter. 

I max 
P 

(kA) 

6 

0.2 0.4 0.6 0.8 

50 A 

25 A 

16 A 

cosy 

Fig.3 - Maximum cut-off current versus the 

prospective power factor for a 

short-circuit current of 5 kA. The 

rated current of the fuse is 

indicated as parameter. 
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20kA 

0.6 

0.4 

10kA\ 0.2 20kA 

-5kA 

3kA 

0 12 3 

transformer rated power (MVA) 

Fig.5 - Maximum and minimun power factor 

obtainable in actual installations 

versus the transformer rated power 

for different short-circuit 

currents. 

3. Experimental results 

The indications obtained by the 

simulation have been compared with the 

results of an experimental investigation 

carried out on several types of fuses. The 

single-phase test circuit was supplied at 

420 V, 50 Hz and the tests were carried out 

with prospective currents of 3, 5 and 10 

kA. The making instant was determined by 

two controlled thyristors connected in 

antiparallel. Each type of fuse has been 

tested with the lowest and the highest 

power factor available in the laboratory 

test circuit. 

The experimental data are summed up in 

Fig.6-10. The diagrams confirm the previous 

considerations and are in accordance with 

the computation results. 
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Fig.6 - Experimental behaviour of the cut- 

off current versus the making angle 

for a 16 A fuse with a short- 

circuit current of 3 kA: 

O) power factor = 0.28 

•) power factor = 0.98 

Fig.8 - Experimental behaviour of the cut- 

off current versus the making angle 

for a 50 A fuse with a short- 

circuit current of 5 kA: 

O) power factor = 0.29 

•) power factor = 0.94 
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40 80 120 160 V 

Fig.7 - Experimental behaviour of the cut- 

off current versus the making angle 

for a 25 A fuse with a short- 

circuit current of 5 kA: 

O) power factor = 0.29 

•) power factor = 0.94 

Fig.9 - Experimental behaviour of the cut- 

off current versus the making angle 

for a 25 A fuse with a short- 

circuit current of 10 kA: 

C) power factor = 0.35 

•) power factor = 0.96 
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CHOICES FOR THE PRESENTATION OF FUSE MELTING CURVES. 

J.G.J. Sloot and X. Meng 
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Netherlands. 

Summary. 

Fuse manufacturers generally present time-current 

characteristics which are guaranteed within 10 % (of 

the current). This paper shows experimental results 

with a considerable stronger spread, in the case of 

asymmetrical currents. The increased spread is in 

agreement with expectations from former computer 

simulations using a thermal model for the fuse. The 

experiments show a reduced influence of the switching 

angle, when the melting time is plotted as a function 

of the so called virtual current (the expanding RMS 

current). Purpose of this study was to present an 

experimental justification for the use of virtual 

currents for fuse melting curves. The method can be 

of help in the case of sharp coordination studies, or 

for non sinuous currents. 

1. Introduction. 

For operating times above about 100 ms, the 

pre-arcing-behaviour of fuses can usually be 

represented by time-current characteristics, where 

the pre-arcing-time is plotted as a function of the 

RMS- value of the prospective current. For faster 

pre-arcing-times, graphs are used where the 

pre-arcing Joule integral I2t is plotted as a 

function of the RMS- value of the prospective 

current. This IZt stands for the time integral of the 

square of the instantaneous current passing through a 

fuselink between the instant when a circuit fault 

occurs and the instant t of arc Initiation : 

tm 
It = s 1 dt (1) 

o 

The preference for I2t curves is based on the 

assumption that, at a particular prospective current 

I , different wave shapes can lead to a range of 
p 

melting times, but are coupled with the same Joule 

integral. In fact, this assumption only holds, when 

the heat loss from the fuse strip is the same for any 

current shape. 

Equivalent to the Joule integral, also a quantity is 

used, termed virtual time, defined as the I2t value 

divided by the square of the value of the prospective 

current : 

t =    (2) 
I2 
p 

Fuse manufacturers generally supply graphs of virtual 

times and Joule integrals, both as a function of the 

prospective RMS current. 

Although it has been warned even in basic textbooks 

on fuses1 that the values of Joule integrals (or 

virtual times) not only depend on the current level, 

but also on the shape of the prospective current , 

the latter is often not taken into account in 

practice. 

Especially for fuses with elements on a 

substrate such simplifications can lead to faulty 

fuse coordinations. Purpose of this study was : 

- to determine experimentally the influence of the 

current asymmetry on the spread of virtual time (or 

Joule integral) curves, 

- to justify experimentally the alternative 

presentation of time current characteristics, using 

'virtual currents’. This method was introduced 

formerly, only on the basis of computer 

simulations2,3’4. 

2. Definition of virtual currents. 

As an alternative for the Joule integral It or the 

virtual time twe suggest to choose for the virtual 

current I (t). 

For any momentary current l(t), a virtual current 

I (t) can be defined similarly to the prospective RMS 

current I , with the difference that the integration 

is not limited to time periods (for Instance 10 ms 

for a 50 Hz current). In formula : 

/ Ji2dt 
Mt) = V  — (3) 

In fact, the virtual current I (t ,t ) Can be 

considered as a measure for the average heating power 

per unit of resistance, for the time difference 

between moments t^ and t^. Only one time parameter is 

left, when t^= 0 for fault currents. 

With a voltage source : 

u(t) = U V2 sin(ut+iji) (4) 
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the general expression for an asymmetric current 

after t = 0 Is given by : 

1 (t) = 1/2 (sintut +0-0) - e ^/'"sin(0-0)) 

(5) 

with : 
t : time 

i(t) : momentary ac current 
Ip : prospective RMS current 
u : angular frequency 

cos 0 : power factor of the circuit 
0 : phase angle of the voltage source at t=0 

Up : RMS voltage 
R : circuit resistance 
L : circuit inductance 
a : current switching angle, with= 0-0 

T : circuit time constant with T=L/R 

The virtual current I (t) related with 1 (t) can be 

determined by integration : 

Iv(t) = I [ 1 -j-ji-sinutcos(ut+2a)+-^sln2a(l-e 2t/T) 

__4slna_sln0{sln0_e-t/Tsln(ut+0)>]O. s 

(6) 

The use of virtual currents was already suggested by 

Hulsink3 and Takach4 for transformer protection 

applications. Also the I EC Technical Committee 32 

considered its relevance5 but preferred the use of 

virtual times. As a main critic they Judged the 

virtual current method difficult to use. This 

argument has become weaker during the last twenty 

years because of the increased possibilities of 

personal computers. The committee did not recognize 

the less spread in the characteristic for the case of 

short time constants of the fuse element. A stronger 

negative point of virtual times was not considered by 

the TC : what to do with transformer inrush? The 

common analogy with 25 I at 10 ms is weakly 

motivated, while the translation to virtual currents 

is performed easily. 

3.Experiments. 

For the thermal tests, a low voltage circuit was 

chosen (Figure 1). 

TiT 
380 V| 

1220V 

Figure 1. Test circuit for the determination of 

current-time characteristics. 

The RMS value of the current (I = 10-100A) and the 

power factor (cost = 0.1) of the circuit were 

realized with air coils. 

The switching angles (0 = 0. 30. 90, 150°) were 

accurately established with thyristors. Commercial 

high voltage fuses (12 kV, 40A) served as test 

objects. These fuses consist of 15 parallel strips. 

For reasons of economy and test set up requirements, 

the strips were tested individually (deviations 

between the behaviour of the total fuse and 

individual strips were only expected in the low 

current range). 

The experimental results are plotted in Figure 2 

(virtual time t as a function of prospective RMS 

current I), together the manufacturer curve. 

M 

Figure 2. Comparison of the manufacturers curve with 

experimental values of the virtual melting time t as 

a function of the RHS current, for several switching 

angles. 

From Figure 2 it is evident that the virtual time can 

hardly be presented by just one single curve. The 

manufacturer curve is in closest agreement with the 

experimental points for 0 = 90°. Obviously, the 

manufacturer’s test was performed with symmetrical 

currents. The observed spread of results is not 

typical for this particular type of fuse, for 

instance Cranshaw6 reported similar results for 

semiconductor fuses. 

A reduction in the spread of the experimental results 

can be reached, by presenting them in Figure 3 (real 

melting time t as function of the virtual current 

I ). This observation is in accordance with former 
v 2 
computer simulations . Together with the experimental 

points, the manufacturers curve is plotted in Figure 

3. This curve (tm,Iv) can consist of the original 

curve (tv,Ip) without translation, which simply can 

be realized by changing the axis names2. Figure 4 

illustrates this similarity. 
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4. Application example of the virtual current method 

The practical use of the virtual current method for 

fuse coordination is Illustrated in Figure 6. 

Iv [A] 

Figure 3. Comparison of the manufacturers curve with 

experimental values of the real melting time t* as a 

function of the virtual current I , for several 

switching angles. 

Ip - tv 

Ip and Iv [KA] 

Figure 4. Original manufacturers curve (virtual 

melting time versus RMS current) and translated 

version (real melting time versus virtual current). 

This fortunate possibility Is understandable from 

Figure 5 : the virtual current of a symmetrical sinus 

reaches the prospective value within about 5 ms. This 

is short enough for nearly adiabatic heating (so 

I2t =I2t ), while later on I ■ I . 
p v v m v p 

t [ms] 

Figure 5. The virtual currents I^ ^(t) and I (t), 
v2 

belonging to an almost symmetrical fi/i=90 ) and an 

asymmetrical momentary current (1/1=0°) with the same 

prospective value and cos# = 0.1. 

Iv [A] 

Figure 6 Manufacturers fuse melting curve for 40 A, 

presented for virtual times and RMS currents, 

together with the transformed curve for real melting 

times and virtual currents. 

In Figure 6, the conventional manufacturers curve 

(tv,Ip) is plotted without changes in the t, Iv graph. 

To determine fuse functioning for a current with 

prospective value I = 420 A, with symmetric and 
P 

asymmetric current shape, their virtual patterns are 

plotted in Figure 5. From the intersections, fuse 

functioning for t = 100 ms and 10 ms is found, for 

symmetrical and asymmetrical shapes. This is in 

accordance with the experimental values of Figure 3 

(96 ms and 8 ms respectively). It is clear that the 

conventional method with virtual times would result 

in the value 100 ms for both wave shapes. 

Other examples of virtual current applications are 

described elsewhere for transformer inrush2,8or fuse 

selectivity7. 

5. Conclusion and recommendations. 

As a result of this and former studies it can be 

stated, that for the every day use of fuses, it is 

advisable to choose : 

- characteristics of the real melting time as a 

function of RMS currents, for times above 100ms. 

- characteristics of the Joule integral as a function 

of RMS currents, for times below 100 ms. 

However for sharp fuse coordination or for non 

sinuous current shapes, the characteristic with the 

real melting time as a function of virtual current 

offers a more reliable instrument for the fuse 

application specialist. This characteristic can be 

considered identical to the available conventional 

virtual time characteristic, if the latter is 

determined for symmetrical sinus currents. One has to 
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keep in mind that the virtual current method is also 

an approximation, it offers however a time and cost 

saving alternative to computer simulations or real 

experiments. 
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Summary 

The paper describes a number of improvements to the 
modelling of short-circuit tests on current-limiting 
fuses with multiple parallel notched elements in a 
granular filling medium. Some of these improvements 
are concerned with the physical models while others 
are concerned with the numerical methods required to 
obtain fast and accurate solutions. Some typical 
results are given, and the need for improvements to 
the test-plant model is discussed. 

1. Introduction 

In 1980 Gnanalingam and Wilkins described a method 
for computing the complete current and voltage 
transients for a short-circuit test on a 
current-limiting fuse [1]. The method used a 
finite-difference method to calculate the transient 
temperature distribution during the prearcing 
period, and the arcing period was modelled using a 
quasi-static model of the arcs in the notch zones, 
which expanded radially due to fusion of the filler, 
and axially due to bumback. The method was based 
upon experimental work on silver fuse elements with 
uniformly spaced rectangular notches, in a 
particular type of quartz sand [2], 

The arcing models required a number of non-linear 
ordinary differential equations need to be solved. 
During each integration time step the arc length 
increases due to bumback, and this was allowed for 
by creating a new "lumen segment" to represent the 
additional part of the arc. The cross-sectional 
area of the new lumen segment was then added to the 
list of variables to be integrated, and so the order 
of the model increased after each time step. 

Subsequent work by Daalder and Schreurs [3], Leistad 
et al [4], and Eger and Rother [5], has confirmed 
that this type of fuse model gives a realistic 
representation of the breaking process. 

An interactive program based upon this model was 
described at Trondheim in 1984 [6]. 

In this paper a number of improvements to the basic 
model of 1980 are described. These improvements can 
be grouped into three categories as follows : 

(a) Improvements to the physical models. These are 
almost all connected with the arcing phase, as 
the physical basis of the prearcing phase is 
well understood and documented. 

(b) Improvements to the computational algorithms. 
These are needed to improve the flexibility, 
speed and accuracy of the computations to enable 
the user to model a much wider range of fuse 
designs. 

(c) Extension of the range of materials which can be 
specified for the element and filler. Whilst 
the standard thermophysical properties of most 
materials are known, some of the properties used 
in the arcing models need to be estimated from 
controlled experiments. 

Some typical results obtained with the improved 
models are given, and the accuracy, usage, and 
possible future developments are discussed. 

2. Improvements to prearcing computations 

It is desirable for the program user to be able to 
select the fuse element design very easily, using a 
menu to choose the shapes of the reduced sections 
and their axial location along the fuse element. 
When running the program the required 
finite-difference meshes need to be generated 
automatically, with the mesh sizes reduced in 
regions of high current density, to give higher 
accuracy. 

2.1 Solution method 

The program described in 1980 used the 
Crank-Nicholson formulation of the finite-difference 
methods, with the new element temperature 
distributions being computed by iteration after each 
time step. Experience has shown that the fully 
implicit formulation is preferable for 
general-purpose use, with direct rather than 
iterative solution. When sudden changes occur, for 
example in the solution time-step, stable 
oscillations are generated if the Crank-Nicholson 
method is used. These oscillations are well-known 
[7], and can be sometimes be troublesome. No such 
oscillations occur with the fully implicit method, 
which has been found . to be more robust for 
general-purpose use. (Similar considerations apply 
if finite-element methods are used for the 
discretisation of the space variables [8]. Again a 
fully implicit formulation for the time-derivative 
is preferable). 

A linear set of equations for the temperatures at 
the nodal points on the fuse elements has to be 
solved at each time step [6], for each notch design, 
and for the plain element sections between the notch 
zones. These equations are most efficiently solved 
using sparse-matrix methods, with triangular 
factorisation and back-substitution [9]. The 
mesh-generation algorithms need to generate a node 
numbering scheme which is near-optimal, which gives 
a dramatic reduction in solution time. The 
equations only need to be retriangularised when a 
change in time step occurs. 

2.2 Time step control 

A general purpose program must incorporate schemes 
to automatically set the initial solution time step 
At, and to subsequently alter At as necessary. If 
the accuracy of the solution is too low the time 
step must be reduced, while if the accuracy is 
unnecessarily high, it must must be increased, to 
give acceptably fast solutions. Experience has 
shown that this can be achieved, as far as the 
element temperatures are concerned, by reducing the 
time step if the maximum increment in the 
temperature of any node is about to exceed ATm/50 
and increasing it if the maximum increment falls 
below ATm/80, where ATm is the temperature rise 
required to reach the fusion point from the initial 
ambient value. 
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However with notches of different styles on the same 
element the situation occurs that arcing is in 
progress at some notch zones while others have not 
yet melted. So the above scheme for time step 
control needs to be combined with one suitable for 
the arcing variables. This combined scheme will be 
discussed later. 

3. Improvements to arcing models 

Although the basic concept of the arcing process is 
unchanged, some substantial improvements to the 
detailed physical models have been made. 

3.1 Arc quasi-static characteristic 

Gnanalingam's work [2] was principally concerned 
with the high-current end of the arc characteristic, 
and in [1] a very rough correction was made to allow 
for the fact that the slope of the characteristic 
becomes negative as the current falls. More recent 
work [10] has extended the theoretical model of the 
quasi-static characteristic into the low-current 
zone, which gives improved modelling of the 
behaviour during the later stages of arcing. 

3.2 Characterisation of different fillers 

Curing arcing radial expansion of the arc channel is 
determined by the input power from the arc and the 
enthalpy required to heat the filler to the 
effective fusion temperature [1],[3]. However, this 
model alone is not sufficient to explain the 
differences between fillers in their ability to 
control the arc. For example, the radial expansion 
of an arc in bonded sand is very much lower than in 
loose sand, despite the fact that the required 
enthalpy differs very little for the two materials. 
This must be attributed to differences in the 
viscous flow properties of the liquid filler [3]. It. 
appears that the flow into bonded sand is much 
lower, and this effect can be taken into account by 
multiplying the lumen expansion rate by a flow 
coefficient, determined experimentally for each type 
of sand. Loose sands have flow coefficients around 
1.0, while with bonded sand, values as low as 0.2 
are found. 

3.3 Bumback rate 

The rate of bumback used in [1] was obtained from 
an empirical power-law, derived from experiments on 
the bumback of silver strips in quartz sand [2]. 
Subsequently Daalder developed a model for the 
bumback process which included the effect of the 
temperature of the strip ahead of the arc root [3]. 
Although the difference in results is small, 
Daalder's model has a more sound physical basis and 
should be used in preference to the power-law 
formula. It has however been found desirable to 
make an adjustment for the effect of the filler 
material. During bumback, element metal is removed 
principally in liquid form which is forced away from 
the arcing zone through the gaps between the sand 
grains. Thus the porosity of the sand to this flow 
has an influence on the bumback rate. 

3.4 Effect of sand volume 

It is well known that the arcing Pt for a given 
element design falls significantly if the inner 
diameter of the fuse tube is reduced [11]. During 
arcing the sand is compressed due to the pressure 
exerted by the arc column, resulting in an 
additional increase in the lumen cross-section. 
Pastors [12] has demonstrated that the arcing Pt 
can be reduced by application of external pressure 
from a piston on the sand grains (although the 
intergranular gas pressure remains atmospheric). 

If the arc column pressure is p, the increase in 
lumen cross-section will be given by pAs/K, where As 
is the total sand cross-section per unit length, and 
K is the compression modulus of the sand. Thus if 
the sand volume As is reduced, the increase in 
section will fall, resulting in a higher arc voltage 
gradient and a lower arcing Pt. 

This gives a very simple model for correcting for 
the effect of the inner diameter of the fuse tube, 
by adding a small time-dependent area to the lumen 
cross-section during solution. 

3.5 Initial arc voltage 

When the centre of a notch zone reaches its melting 
point a short arc is formed, and for rectangular 
notch the initial arc length can be taken as equal 
to the notch length [1]. However, with other other 
notch profiles, for example semicircular, there is 
some doubt as to the the value to be assumed for the 
initial arc length. One possibility is to assume a 
length of zero and then allow the arc to extend 
along the notch zone using the usual turnback 
formula. However the notch disintegration is 
explosive and an initial arc length greater than 
zero is more realistic. A good compromise is to set 
the length to the value at which the element 
cross-sectional area is 20% larger than the minimum 
at the centre of the notch, although this value is 
not critical. 

A more important effect with semicircular or tapered 
notches during the early stages of arcing appears to 
be a more rapid rate of lumen expansion due to the 
very low quantity of entrapped liquid metal from the 
element in the adjacent fulgurite wall. To quote 
from Daalder " ... It seems that metal droplets 
increase the cohesion between the sand grains and 
improve, by a kind of glueing effect, the solidity 
of the wall around the arc." [3]. This does indeed 
appear to be the case. Using this concept a 
correction to the lumen expansion rate can be made 
to allow for the low density of entrapped metal in 
the notch zones, and this has been found to give 
better results for semicircular and similar notch 
designs. 

4. Automatic control of solution time step 

The arcing models give rise to a non-linear set of 
ordinary differential equations, in which the 
principal state variables are the circuit current, 
the lengths of the arcs in the notch zones, and the 
cross-sectional areas of the arc lumen segments. 
There are also auxiliary variables such as arc 
energy and Pt which can be conveniently added to 
the set [1], During some parts of the arcing period 
these variables change rapidly, and a small time 
step is needed to follow them, while at other times, 
usually during the later stages of arcing, a much 
larger time step is possible. Runge-Kutta 
integration with automatic adjustment of the time 
step to achieve a preset accuracy [13] has been 
found to be most convenient. In this method the 
equations are first solved using 3rd-order R-K 
integration, and then the solution is repeated using 
a more accurate 4th-order method. The difference 
between the two results is used to estimate the 
maximum truncation error and if this is greater than 
a preset tolerance, the time step is halved and the 
calculations are redone. If during computation the 
truncation error falls below one-tenth of the 
tolerance, the time step is increased by 50% at the 
succeeding integration step. 

Although this scheme works well for controlling the 
solution for the arcing variables, it is 
insufficient for checking on the accuracy of the 
transient heating calculations as described in 
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section 2.2. One possible way to do this is to 
reformulate the finite-difference equations as a set 
of linear o.d.e.'s [7], add these to the list of 
state variables, and to use R-K integration to solve 
for all the variables, including temperature rises, 
simultaneously. This method has been tried but it 
is not efficient. Open-type integration schemes 
such as R-K require the time step to be much smaller 
than the smallest time constant in the set of 
equations [13]. If the heating calculations are 
included, the solution time step becomes 
(unnecessarily) dictated by the thermal time 
constants of the notch zones, yielding a very small 
time step and unacceptably long solution times. 

It is much better to use the direct implicit method 
described in section 2 to calculate the element 
temperature distribution and to use a combined 
scheme for controlling the time step. A typical 
method is given below. (Omitting model switching and 
associated logic). 

(i) Integrate the non-linear set for the new state 
variables, reducing the time step if necessary 
to ensure accuracy. This will yield, among 
other things, the new circuit current. 

(ii) Calculate the new temperature distributions 
for the notch zones not yet arcing. If the 
maximum temperature increment exceeds ATm/50, 
reset all state variables and temperatures to 
"old" values and return to step (i). 

(iii) Increment the time variable. 

(iv) If the truncation error from the R-K exceeds 
one-tenth of the required tolerance, leave At 
unchanged. Otherwise increase the time step 
as follows : 

(a) If all notch zones are arcing increase At 
by 50% 

(b) Otherwise increase At by an amount which 
by extrapolation is expected to give a 
maximum temperature increment of ATm/80 on 
the next step 

(v) Go to step (i). 

This scheme gives fast efficient solutions for all 
fuse designs encountered to date. 

5. Other computational techniques 

5.1 Switching of models and logical control 

During the numerical solutions described above to 
obtain the transient temperatures and arcing 
variables, there are many stages at which the models 
need to be changed, enabled or disabled, consequent 
upon the occurrence of some "event". Typical events 
include fusion of the notch zones, merging of arcs 
between adjacent notch zones, arcs reaching the 
end-caps, commutation of arc current between 
parallel elements, arc extinction, and so on. In a 
fuse with several different notch designs, some 
notch zones may be arcing while some are not, and 
the merging of adjacent arcs may take place at 
different points on the elements at different times. 
It is a very complex job to keep track of the state 
of all parts of the total system model. It is 
necessary to have a formally-structured procedure 
for doing this, firstly to ensure reliability, and 
secondly to enable upgrades to be added to the 
models'with the minimum of difficulty. 

The basic procedure is to have a set of logical 
variables describing the states and sub-states of 
the model, and at the end of each integration time 

step, logical tests are made to see whether a change 
of state has occurred during the step. If so, the 
time at which the change occurred (t) is calculated 
by linear interpolation, the state(s) are switched, 
and the values of all numeric solution quantities 
are reset, by interpolation, to their values at time 
f before resuming solution. 

This basic procedure is not enough, however, as 
sometimes more than one state change can occur 
during a time step. Thus it is necessary first to 
record all state changes which occur and then to 
determine which of these changes occurred earliest, 
i.e. with the lowest value of f. The model is then 
switched to this point before resuming, which 
ensures that the changes of state occur in the right 
order. In some cases this can be an important 
consideration [10]. 

Within this scheme, however, special consideration 
needs to be given to the case of merging of arcs 
between adjacent notch zones. Whilst in general 
each notch zone needs to be treated individually, it 
is very common to have a uniform spacing of notches, 
in which case merging takes place almost 
simultaneously along the length of the element. For 
a high-voltage fuse there may be a hundred or so 
series notches, and if they are uniformly spaced, 
the above solution procedure would reset the models 
a hundred or so times during the time step when 
merging occurred, in an order which depended upon 
the rounding error in the solution for the arc 
lengths. To give a more efficient ■ procedure, the 
states should be reset after logical testing for all 
arcs about to merge whose lengths do not differ by 
more than 1%. This gives a much more rapid progress 
through the transition with negligible change in 
accuracy. 

5.2 Addition of new lumen segments 

In the original scheme [1], a new axial lumen 
segment was added to each arc at every time step. 
During the later stages of arcing, when the arc 
current becomes low, these new segments are very 
short, because the bumback velocity is very low. In 
these cases a large reduction in computing time can 
be achieved if, instead of creating a new lumen 
segment, the extra arc length is simply added to the 
previous segment. This drastically reduces the 
number of state variables generated during solution. 
Experience has shown that if this procedure is 
adopted when the extra length is less than about 1% 
of the total arc length, there is negligible 
difference in the results obtained. 

6. Software design 

6.1 User interface 

It should be emphasised that the models and 
computational algorithms described in this paper 
must be transparent to the software user, who is 
interested in the final results and not usually in 
the means used to achieve them. Developing a simple 
system for the input of fuse designs and the output 
of results requires considerable effort but the 
ever-increasing availability of cheap computer power 
makes large improvements possible in this area. 

6.2 Structured design 

With increased complexity of the models and 
algorithms, and with a modem user interface, 
structured design of software is essential. All 
significant software functions should be contained 
within modules which are planned to combine together 
in a way that allows for future alterations and 
additions. Thus if it is decided that an improved 
turnback model is to be adopted, it must be possible 
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to do this very simply, by changing one program 
module, with little or no alteration to the 
remaining modules. 

7. Typical results 

Fig.1 shows a comparison between the measured 
breaking transients and the values computed using 
the improved models and algorithms described above 
for a 6CI0A fuse tested nominally at 600V lOOkA. The 
curves show a prearcing period followed by a small 
voltage increase when one of the notches begins 
arcing. Somewhat later the remaining notches, which 
have larger widths, melt and the fuse voltage 
increases further, followed by a rapid rise in 
voltage as all arcs bum back. Later, as the current 
falls and the arcs merge into one (in stages) the 
fuse voltage falls along with the current until arc 
extinction occurs. 
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have shown that this can typically cause an error of 
3-4% in the computed value of I’t. 

However a much more important consideration is that 
the test circuit resistance is not constant. The 
estimate of R usually used is based upon a 
power-factor value derived from a calibration shot. 
It is obtained from the d.c. decrement one 
half-cycle after switch-on, i.e. after 10ms for 50 
Hz, and this gives a measure of the d.c. resistance 
of the test circuit. However most fuse breaking 
tests are over within a few milliseconds, and during 
this period the transient resistance of the circuit 
is much higher than the d.c. value, because of the 
transient skin and proximity effects and transients 
induced in other conductive parts external to the 
test circuit. The power for these losses must be 
met from the test circuit and they are made manifest 
by an transient increase in the test circuit 
resistance. 

The above errors in the test-circuit model give rise 
to errors of the same order as those due to the fuse 
model. Significant further improvement is only 
possible if progress in the modelling of the test 
plant, as well as the fuse, can be made. 

9. Conclusions 

The paper has described a number of extensions and 
improvements to the modelling of fuse breaking 
tests. For computing transient element temperatures 
a fully implicit formulation is recommended, with 
direct solution using sparse-matrix methods. 
Improvements to the arcing models include extension 
to the quasi-static arc characteristic, 
representation of the flow properties of different 
fillers under arcing, improved bumback models, and 
a method for representing the effect of the inner 
diameter of the fuse tube. 

time, (ms) 

Fig. 1 Short-circuit transients for 600A fuse at 
600V, lOOkA nominal 

  computed 

+ + + + + + + + + + test results 

Using the improved models and algorithms, with a 
variety of fuse designs and filling media, peak 
let-through currents can usually be computed within 
5%, while peak arc voltage, arc energy, and I*t are 
usually within 15%. 

The results for unbonded sand are better than for 
bonded sand, and so there is scope for improving the 
models of the arcing process within bonded sand. 

8. Test plant model 

Apart from the modelling of arcing in bonded sand, 
there is little scope for improvements to the fuse 
models described above. If further improvement in 
accuracy is required, a better model of the test 
circuit is needed. The results shown in Fig.1 were 
obtained by representing the source circuit in the 
usual way, by a fixed R-L series circuit, determined 
from the nominal test conditions, i.e. voltage, 
prospective current, and power factor. However 
recent experience has shown that this model is 
inadequate if high accuracy is required. 

In most laboratories the short-circuit current is 
obtained from a synchronous generator, the 
inductance of which is time-varying. The total 
circuit inductance consists of the generator 
inductance plus the inductance external to the 
generator and is therefore not constant. Studies 

Automatic control of the solution time step is 
needed to obtain fast and accurate results, and a 
suitable method has been described, which combines 
the differing requirements of the prearcing and 
arcing models. A structured scheme for model 
switching and logical control is needed for 
reliability and extensibility. The improved models 
have been tested with a variety of different fuse 
designs and give results which are close to those 
obtained by short-circuit tests, but further 
improvement requires a simultaneous improvement in 
the modelling of the short-circuit test plant. 
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o u .r. m a r y. Paper gives a phenomenologi- 

cal description of the whole arcing process 
.hioh has cake place in a fuse with single 

notched fuse-element, but particularly the 

fuse element burn-back and arc-channel phy- 

sics. All considerations are based upon exi- 

sting literature and own extensive short- 

circuit experiments in the range 3-30 kA(RMS) 

550 7, 50 Hz. Three stages are considered: 

arc-ignition, arc-burning, post-arc recovery 

v;iths band. 

1. Introduction 

The paper deals with the arcing phenomena in 
high breaking capacity fuses (h.b.c.) during 

short-circuit current interruption. The ar- 

cing inder consideration takes place in a 

fuse within multi-notched single strip fuse- 

element. In such a case known approaches do 

assume several simplifications about the ar- 

cing physics to facilitate the calculations. 

In this respect usually two arc aspects are 

considered: the arc-elongation due to fuse- 

element burn-back and secondly,- the arc-co- 

lumn conditions in time. 3oth make possible 

the arc-voltage calculation, hence the ana- 

lytical prediction of h.b.c. fuse behaviour 

in a given electric circuit is possible. 

Meanwhile the whole arcing process contains 

3 following stages: arc-ignition, arc-bur- 

ning, post-arc recovery strenght. The exis- 

ting literature concentrates mainly on the 

second stage. So one aim of the paper is to 

give an integrated approach which includes 

mentioned 3 stages. Not less important is 

another aim, to show an improved look onto 

the burn-back process and arc-column beha- 

viour during the second stage. 

2. Arc-ignition 

Two groups of parameters are responsible for 

arc ignition in the notches: first,- for a 

given fuse-element material, the fuse-element 

geometry, but particularly so-called the 

"constriction ratio"; second,- the short- 

circuit parameters amonawhich the most im- 

portant is the prospective current. Under 

"constriction ratio" one has understand the 
ratio of the fuse-element shoulder cross- 

THS H.B.C. PUSS ARCING PROCESS 

and A. Pisanko 

Electrotechnical Institute 

Gdansk Branch, Poland 

section to the notch cross-section. If by 

a given constriction ratio the short-circuit 

current is of the magnitude, which can lead 

to the multiple arcing, such case is exclu- 

ded from considerations. 

The arc-ignition voltages u^ in a notch one 

can calculate using a number of the Hibner s 

empirical relations. The newest one for round 

notches is given in a paper for this IC3PA 

[1]. Earlier 8 Hibner's publications on this 

subject one can trace using "Digests"[2] . 

The general form of all those relations is 

u1«i»s-b 0) 

where: c - some constant; iQ- cut-off current 

S - notch cross-sectional area; a, b - con- 

stants (e.g. a=0.5, b=-0.2). Besides, there 

is a number of consecutive approaches to the 

arc-ignition physios [3-5]. The newest one is 

given in a paper for this ICEFA[6]. 

During the arc-ignition appears the pressure 

exploding componenet[7]• A clear record of 

such a_ componenet is shown in Fig.1. 

•explosive component bar 

15 

pressure 

10 ms 

-2 
kA I I 

Pig. 1 Record during arc-ignition ana Bur- 

ning in ice tube 10 mm dia, 150 mmlohg 
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Although the record referres zo the ablative 

arc investigations [&] , but the arc was ig- 

nitä by 0.1 mir. Ou wire in 150 mrc long ice 

hole.The Figure .vas not shown in the paper 

[S], cut belong to the same series of te- 

sts as described in that paper(by courtesy 

of 'rcf.A.Do Stokes). The physics ruling the 

.ire explosion and the arc ignition in not- 

ches is nearly analogous. As a result of 

notch-explosion X-ray photography after cur- 

rent interruption shows typical explosion 

region (encircled in ?ig.2) . The region 

1cm 

Fig. 2 X-ray picture of a fulgurite, side 

view, Cu-strip 6xo.2 mm.“*, 2 constric- 
2 

tions 1.2X0.2 mm , 12 mm apart, 3.1kA 

shows complete lack of the metal particles. 

Moreover the cavity after explosion indica- 

tes the largest cross-setion. As it will be 

demonstrated farther, the encircled region 

is one of the major componenet of the post- 

arc gap to withstand the recovery voltage. 

2. Arc-burning 

2.1 Burn-caok process 

One of the most advanced approach to the 

bum-cack process is done by [9] which ex- 

ploits very much the results of a basic work 

[10]. Repeated after [9] Fig.3 shows phases 
distributed along the element-end during the 

burn-back process. At the arcing front x=xl 

the liquid silver is overheated up to abt 

1700 K, whereas in the case Cu-strip the li- 

quid reaches Tdrop= abt melting poit, i.e. 

1356 K 10 . 
drop 'melt 

,ARCr^> LIQUID 

I  

0 xl 

MELT SOLID 

xm xs 

Fig. 3 Phases within fuse-element during 

burn-back process [9] 

To verify the model taken in calculations [9, 

10] a number of tests were carried out, des- 

cribed in detailes in [11] using strip Cu-ela- 

ments, 6X0.2 mm^ with notches 1.2*0.2 mm2 

(constriction ratio 5). The number of notch- 

es 1 to 5 within distances up to 15 mm. 

r- 
Standard fuse quartz sand of 0.2-0.5 ramm 

sieve dimension was packed into the tested 

Dill dimension 500 V fuse-links by a standard 

procedure. The active fuse-element length 

was 56 mm. Tests were performed within 3.1, 

9.99 and 32 kA (RMS) , p„f.=C24 and 550 7, 
50 Hz. After every shot the test voltage was 

maintained 15 sec between fuse-terminals. 

From the literature are well known descrip- 

tions of the fulgurites after short-circuit 

interruption (e.g. [10, 12]). But our inspec- 

tion of more than hundred fulgurites after 

above tests shows some new detailes essen- 

tial for the burn-back process. Several of 

them only one can deduce from the Figs 2 and 

4. One can distinguish yet not described two 

processes: droplet formation and acceleration 

and droplet penetration into the sand. The 

energy needed to get both processes shall be 

drawn from the heat of overheated element- 

end (at arcing front xl in the Fig.3) . That 

is why suggested in [10] for copper the drop- 

let formation temperature 1356 K shall be 

higher, otherwise the droplets penetration 

into the sand is impossible. 

In the literature the droplets,formation and 

acceleration processes are described for arc 

cathode root on contact switches only [13,1^» 

In this case the surface in touch with the 

root is prctically unlimited in comparison 

with the cathode-spot dimensions. '.Vhereas in 
fuses the element-end area at the arcing 

front xl (Fig.3) is restricted, for example 

in our experiments up to 1.2 mm2. So in both 

cases the droplet process can show some dif- 

ferences. But qualitatively it seems is simi- 

lar one to that demonstrated in the Fig.=. 

r. 

Fig. 4 vross-secticn of fulgurite cut along 
the arc-channel axis, Cu-strip 6Z0.2 

mm2, 2 constrictions 1.2*0.2 mm2, 1 

mm apart, 3.1 kA, 1 - bright dots on 

the rim are Ou droplets 
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Prom the fulgurite inspection remarkably is 
that the droplets diffusion into the sand 

the very element-end shows nearly ideal sym- 

metry, i.e. half of the strip metal is remo- 
ving in one and second half in opposite di- 

rection, both perpendicular to the strip 

flat surface. 

b) c 

- + 

+ - 
+ + 

X + 

ee- +:+ + f 
rment 
ZZ — + 4-r + + 

O O • r o o.o + - 0”0 

m 

Consecutive pictures showing droplets 
ejection from the cathode-element-end 
a - melting and deformation of liquid 
b - droplets ejection, c - heating 

and vaporization of droplets, I - spa- 

ce charge zone, II - ionization zone 
Note: Zones I and II in Pigs b and c 

are not shown. 

The droplet penetration into the sand shall 
depend first of all upon: 

- the kinetic energy of droplets in the ins- 

tant of the clashing into the sand wall, 

- the dynamic viscosity and mass density of 

droplets, 

- the sand wall porosity, 

- the dynamic pressure of the arc-column, 

- the pressure distribution in direction z 

(Pig. 4). 

The hydrodynamics of that penetration can be 

foimulated as follows [15] 

-p^G-tßvG2 (2) 

where:left hand side means the local pressu- 

re gradient in z direction, oC- dynamic coe- 

fficient of resistance between sand and drop- 

lets due to adhesion,ß- resistance of sand 
due to inertia,/A- dynamic coefficient of 

viscosity, V- specific volume of metal. Un- 

fortunately all the right hand side parame- 
ters are not known quantitatively. 

During the droplets filtering through sand 

their temperature is decaying eventually up 

to the metal solidification, unless immedia^ 

tely after a heat wave from the arc-column 

will overtake the termal conditions of alree- 

dy dispersed metal. 

Two velocities are deciding on the dynamic 

shape of the droplet layer dispersed into 

sand in the vicinity of the element-end, 
Viz.: one is the burn-back velocity, which 

is axial, and second,- the initial velocity 

Of droplet penetration into sand, eventually 

perpendicular to the axis (Pig.6) . The burn 

-back velocity one can calculate, for exam- 

ple by method demonstrated in [9] , whereas 
the droplet velocity is not yet possible 

even evaluate analytically. What we can do 

how is the evaluation of the last velocity 

from X-ray images of fulgurites, e.g. taken 
from our experiments, in a combination with 

the calculated burn-back velocity [9]. The 

angleoc (Pig.6) received from those experi- 

ments is between abt 25° and 65° and relates 

to the test current and the fuse-element ge- 

bmetry. Por mean value 45°, assuming penetra- 

tion velocity perpendicular to the axis, the 

penetration velocity shall be equal to the 

bum-back velocity. By current density range 
1 to 4 kA/mm2the measured bum — back veloci- 
ty [101 was between abt 1 and 5 m/s corres- 

pondingly. This means the droplet penetra- 

tion velocity of this same order. 

The final point with droplet filtering into 
sand is on the enthalpy HCQn increase per 

Unit volume needed to rais the temperature 

from the initial fuse-element temperature to 

droplets ■ layer & cA 

$// 

£*? 
CP 

Pig. 6 Image of the arc 

ij- main current path; ig- partial 

current path; v^- burn-back velocity; 

Vg- droplet velocity;oC- angle bet- 

ween droplets layer and axis; g - re- 

covery withstand gap between droplets 

layers which in fact is the gap after 
explosion; a - points of connection 
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Tdrop* To get reasonably good agrement of 
Voltage and current traces for the calcula- 

tions based upon method given by [10] and 

recorded in our experiments we needed to as- 

sume Hcon as a variable depending upon test 

conditions and the fuse-element geometry. 

For Cu, for instance, the magnitudes of the 

,H n shall be as in the Tables 1 and 2, 
shown in our paper [16] . Those magnitudes 

are between o.7 and 1.18 times 10^ J/m^ if 

the calculating errors of the current have 

to be not greater than abt 20 %,the voltage 

25 % and the final arc length abt 7 %• More- 

over similar enthalpy but for sand Hagshall 

vary between 4.9 and 7 J/m^ times 109. So a 

remark in [10] that Hcon shall not necessa- 

rily be constant is confirmed by our experi- 

ments and calculations. 

All said means that also in the Cu case the 

Tdrop shall be higher than the melting tem- 

perature and the degree of metal overheating 

shall be different for various short-circuit 

conditions and the fuse-element geometry. 

Mentioned earlier the dynamic pressure of 

the arc-column it seems is responsible for 

farther pressing into the sand of the liquid 

metal particles. 

Another observation from the fulgurites indi- 

cate that the droplets pressed into the sand 

in the vicinity of the element-end are still 

in a direct touch with the arc column. In 

this region is not yet arised any shield ma- 

de from the molten silica sand, which can 

isolate the arc-column from dispersed metal. 

It denotes that some portion of the current 

±2 in Fig.6 also flows through dispersed 

metal in parallel to the current i^ of the 

main feeding path. But due to droplets dyna- 

mic and their very high temperature the mag- 

nitude of current ig supposed to be negligi- 

ble in relation to i^. As a result also elec- 

tromagnetical influence on the mobile liquid 

metal can be omitted. 

Next important observation based upon fulgu- 

rites inspection shows that the dispersed 

metal (Fig.4) is in very good galvanic con- 

nection with the element-end. Such a connec- 

tion exists even up to the farthest droplets 

apart to the element-end. Also a galvanic 

connection with the element-end demonstrates 

inner wall of the arc-channel just in the vi- 

cinity of the element-end. The connection in 

this region is likely due to yet lack of tne 

developed tight silica shield, isolating the 

arc-column from the dispersed metal. Obviou-r 

sly the observations described refer to 

the fulgutites after completing of interrup- 

tion. During the arc-burning those galvanic 

connections could not exist. But, in any 

case, very close to the final current zero 

such connections should already become ac- 

tual due to droplets merging into one con- 

necting layer. From this follows an impor- 

tant behaviour of the fuse during the post- 

arc recovery withstand stage. 

2.2 Arc-column behaviour 

It is already well known and is confirmed by 

Figs.4 and 6 that the arc-column is surroun- 

ded by a tight tube made from molten sand 

which includes chemically bound Cu. Detailed 

inspections of the inner walls of fulgurites 

in an arbitrary distance to the element-end 

does not show any axial draugt traces on 

those walls. It seems, it witnesses of the 

lack of considerable axial plasma jets ori- 

ginated in its constricted region in the vi- 

cinity of electrode-eneds. In fact a simple 

calculation shows, for example, that for co- 

ditions corresponding to our experiments, 

the overpressure in the vicinity of the ele- 

ctrode-ends against arc-column should be abt 

0.1 to 0.5 MPa only. That's why the existing 

approaches which treat the arc as a SiOg 

wall stabilized one, of course, are correct. 

Arc is assumed in LTE and characterized by 

temperature, pressure, cross-sectional area 

and velocity of the plasma in perpendicular 

direction to the strip flat surface induced 

by the column expansion and the opposite ab- 

tion process. 

3. Post-arc recovery withstand 

Coming back to the fulgurite inspection af- 

ter our experiments (Figs.4» 6) one can came 

to the conclusions about the post-arc withs- 

tand. The processes responsible for recovery 

withstand are concentrated along two paral- 

lel paths . One is the gap between the metal 

layers diperesed into the sand and golvani- 

cally connected to the element-ends. The se- 

cond is along the molten silica wall. That's 

why a first step in analytical prediction of 

that withstand should be the heat transfer 

calculation from the el ongating arc-column 

to the sand. This heat, first of all, cause 
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the growing of molten wall thickness. But 

penetrating farher the heat can reach ear- 

lier dispersed' droplets bringing them even- 

tually to the boiling point. In a result the 

metal can evaporize giving the elongation of 

mentioned gap. 

Above sketchy description of phenomena ass- 

ociated with the post-arc recovery withstand 

are crucial for the final arc-extinction and 

for the time being are awaiting on extensive 

investigations. 

4. Final remarks 

We tried to give an integrated physical pic-, 

ture of the arcing in h.b.c. fuses equipped 

within a notched single strip fuse-element 

overloaded by a short-circuit current. The 

picture containes some new aspects, among 

them: droplets formation, their penetration 

into the sand, the galvanic contact of those 

droplets with the element-ends. Moreover a 

very crucial for the final arc-extinction 

problem was mentioned, namely the post-arc 

recovery withstand of the hot fulgurite, 

which waits for investigations. 
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Abstract 

Optical fibres were inserted into electric fuselinks to 

observe the light emission from fuse arcs. By 

spectrometer and photo-multiplier tube and measuring 

the relative intensities of the most prominent 

wavelengths it was possible to estimate fuse arc 

temperatures. The results indicated that these 

temperatures were of the order of 7000K and 

remained virtually constant throughout the duration of 

the arc. 

the temperature to be regarded as constant and long 

enough for the area observed to be in local RaP*d Spanning .Spectrometer 

as shown in Fig. 2 to enable the spectra of light 
Inserting quartz optical fibres into fuselinks it is emitted from test delinks during arcing to be 

possible to observe light emissions from electric fuse 

arcs. Employing fibres with diameters roughly equal to 

the mean sand grain diameter it follows that the 

operation of the fuse, even during arcing, will only 

be marginally affected. 

wide, 0.1 mm (± 2.5%) thick, 99.97% pure silver strip, 

with a single notch punched at its centre. 

Notch dimensions were controlled to better than 2%. 

The fuse body was drilled perpendicular to the plane 

of the element using a 1mm drill. A glass capilliary 

tube was inserted to within 3 mm of the element and 

recording the emission spectra using a rapid-scanning Capillary tube 

1. Introduction 

The high temperature of a fuse arc plasma causes it 

to emit light with characteristic spectral lines [1]. By 

obtaining the spectrum of the light it is possible to 

assess the temperature of the arc, providing that the 

time taken to collect the spectrum is short enough for 

Fig. 1 Test fuse showing placement of optical fibre. 

with 97% pure silica grains with a minimum diameter 

between 250pm and 640pm. The sand was compacted 

into the fuse body by precisely controlled vibration. 

thermodynamic equilibrium. A rapid scanning spectrometer (RSS) was constructed, 

Test fuses were constructed as illlustrated in figure 1, 

using glass reinforced plastic bodies with zinc end 

caps and copper tags. 

2.0 Test Fuses 

Elements comprised a length of 7.14mm (i 0.7%) 

glued into place using epoxy resin. A 200 micron The light emanating from each test fuse was 

quartz optical fibre was introduced and allowed to transmitted through the optical fibre inserted in its 

rest on or near to the restriction. It was then glued body and a standard connector to a bundle of four 50 

into place using epoxy resin. The fuses were filled pm fibres. The free end of the bundle was exposed 
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from its protective sheath, and the four fibres glued 

to a machined-flat surface, using clear epoxy resin. 
The fibres were laid down touching their neighbours, 

with the final centimetre aligned horizontally. (Fig. 3). 

The front surface of the block, including the ends of 

the fibres, was then machined flat and polished. This 

formed the "entrance slit" to the RSS with dimensions 

of approximately 200 /im x 50 pm. 

machined 

surface 

four fibres 

form ' slit' 

epoxy resin 

Fig. 3 Optical entrance slit constructed fron 

multiple fibres. 

The light from ends of the fibres was focused by a 

high quality 50mm camera lens. The optical path 

length was of the order of 1000mm giving a 
magnification of almost 20, and a final image width of 

around 1mm. 

The light was then dispersed by a 60' prism onto a 

rotating mirror. To achieve a wavelength resolution of 

better than 1.5nm a complete spectrum (from ~450nm 

to ~850nm) had to be collected in 30 ps. Prism 
dispersion was about 5', so the mirror had to rotate 

through 5' in less than 30ps, and complete one 

revolution in 2.2ms. This corresponds to a rotational 

speed of about 460 revs-1. So the mirror, which was 

surface silvered on each side, was mounted on an air 

turbine which rotated at more than 500 revs-1. 

The light reflected by the mirror was focussed onto 

the "exit slit" mounted on the photo-multiplier tube 
(PMT) housing. The "slit" was manufactured to 

operate symmetrically around the optical axis, so that 

changes in aperature would not affect wavelength 

calibration. 

The PMT used was sensitive to all visible 

wavelengths, had a rapid response to ensure good 

resolution, high gain to cater for low light levels and 

low dark current to improve final signal to noise 

ratio. 

Barrow [2] provides fuller details on the construction 

of the RSS, along with the method of calibration. Fig. 
4 shows the variation in system response with 

wavelength. 

cpo e. 

o© o 
% 

o 
o 
o 

% 

% 

Wavelength ran 

Fig. 4 System response: sensitivity vs. wavelength. 

4. Experimentation 

The test configuration is shown in Fig. 5. With the 

applied voltage set at 255V, the prospective fault 

current was 525A at a power factor of 0.2 lagging. 
Using point on wave control, accurate to two 

electrical degrees, the circuit was closed at the applied 

voltage zero, to ensure substantial arcing. The fuse 

current and voltage waveforms were recorded and the 

fuse arc spectrum during a preselected "time window" 

in the arcing period was captured. 

Fig. 6 shows a sample trace of the PMT output.Three 

multiplets are readily observed. The wavelengths of 

the component parts are: 

i) 635.5nm: 634.7nmand 637.lnm 

ii) 505. lnm: 504. lnm and 505.6nm 

i i i ) 597.2nm: 595.8nm and 597. 9nm 

Because of the variation in system response with 

wavelength (Fig. 4) the peaks recorded were 

multiplied by appropriate correction factors to find 

their relative intensities. 

4.1 Possible sources of error 

The possible sources of error which could affect these 

results are that 

(i) the optical fibre will act as a heat pipe, 

causing a localised reduction in temperature 

particularly during prolonged pre-arcing. 

(ii) light energy will escape from the arc, 

potentially reducing the arcing time and arc 

energy. 
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Fig. 5 Test system configuration with Rapid'Scanning Spectrometer. 
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Fig. 6 Emission spectrum of HBC fuse arc. 

5. Interpretation 

To find the arc temperature from the spectral lines it 

is necessary to compare the intensities of the lines, as 

explained in the appendix 9. The temperature derived 

7000 

6000 - 

5000 

m 4000 

3000 

2000 

1000 

O 
 o- — - 

:0-- 

1 2 3 4 5 6 
Period into 
arcing, ms. 

Fig. 7 Plot of temperature vs. period into arcing 

from emission spectroscopy. 

from comparison of the intensities of the 505.1nm and 

597.2nm peaks appears to be at one of two discrete 

levels centred around 7000K and 3000K, see Fig. 7. 

In a separate study by the authors, described in 

another paper to this conference [3] five optical fibres 

were inserted into fuse links so that the ends of the 

fibres formed a straight line above the fuse element 

starting at the restriction. The results of this work 

223 



showed that the arc does not lie in a straight line, but 

wanders. The observed dual temperature may be a 

manifestation of this effect. The higher temperature 

being observed when the fibre is probing the centre 

of the arc channel. This explanation would set the 
electron temperature of the arc at around 7000K for 

almost the full duration of arcing. 

The results derived using the 635.5nm peak show 
consistent deviation, indicating that there is some form 

of error associated with this peak. It is likely that 
self-absorption was taking place reducing the 

perceived intensity of the line. However, it is worth 

noting that the 635.5nm peak is elevated on each of 

the traces where an arc temperature of around 7000K 

was observed, indicating that the dual temperature 
effect is a real one. 

6. Conclusions 

Using optical fibroscopy in conjunction with rapid 

scanning spectroscopy it was possible to measure the 

temperature of electric fuses arcs at around 7000K for 

almost the full duration of arcing. 
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9. Appendix 

9.1 Origin of the Spectrum 

When an electron traverses from a high energy state 

(Em) to a lower energy state (En) a photon having 

energy equal to the difference between the energy 

levels is emitted. [4] The frequency of the emitted 

photon is given by 
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for sponsoring this work, the University of 
Nottingham for providing the facilities, Professor A. 

Wright for his advice and encouragement and Dr. F. 

Hicks for drawing the illustrations. 
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Em - En = ^E = hi> 

where h is Planck’s constant and » is the frequency of 

the emitted photon. 

Hence the wavelength can be derived using the 

relation 

C = \v: 

X = hc/^E 

where c is the speed of light. 

An electron moving from a high energy level to a 

lower one within an atom will therefore emit a 

photon of characteristic wavelength (Fig. 8) forming a 

spectral line on the emitted spectrum. 

A EH • Ej • Ej 

X.- a- 

E, M !L_ 

AE,'E, E, 

X/-5T, lV;X,-|ij*-(frE|
ky

A-) 

AE'EI- E0 

Fig. 8 Illustration of Boltzmann distribution. 
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The intensity of the emitted line depends on the 

number of electrons making the transition which in 

turn depends on three factors. 

i) The number of electrons in the raised 

energy level. 

ii) The probability that an electron will make 

the transition. 

iii) The statistical weights of the two states. 

Where there is thermodynamic equilibrium, the 

number of electrons occupying a particular level can 

be determined using Boltzmann statistics. The 

population of a given level (Nj) is related to the 

energy of that level (Ej) by 

Nj = (N0gi/gO)e(-Ej/kT) (1) 

The statistical weight (gn) of a state is equal to its 

degeneracy - ie the number of distinct sub-states 

having the same energy. 

The total number of particles (N) is the sum of the 

number of particles in a particular level (Nj) over all 

levels, 
ie 

N = NQ + N] + N2 + 

combining with equation 1 obtains 

N = (N0/gO)(gO + gl e-El/kT 

+ g2 e"E2/kT + ) 

N - (NO/g0)2j^0 gj e-EJ/kT 

N - (N0/gO) U(T) 

where 

U(T) = %j=o gj e-Ej/kT 

U(T) is the state sum or partition function. Hence 

equation 1 becomes: 

Nj - (N/U(T)) gj e-Ej/kT 

For a volume of gas containing Nj particles in a 

raised energy state, and with a probability of Ajj_j 

for the transition under review, the number of 

transitions in a second is Nj.Ajj_j. The transition 

emits a photon with energy hc/x and hence the 

energy emitted per second (intensity) is 

I = Nj•Aj j_j hc/X 

I - (Nj/U(T))gj Aj e-Ej/kT) 

Comparing the intensity of two lines obtains: 

Ij gl.Al.2 e"((El-E2)/kT) 

I2 g2.A2.1 

Ij gl.A1.2 e- (hc/kT)((l/X1)-(l/X2)) 

I2 g2.A2.1 

The values of g and A are available from standard 

tables [5,6,7], x is the wavelength of the line whose 

intensity is measured. The values of h,c and k are 

found in many texts. Hence, the temperature T can 

be determined from the ratio of two line intensities. 
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Summary 

The paper gives a new hypothesis of the 

striated disintegration of the fuse-ele- 

ments. The hypothesis name is electrother- 

mal mechanism of the striated disintegra- 

tion. From general assumptions of the sy- 

nergetics is shown a possibility of gene- 

rating of the electrothermal instabilities 

by means of the relation of dispersions. 

For a simplified model by a numerical ana- 

lyses are determined the conditions of the 

arrising of those instabilities. 

1. Introduction 

During short-circuit interruption a uniform 

fuse-element of h.b.c. fuses disintegrates 

in form of the stration. Such a multiple 

arc-ignition shows also the shoulders Cthi- 

cker parts.) of notched fuse-element if 

those shoulders length, between notches is 

sufficient and the prospective current is 

large enough. Criteria of striation appea- 

rance for uniform wire elements, in form of 

a relation: the wire diameter versus the 

current density, are given by Nasilowski^. 

Experimental formulae for averange modulus 

h of striation for Cu and Ag wires is 

h = 0. 555 + 2. 08-d Cl) 

where: d - wire diameter. h and d in mm. 
w 

But for uniform strip Cu and Ag elements 

that modulus h in mm, also established 
s 5 

experimentally by Hibner is 

h;=^S°-3 C23 

in which: k^= const. =3.1 mm^'4, S •• strip 

cross-sectional area in mm2. A defined 

minimal current density and a minimal ene- 

rgy stored in the circuit at the instant 

of disintergation shall be fulfilled to get 

stration. 

In the literature there is a number of the 

hypothesis given on the striation origin 

in the frames of discussion on the wire 

explosion. The major are: 

a) magneto-thermo-elastic vibrations, 

Liebiediew^. 

b) magneto—hydrodynamic vibrations, 
7. 

8 
Liebiediew 

c) wire vibrations, Nasilowski' 
7 

dD nonuni form wire heating, Liebiediew . 

In the case a) and b3 the disintegration 

is due to local deviation of the wire from 

the straight line or local deviation of the 

outer wire surface from cylinder. In the 

case cD the vibration starts immediately 

after first arc-ignition, whereas in the 

case dD some geometrical or structural 

inhomogenities generate the disintegration. 

According to up to date opinion Ce.g. Lie- 

biediew^3, which shares also author of this 

paper, the pinch-effect in an exploding 

wire in h.b.c. fuses can be neglected as a 

cause of disintegration suggested by hypo- 

thesis aj and b3. However, the last one 

still have lot of followers hypothesis b3. 

X-ray pictures showed, Aral1'2, that the 

arc ignites only after the wire disintegra- 

tion, which is in contradiction to the 

hypothesis cD. Author is of opinion that 

hypothesis d) is the most adequate to rea- 

lity, however, it explains the initiation 

of stration only. 

The paper gives an attempt of extent!on of 

this hypothesis, which brought practically 

a new one, called farther the electrother- 

mal mechanism. 

Outgoing from the general assumptions of 

the synergetics, Wasiliew^, has been shown 

a possibility of appearance of the electro- 

thermal instability by means of dispersion 

relations. For a simplified model by the 

numerical approach the conditions of that 

instability arising havebeen defined. 
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2. Striated disintegration as a dissipative 

structure 

In electrothermal analysis we get the 

temperature distribution in the form 

Dissipative structures are one of forms of 

the selforganization of the active systems, 

Wasiliew9. These structures are leading to 

distortion of the uniformities of non-equ- 

librized thermodynamical systems. Such 

structures show very often the periodical 

distribution in the space. The active sys- 

tems are described by the nonlinear 

equa-tions of diffusion. So our exploding 

wire, as an active system is described by 

the equation of the electromagnetic field 

diff usion 

TCz.O = T Ct) + E T CO e 
° k=l 

ikz 
C 5!) 

2" 
where: k = -— - wave number, i = V-l , 

K 
Xfc - wave length, 

T^CO - constant temperature compo- 

nent along wire axis, 

Tj^CO - amplitude of k-waves of 

temperature. 

Assuming p- c^= const., X = const, and 

M = Lt-v cv i ) + i )] C3) a 
ffoo 

1 + a-AT 
C63 

and the transient heat conduction equation 

<?T 
at 

J2 

p-Cp-o- i^r v T) 
p 

C 43 

in which: a - electrical conductivity in 
oo 
the temperature Tqo>AT = T - T^. 

TQ - one can get the relation 

where: p, c^ - mass density and specific 

heat. 

c,X - electrical and thermal con- 

ductcvities respectively, whichare 

functins of the temperature. 

T - tewmperature. 

j- vector of density currents. 

In active systems described by C33 and C 43 

can arise dissipative structures,Wasi1iew^, 

- i.e. stratlon. 

dT 
dt 

Cl 
p-c 

+ a- AT3 C 73 

But the amplitude of k-temperature wave 

fulfils the equation 

dTk 
dt 

——•( — 
pc

P 'oo 
a - X-k ) C 83 

3. Conditions of arising of the 

electrothermal instabilities 

During fast heating up by Joule’an heat 

some geometrical and structural nonunifor- 

mities of a conductor cause small local 

overheating. Because the time-constant of 

diffusion in equation C33 for Cu and Ag is 

2 order smaller than the time-constant of 

equation C43, Jakubiuk^, so according to 

equation C33 will be overheated nearly ad- 

iabatic a number of cross-section perpendi- 

cular to the current direction. But over a 

it can not be overheated. This observation 

striation for the wire diameter above cer- 

tain magnitude, Nasilowski8. So one can 

assume that the temperature distribution 

along a wire, being already in melted 

state. is stochastical one. 

From C83 is seen that short wave tempera- 

ture distortions will be dampted whereas 

long wave ones will grow. The boundry wave 

expresses the relationship 

X 
kb 

2 TT 

J c 
O. 5 

) C 93 

Because in a wire arise mainly short-wave 

distortions it shell be expected appearance 

of the waves X^> X^. For example for Cu 

wire and J = 5 kA-mm 8 - X^= 2. 95 mm. From 

this the modulus is h = 0.S-X. . = 1.47 mm, 
g kb 

i.e. after C13 it gives the wire diameter 

0.44 mm. The results, despite simplified 

analysis, are close to the experimental 

results. 
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4. Investigations of the development of 

 lasJkafeUuLklas. 

Electrothermal instabilities can arise if 

the fuse-element is in liquid dynamic over- 

heated state above the boiling point. In 

such conditions the conductivity depends on 

the temperature and the mass density by 

means of exponent y Cy>13 in the relation 

and 

d« r r 

3T
=D

 ‘^O + V - *o ^ 
d-n 

Cl 73 

Equation C16D is to be integrated analyti- 

cally. By y>1 and initial condition 

0^C T=OD = 1 the solution is done by 

, Tol / 
= "ol ( — ^ 

Cl 03 

In calculations the temperature was taken 

as 

TCz.tD = TQCtD + T^Cz.tD C1 ID 

where the component T fulfils the equa- 

tl on 

= [i C r 
1/Cy-13 

13D-T] C183 

From Cl83 outcomes, that in a finite time 

span the temperature will reach the infini- 

ty, what is possible in a non-linear rela- 

tion only. 

The solution of equation Cl73 was done 

numerically for the initial conditions 

given in the Fig.l and boundry conditions 

dT 
c 

dt~ 

.2 
C ^ { p'Vffol ' Tol 

C123 
ffl 

n=o 
!!i 
dr) 

= 0 Cl 93 
17=1 

wheras the equation 

JT. .2 

where: a , \ - values in temperature T ,. 
ol , ol ol 

Introducing non-dlmensioned variables 

& = 

ol 
= - 

ol 
*1 = - 

ol 

Cl 43 

17 = 
:o p=p^^o 

in which: 1 - characteristic linear para- o 
meter, 

and taking the non-dimensional constant 

which denote thermal isolation of the wire 

section. 

XI -w 

-pr C 

0.25 0.75 10 

Fig. 1 Initial conditions for equation C17D 

X,Y,Z - points for which the tempe- 

rature profiles are given in Fig.2, 

1 — distance between overheated m 
regions. 

J2-I! 
D = 

*ol \,1 ?ol 

the equations Cl 2D and Cl 3D are reducing to 

the form 

dT 
= D- e 

The calculations are made for different 

C15D magnitudes y* D and initial amplitudes of 

the distortion c CFig.lD. Exemplary results 

of the calculations are given in Fig.2. To 

enable comparison the profiles are given as 

the function of D-r. The diagrams show the 

temperature profiles of 0Q and 0^ in diffe- 

C16D rout wire points CFig.lD. Moreover for a 
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Fig.2 Temperature 9q, 9^ , 9^^ profiles in 

the points indicated in Fig.1 as 

function of time D-r for Y - 2 and 

c = O. OS 

a3 initial condition a CFig.13 

fcO initial condition b CFig.10 

comparison the difference of the temperatu- 

res ^ between points X and Y is shown, 

but the thermal conductivity was neglected. 

It gives the maximal possible difference 

temperature in the wire. 

From Fig. 2a and some results, not enclosed 

to this paper, a conclusion is, that for 

every magnitudes of the exponent y>l exist 

a defined boundry value of the constant 

D = above which the thermal conductivity 

is not able to equlibrize of the non-uni fo- 

rm temperature distribution. 

As a criteria of selection by a conven- 

tion was taken non-changeable temperature 

difference 3 = 9 + 3 in the points X and Y 

at the initial instant and in the instant 

when &o= 10. 

The following results are obtained: 

for Y = 1.2 - D. = 50; for y =1.5 - =20; 

for Y - 2.0 - Dfa = 10; for Y =3.0 - = 5. 

For Cu and Ag wires ane can take approxima- 

tively Y - 2.0. Obtained results make 

possible, for given magnitude j and mate- 

rial data at the melting point T^ CT^=T^ » 

to determine after Cl53 at which dimensions 

those temperature non-uniformities can be 
-2 

equalized. For example, at j = 5 kA-rnm , 

Y - 2.0 and Cu wire the non-uniformities 

1q< 0.88 mm should give the temperature 

equalization. 

From Fig.2b and results not shown in this 

paper. can define boundry value of the con- 

stant D = Dw that two regions with distan- 

ce 1^ apart will join together due to the 

heat transfer. It would correspond to the 

short wave damping of length 1 and shor- 

ter. As a criterion to define D for given 

Y we took connection in one two regions 

heated up when 3 = 9^ + 9^ = 10. In this 

way we get: 

for Y = 1.5 — 0^=100; for Y ~ 2.0 - D^=80. 

The paramerter enables approximative 

calculation of the disintegrating modulus 

after the formulae 

0. 5 

1 < 
(Dw%l'Tol XoP 

4'J 
C 203 

Comparison of the results of experiments 

and after the formulae Cl43 are given in 

the Table 1. 

'lhe conclusion from the Table 1 is that 

for current-density actual in fuses the 

formulae C203 gives a satisfactory agree- 

ment. But for higher current-density, typi- 

cal for so-called fast explosions the 

differences are great. Possibly it is due 

to considerable overheating of the liquid 

me1 ul for fast explosions and changes of 

the material parameters. 
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Table 1 Juxtapposition of exerimental and 

analytical results 

Mate— 

rial 

Di a- 

meter 

C mm3 C k A ■mm 

Modul. 

exper. 

C mm3 

Modul. 

calcul 

C mm3 

Sour - 

ce 

Ag 

Ag 

Ag 

Cu 

Cu 

0. 3 

0. 5 

<3. 5 

0. 625 

0. 625 

8. 2 

6. 0 

12. 0 

170. 0 

260. 0. 

O. 31 

0. 36 

0. 24 

0. 23 

0. 20 

0. 39 

0. 54 

0. 27 

O. 018 

0. 020 

C 21 

C 21 

Cl 1 

C 41 

t 31 

vU^Vv. 

5. Conclusions 

1 he paper pointed out, that the striated 

disintegration of a fuse-element, or more 

wide, of an exploding wire can arise due to 

development of the electrothermal instabi- 

lities, which are appearing with the non- 

linear volumetric heat sources taking into 

account the heat transfer. An analysis of a 

simplified model we got a formulae to 

d». ter mi ne the striation modulus. The calcu- 

lating results are in agreement with the 

experiments for fuses. but are in 

disagreement for the exploding wires. This 

pioblem now is under further investiga- 

tlons. 

6 Acknowledgements 

1 he autor wishes to acknowledge the frien- 

dly and constructive advice given by Prof. 

J. Hryhczuk and Prof. T. Lipski in discu- 

s'.ions during the progress of this work. 

7. Ref erences 

111 Arai S. , Deformation and disruption of 

silver wires, Proc. ICEFA 1976, 

Liverpool Polytechnic, p.50. 

CHI Arai S., Deformation and disruption of 

silver wires. Private communications, 

1977. 

C31 Bennett F. D. et. al. , Expansion of 

superheated metals, J. Appl. Phys., 

1974, vol . 45, p. 3429 

141 Pansier K. S. , Shear D. D. , Correlated 

X-ray and optical streak photograhs of 

exploding wires. Exploding Wir es.vol. 4, 

New York 1968. Plenum Press, p.185 

[61 Hibner J., Calculation of the arc-1gni- 

tion voltage on single disruption of 

uniform fuse-element by its independent 

disintegration in h.b.c. fuses. Proc. 

lnt. Symp. Switching Arc Phenomena, 

it'-di 1985, Poland, p. 368. 

CU1 Jakubiuk K. . The analysis of select 

phenomenons in the first part of Impuls 

currents in the fast exploding wires, 

Ph. D. Thesis, Technical University of 

Gdahsk, 1981, Cin Polish3. 

[7 1 Liebiediew S. W. , Sawwatimskij A. F. , 

Quick heating of the metals by great 

densities current, Uspiechi Fiziczes- 

skich Nauk, 1984, vol.144, no 2, p.215. 

Cm Russlan3 . 

[Hi Nasilowski J., Unduloids and striated 

disintegration of wires, Exploding 

Wires, vol. 3, New York 1964, Plenum 

Press, p.295. 

[9 1 Wasiliew W. A. et. al., Self-wave 

process in the kinetics systems, 

Uspiechi Fiziczeskich Nauk, 1971, 

vol.128, no 4, p. 625, Cin Russian3. 

230 



A COMPARISON OF THE COMPUTER MODELLING OF ELECTRIC 

FUSE ARCING AND THEIR REAL-LIFE PERFORMANCE 

D.R. Barrow and A.F. Howe 

Davy Computing Limited University of Nottingham 

Sheffield, UK UK 

Abstract 

Using optical fibroscopy the bumback of electric fuse 

elements was monitored. Alongside this a computer 

program was developed to model the bumback 

process. The rate of bumback is dependent on the 

percentage of eroded fuse element material that is 

vaporised. By comparing the experimental and 

computational results it was established that 

approximately 10 per cent of the eroded element 

material was vaporised whilst the rest flowed away as 

liquid into the filler interstices. With this data the 

accuracy of fuse arc models should be improved. 

1. Introduction 

The operation of fuses may be divided into two parts, 

namely a pre-arcing period during which elements are 

heated, melted and then break up, and an arcing 

period which continues until current flow is 

interrupted. 

Behaviour during the pre-arcing period is well 

understood and can be modelled accurately using 

numerical techniques [1,2]. Behaviour during arcing is 

still not fully understood and continues to attract the 

interest of researchers, as manufacturers seek more 

accurate models of the arcing period. Currently, every 

time a new fuse is designed manufacturers must do 

experimental testing. Much of this expensive work 

could be eliminated if accurate numerical models were 

available. Existing models which are based either on 

empirical methods or energy balances are insufficiently 

accurate to be reliable because of the large number of 

interactive parameters that are associated with the 

arcing process [3]. This paper describes work, which 

was designed to try to relate two of these parameters, 

burnback rate and the proportion of element material 

which is vaporised. 

Wright and Beaumont [3] examined microscopically the 

fulgurite which surrounds an operated fuse element 

and discovered that during arcing some of the element 

material flowed out in liquid form into the spaces 
among the filler granules, whilst other element 

material was vaporised, forced out into the interstices 

by the pressure of the arc and deposited finely on the 

filler material. As the amount of energy required to 

melt a particular volume of material is far less than 

that necessary to vaporise the same volume, the 

percentage of eroded element material that is 

vaporised will have a significant effect on the fuse 

bumback rate and hence its operating characteristic. 

This work, which was designed to ascertain this 

percentage, had two parts. The first was 

experimental to measure the burnback rate and the 

second was computational. 

2. Bumback experiments 

This work has been described previously [4] but for 

the convenience of the reader the salient points are 

repeated here. 

Fuselinks were constructed with a narrow slot cut 

longitudinally in the fuse body perpendicular to the 

plane of element. Five optical fibres were inserted so 

that the first lay approximately over the restriction 

and the remainder formed a line with each touching 

its neighbour as shown in Fig. 1. Each fuse was then 

filled with sand to normal packing density. 

Five fibres 

Fuse element 

Fig. 1 Fuse design for bumback measurement. 

When each fuse was operated, its arc length increased 

and light from the arc appeared first from the fibre 

over the centre of the restriction and then from the 

others successively. Fig. 2 shows the light outputs 

during one test. 

The traces fall when light is emitted from the fibres. 

The top trace is the one from the fibre over the 

restriction in the element, the lower traces being in 
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the order of the fibres. From these results it was 

possible to plot graphs of burnback versus time. Fig. 

3 shows the results from three tests. 

arc root positive column 

wandering wandering 

centre 
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V 
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arcing ends arcing begins 

Fig. 2 Multi-trace plot of burnback (Test 1). 

Test 1 

□ Test 2 

O Test 3 

A O 
<20 

Tine ms 

Fig. 3 Plot of burnback vs. time. 

Examination of the traces of light output showed that 

sudden diminutions in light intensity occur for periods 

of up to 3 ms, indicating that the arc wanders [5]. 

Signals from the outer fibres cease abruptly about 0.5 

ms before the drop in arc voltage, normally associated 
with the end of arcing. Light continued to be 

emitted from the inner fibres after the end of arcing 

probably due to incandescence of the fulgurite. 

3. Numerical modelling 

The numerical model was based entirely on the 

concept of energy balances. No consideration was 

given to the processes taking place within the arc and 

it was assumed that the arc itself had no intrinsic 

energy. 

When the duration of electric fuse arcing is only a 

few milliseconds then the arcing process may be 

considered to be essentially adiabatic, so that 

negligible heat is transmitted beyond the immediate 
layer of the filter surrounding the element. Because of 

this, it was possible to construct a numerical model 

based upon the electrical energy supplied acting solely 

upon the surface layer of the filler. 

3.1 Fuse model 

The fuse was considered as a section with width equal 

to the width of the element and with infinite height 

and length as illustrated in Fig. 4. The element was 

situated at the centre and was represented by a layer 

with a thickness equal to that of the element and with 

the physical attributes of the element material. The 

rest of the model which represents the filler was 

divided with layers Az thick. 

The model was divided longitudually into segments Ax 

long. 

Element 

width 

A z —T 4J 

Notch 

active 

region 

Fig. 4 Fuse element showing modelling sub-volumes. 

The heat capacity of the filler and the element 
material were derived for the temperature ranges 

293K to their respective melting points, since in the 

physical tests the fuses had equilibrated with room 

temperature and were not pre-heated. The heat 

capacity of the filler and the element were derived 

using the expression 

Cp = a + b x 10-3T + c x 10"frr2 + d x 105/T2 

where a, b, c and d are constants and T is the 

temperature [6]. 

The constants have different values for the solid and 

liquid phases. In order to obtain values for the heat 

capacity of the materials, values were calculated in 

10K intervals up to their melting point. The values 

so derived were integrated to provide a lumped value 

232 



for heat capacity up to the material’s change of state. 

The latent heat of melting and the latent heat of 
vaporisation were added to the integrated value to 

provide the total heat to vaporise unit mass of 

material. In the case of the filler vaporisation does 

not occur since silica decomposes directly from its 

liquid phase at 2523K. The decomposition requires an 

amount of energy equal to the heat of formation of 

silica from its elements at that temperature, and so 

this value was used in place of the latent heat of 
vaporisation. 

3.2 Energy considerations 

The total energy supplied to the fuselink in the time 

interval At was equal to i v At 

where i = instantaneous current 

v = instantaneous voltage across the fuse. 

As the system was assumed to be adiabatic all of this 

energy was used to: 

i) heat up and erode the element, and 

ii) heat up and decompose the filler material adjacent 

to the surface of the element. 

The energy required to erode the element has been 

quoted by a number of authors [7-9] as being equal 

to i Var At 

where v^ = arc root voltage. 

For simplicity some authors have ignored the heat 

conduction from the arc along the element. However, 

as some of this energy must be dissipated in raising 

the temperature of the element, this effect was 

considered here. 

The rest of the supplied energy was available for 

heating and decomposing the filler material 

surrounding the element. 

3.3 Modelling implementation 

The model was initialised at the moment the 

restriction was broken, and then progressed ini ps 

time steps. 

At each time step, At, the total energy supplied to the 

fuse during that interval was calculated. To do this 

the instantaneous current, i, and voltage, v, 

measurements made during the burnback experiments 

were supplied as data. 

As the percentage of eroded element material that is 

vaporised was unknown an arbitrary value was chosen 

initially. Then using the concept of arc root voltage 

the energy supplied to the element sub volume 

adjacent to the break in the element was calculated, 

assuming that the arc root voltage was 14V. After 

determining the proportion of this energy, that is 

necessary to heat the element ends [5], the remainder 

was added to the total stored energy in the element 

subvolume. When the total energy exceeded the 

amount required to vaporise the chosen percentage of 

element material in the subvolume, this section was 

set aside and the excess energy was used to start 

heating the next subvolume. 

The energy supplied during each time step to the 

surface of each subvolume of filler was then 

determined and added to the previous value for that 

subvolume. When sufficient energy had been 

provided to decompose the subvolume that segment 

was discarded and the excess energy was used to start 

heating the next layer. 

Iterations continued until the current reached zero. 

The procedure was then repeated for other 

percentages of eroded element material. 

3.4 Results 

The computations gave consistently high rates of 

element erosion when the heating of the element was 

ignored (as illustrated in Fig. 5, graph labelled "arc 

root volts only"). However, reasonable correlation 

with the experimental results was achieved when the 

heating of the element ends was included and it was 

assumed that 10% of the eroded element material was 

vaporised and 90% was forced away from the arc as 

liquid. This is the "normalised" graph in Fig. 5. 

3 
o 

Normalised 

Arc Root volts 
only 

Actual 
result 

i v dt/J 

Fig. 5 Amount of silver eroded vs. supplied energy 

(computed and practical results) 

Fig. 6 shows the same comparison in the form of a 

graph of burnback length versus time. Again there is 

reasonable correlation. The error at short elapsed 

times was due to simplified modelling of the element 

restriction. 

A number of authors have noticed variations in the 

burnback rate when elements are preheated. To 

examine whether this effect could be demonstrated 

using the computer program the initial temperature of 
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the element was raised, and it was found that 
temperature rises as small as 25K had a marked effect 

on burnback rate. 

A Test 1 

□ Test 2 

O Test 3 

Actual 

Modelled 

Time ms 

Fig. 6 Burnback vs. time. 
(Catputed and practical results) 

4. Conclusions 

The rate of fuse element burnback has been measured 

using optical fibres. Using these results and a simple 

numerical model of the erosion mechanism, it has 

been established that providing the arcing process is 

adiabatic approximately 10 per cent of the eroded 

element material is vaporised, whilst the rest of the 

eroded material flows away as liquid into the filler 

interstices. The determination of this percentage of 

vaporised element material should ensure that the 

accuracy of fuse arc models, which are based on arc 

physics, is improved. Models could be further 

improved if allowance is made for the eroded element 

material being dispersed into the filler material well 

beyond the isothermal wall that forms the surface of 

the lumen [10]. 
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THE CALCULATION OE THE PARAMETERS OF THE PLASMA OF THE ARC IN A FUSE 

Z. Frenckel 
Kharkov Institute of Municipal Engineers 

Kharkov, USSR 

1, Abstract 

Developed in the channel model appro- 

ximation is a mathematical model of an 

electric arc in a quartz filled fuse with 

a foil strip fusible element. The arcing 

takes place in quartz (Si02) vapours. The 

model accounts for molecular dissociation 

of SiOg into SiO, Si and 0, ionization of 

Si atoms, dissipation of energy from the 

arc channel by radiation and thermal con- 

duction. The model allows to calculate the 

channel plasma temperature, arc channel 

thickness, axial electric field value and 

particles density during the whole arc 

extinction process from known values of 

current and pressure in the arc channel. 

2. System of equations 

When emergency currents are out off 

by a fuse with strip fusible elements 

there appears an electric arc, the arcing 

taking place in a closed chamber within 
fulgurite. In the first approximation the 

chamber can be considered as a right-angle 

prism of width , thickness 2 & and 

length L . 

Within the scope of the channel model 

Namitokov and Frenckel"' obtained a system 

of equations describing such a discharge 

1 - za Xo & (%) E (1) 
To 

If = 

T/v 

To X' 

- z/f/yy/z O) 
TAJ 

Here I - arc current; E - axial elec- 

tric field intensity in arc; 2Xo - thick- 

ness of arc channel; (f' and TQ - con- 

ductivity and temperture of arc plasma, 

respectively; -X - thermal conduction of 

gas surrounding the channel; ZL - density 

of radiation losses; Tw - chamber wall 

temperature. The arc channel width is 

accepted to be equal to the chamber width. 

The system of equations (1) - (3) 
allows to find the main dicharge parame- 

ters Tq, I and known values 

of the arc current and pressure (P) in the 

chamber. For further calculations it is 

necessary to know the dependence of quan- 

tities CT , X and ZC on the plasma 

temperature and pressure. 

To find these relationships we assume 

that in a quartz filled fuse the arcing 

takes place in quartz vapours, the ionized 

gas being silicon (Si) vapours, the cham- 

ber pressure reaches the value of few tens 

of atmospheres, and the plasma temperature 

reaches 20000 K. Such a discharge can be 

considered as a high-pressure electric arc 

and the sischarge plasma as strongly ion- 

ized. Marshak^ has shown that in this case 

plasma conductivity is determined by the 

following expression 

O' - 3X - 4 
where is the ionization energy 

(for Si %' = 8.15 eV). 

Raiser^ has shown that in high-pres- 

sure arcs the main type of radiation 

within the considered temperature range is 

recombination radiation. Hence the radia- 

tion losses density is determined by the 

formula , 

where Me is the electrons density in 

plasma. 

To find the thermal conduction we use 

the known expression for thermal conduct- 

ion of monatomic gas 

^ 
-SS 

X = X. l/% (6) 
where -X0 is a constant found from 

experimental data. 

The SiOg molecules which evaporize 
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from the chamber walla dissociate In the 

chamber space. The dissociation thereat 

takes place in two stages. At first, the 

reaction SiOg —►SiO + 0 takes place, the 

dissociation energy ( f'j ) being 4.95 eV. 

Then the reaction SiO —» Si + 0 takes 

place with the dissociation energy equal 

to 7.8 eV. The latter value is close to 

the silicon ionization energy. Therefore, 

during calculation it should be taken into 

account that in the arc channel, besides 

Si and 0 atoms, there could be SiO mole- 

cules . 

According to Dalton's law, the pres- 

sure in the chamber with account of the 

dissociation and ionization reactions, and 

in the assumption that the reaction 

SiOg—» SiO + 0 has fully taken place, 

is found from the equation 

f A/Si -+ AA02 * A/e) (7) 

where Ahoi - density of oxygen atoms 

arising in the reaction SiOg—-SiO + 0; 

A'siO “ density of SiO molecules; 

/V;, - density of silicon atoms; 

/\Zs
r - density of Si ions; A'az - density 

of oxygen atoms arising in the reaction 

SiO —- SiO + 0; A/& - density of elec- 

trons; K - Boltzmann's constant. 

Equation (7) can be simplified. Let 

us introduce the designations: - 

density of SiO molecules prior to their 

dissociation; A/$L - density of silicon 

atoms prior to their ionization. 

Then, taking into account that 

Nsi->Nu ~ Ai • = A4. 

Ns;o = /%!. 
we obtain 

P -KZ(ZM,lo -> Nu -U.J (8) 

We can ignore ionization of oxygen 

atoms because the oxygen ionization energy 

is significantly greater than the silicon 

atoms ionization energy. 

The processes of dissociation and 

ionization in equilibrium isothermic 

plasma which is present in high-pressure 

arcs are described on the basis of the 

mass action law by the following equations: 

AG -/%; 

An ~ A/f 
= do) 

where (TQ) and Kg(TQ) are the dissocia- 

tion and ionization constants, respective- 

ly- 

According to Smirnov^, the dissocia- 

tion constant for diatomic molecules is of 

the form: . i 

. Mb, 11- € xr.J 
Kt a) -- ff* 

''Sic 

KZ 

// 
A (11) 

where , f.t, and are the statis- 

tical weights of the silicon and oxygen 

atoms and SiO molecule; ha? - distance 

between the molecule oscillation levels; 

~l'o - equilibrium distance between atom 

nuclei in the molecule; h - Planck's 

constant; ^/C/ - reduced mass of atoms. 

For SiO we have: = 1.69 10-2^ kg; 

hbO = 1241 cm-1 = 0.154 eV; 

= 1.51 10 1(“) m; = 9; 

?iio = 2. Substituting these values into 

(11), we obtain: 

Kt(r.)= C.16fOzl(l-£~ 

o y 

Taking into account that the statis- 

tical weight of the silicon ion is equal 

to 6, the ionization constant takes the 

form: 

(iß) 

Finding AApiO from (9)» and substi- 

tuting its expression into (8), we obtain: 

Combining equations (1) - (3), (10) 

and (14) with expressions (4) - (6), (12) 

and (13), we obtain a system of equations 

4) 
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allowing to find TQ, XQ, E, A// and /Ve 
from I and P. But before starting to solve 

this system of equations we shall perform 

a number of simplifications. 

3. Solving the system of equations 

Preliminary calculations have shown 

that in the pressure range being consider- 

ed, at small temperatures /V:. , 
hence the quantity /V«e in the denominator 

of equation (10) and in the r.h. side of 

equation (14) can be ignored. Then, as the 

temperature rises, the quantity^A/f- 2(fO^-n 

(14) becomes small as compared to A/^ 
As before, ASe thereat remains small. Thus, 
the whole temperature range can be divided 

into two regions. In the first region at 

low temperatures AJe can be ignored in 

the denominator of (10) and in the r.h. 

side of (14). Then from these equations we 

obtain: 

M: - - ~zr K*(r°) + 

K? (To) + 
PKi(To) 

ZKT0 

(15) 

/V?
Z - - -r- Ai (To) K (To)*' 

+ (,6) 

Substituting (16) into (2), (3) and 

(5), and computing the integral in (3) 

with account of T Tw, from the system 

of equations (1) - (3) we obtain: 

(17) 

3 ( tf-x0) i/T 

» Ki (To) Kjr.J + I OS tO~S' ^=T« 

»^(To^jfSdr,)- os) 

2X0V 

V(f -x „/ 
i iO~>E‘r.i+tas-/a* 

KilToiHiirJZ _ 6 OSAO' K>(TJ 
ft ■+ 2 KfCp>) (^i *■ 22J 

SKiiToV _ 

3 K To 

32 P* 

9K'T0
Z (A-[\)■ 

3KTC KL(T0) 

2P 

3 KTl_Ki( To) 

2P 
(19) 

In the second temperature region we 

ignore the term T-PAu /KX(7^J in the r.h. 

side of (14). In this case, from (10) and 

(14) we obtain 

Ne ~ (TöJHJ <1+ 
3P 

Kz ( T») K T0 
A) 

(20) 

(21) 

Using (20) in the same way as (16), 

and performing the same transformations, 

from (2) and (3) we obtain: 

IE 
PTS* *8 ' 

*PCV[Ji 3 P 

V Kit To) KT0 

-1 (22) 

2*olz 

-Z.9 TO i!r ~!jr K (fy * 
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X (26) 

-3JT f 

/.j-T ^ 
r0 L 

—i 
2KTo\ 

J_P  

X 02 A 9 Ki(Tu) K T0 

SP 
4 

t 1+ *tK*(T0)KT0 
1 3p 

Ulo-^SMSL^-fZ- 

4 

^ ^y 
(23) 

The third equation of this system is 

equation (17). 

The boundary between two temperature 

regions is determined conventionally by 

the inequality 

Z/Vsi- 
(24) 

This inequality means that the bound- 

ary between the first and second tempera- 

ture regions passes through the tempera- 

ture at which the first summand in the 

r.h. side of (14) is 20 times smaller than 

the second one. Substituting (15) into 

(24) we obtain 

ay 7- 
SP -O.S~f>0 (25) 

In the first temperature region this 

inequality is satisfied, and in the second 

one it is not. 

The obtained systems of equations 

are solved on a PC. 

If the solution is obtained in the 

first temperature region, then besides 

quantities T, XQ, E, and we 

can find 

Ait* 

- ^Sio 2- A/ft 

If the solution is obtained in the 

second temperature region, then addition- 

ally we can find 

« /Vs- - Mi ~Me, A/a =2 Mr- (27) 

Besides, knowing the arc voltage 

( ^<A), we can find the arc length 

L - Z/p ~ Z/gc 

E 
(28) 

Here Z/ac is the potential drop in 
the electrode vicinity. Namitokov and 

Frenckel3 have shown that for fusible 

elements Al, Cu and Ag Z/ac. = 40 V. 

The value of X« was chosen by com- 

paring the calculated and experimental 

values of L . For aluminum 

XD = 1 10-3 mkg/s3K3//2; for copper and 
silver Xa = 1.6 10"3 mkg/s3K3^2. 

4* Calculation results 

The obtained model was used to calcu- 

late the plasma parameters of an arc dis- 

charge in a fuse according to Namitokov's 

and Frenckel's^’^"’® experimental data. 

Shown in Fig. 1 are the results of 

calculating the plasma temperature, axial 

electric field intensity and burn-out 

length of a fuse with a copper fusible 

element 10 mm wide, 0.14 mm thick and one 

rectangular neck in the centre 1 mm long 

and 1 mm wide. Tests were carried out in 

a d.c. circuit with voltage 500 V, anti- 

cipated current 1400 A, time constant 

2.3 ms. The whole process lasted for 71 ms. 

Calculations began in 4.4 ms from the mo- 

ment of arc emergence. As seen from the 

given calculations, at the initial stage 

of the arc extinction process the plasma 

temperature is exceedingly high and reach- 

es 18 103 K. This corresponds to values 

obtained by spectroscopy measurements. 

Further the plasma temperature drops, but 

even at the end of the arc extinction 
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process the plasma remains strongly ion- 

ized. The presence of SiO molecules can be 

ignored during the whole process. The be- 

haviour of the axial electric field inten- 

sity value corresponds to that obtained 

experimentally by Ranjan R. and Barra- 

ult LI. ^ At the initial stage the fusible 

element burn-out process is intensive, and 

then it slows down. The final burn-out 

length value obtained experimentally is 

44 mm, and the calculated value is 49.5mm. 

Shown in Pig. 2 are the results of 

calculating the particles density in the 

arc plasma of a fuse with a silver fusible 

element 2.5 mm wide and 0.14 mm thick with 

one neck on the centre 1 mm long and 1 mm 

wide. Experiments were carried out with 

d.c. voltage $00 V, anticipated current 

3000 A, time constant 5.1 ms. Arcing time 

was 23.6 ms. These experiments were dis- 

tinguished by very high pressure in the 

fuse arc channel. Thus, measurements have 

Fig.2 1 - N0; 2 - Nsi; 3 - Ne; 4 - ^sio 

shown that at the end of the arc extinc- 

tion process the pressure in the arc chan- 

nel reaches 56.5 103 Pa. This accounts for 

the high particles density in the arc 

channel. At the final stage of the process 

it is necessary to take into account SiO 

molecules, and calculations are carried 

out in the first temperature region. At 

the early stages of arc extinction calcu- 

lations are carried out in the second 

temperature region. The final burn-out 

length value obtained experimentally is 

46 mm, and the calculated value is 47.4 mm. 

5. Conclusion 

The developed mathematical model of 

an electric arc in a quartz filled fuse 

allows to calculate the discharge para- 

meters of gas-discharge plasma during the 

whole arc extinction process. Checking the 

behaviour of the obtained relationships 
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requires experimental determination of 

these parameters. Calculation of discharge 

parameters at the end of the arc extinc- 

tion process shows satisfactory agreement 

with experimental data. 
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PERFORMANCE CRITERIA FOR COMPACT INDUSTRIAL FUSELINKS 

by H W Turner, C Turner and D J A Williams 

Summary 

The International Electrotechnical Commission are seeking 

to harmonise a type of low-voltage, high breaking-capacity 

fuse which is suitable for use world-wide as a normal stan- 

dard preferred item. A compact industrial fuse system with 

rated currents up to 125 A has been developed in the United 
Kingdom which achieves the criteria proposed by the I EC 

and has proved its effectiveness in practical use in a large 

number of industrial installations. Limitation of the rated 

voltage to 415 V has allowed significant reductions in power 
dissipation and size. This system is a most suitable choice 

for international harmonisation as the preferred system for 

the harmonised system voltage of 230/400 volts. 

1. Introduction 

During the last quarter century there have been many 

attempts to secure an internationally harmonised system of 

low-voltage fuses. The idea has many theoretical attrac- 

tions. A manufacturer of equipment could make provision 
for the fuses within that equipment without having to make 

special provision for the exchange of fuse-bases to 

accommodate the various designs which have become 

established in different countries during this century. There 

are types which are bolted into position, others with blade 

contacts, ferrule contacts, and in medium and low current 

ratings there are types which are placed within the fuse 
holder and secured in position by a screw-down cap, and 

another type with a fuselink constructed like a plug with two 

contact pins between which the enclosed fuse element is 

connected. The latter is inserted into a fuse-base in the form 

of a socket. How much simpler it would be if there was only 

one design for each current and voltage rating. The 

equipment designer could provide for it in the knowledge 

that anywhere in the world there would be an exact 

replacement readily obtainable. The replacement would 

also be certified to the IEC standard and have identical 

characteristics to the item being replaced, giving no prob- 
lems with respect to discrimination etc. So goes the 

theoretical argument. 

Billions of fuses are already installed in apparatus 

throughout the world and require replacement fuselinks for 

"Blown" fuses. Enthusiasm in a given country for a har- 

monised system rapidly dies if the fuselinks do not fit in the 

available fuse-bases with the same degree of protection. A 

completely new harmonised system is therefore universally 
unpopular because it is seen everywhere as just an addi- 

tional system, which would need to have exceptional 

economical and technical advantages before its use would 
even be considered. 

It appears therefore that any International harmonisation 

needs to be based on existing systems. These are con- 

tinuously being improved by normal technical evolutionary 

development, and IEC SC32B and its working groups are 

constantly assessing the new types as they become 

established in use, with a view to identifying a type or types 
most suitable as preferred designs in any future harmoni- 

sation, reducing proliferation and ensuring good repro- 

ducible performance. 

In spite of the practical difficulties there has been con- 

siderable progress in the last few years toward the 

achievement of these aims, particularly in achieving 

common characteristics and performance standards. 

These achievements are summarised below together with 

details of the schemes being proposed for the "Neutral" 

evaluation of the various available types, and an examples 

of the application of the proposed evaluation criteria which 

identifies the British compact industrial fuselink as the most 

suitable for harmonisation within its range. 

In practice the aim of harmonisation is not so easy to achieve 

as would appear from the theoretical argument. There are 

many practical difficulties. 
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2. Progress to Pate 

The process of harmonisation has been considerably 

advanced in recent years, as is evidenced in the latest edition 

of I EC 269 "Low-voltage fuses", every part of which has been 

or is being revised in accordance with these aims. I EC 269-1 

"General Requirements" and I EC 269-2 "Supplementary 

requirements for fuses for use by authorised persons (fuses 

mainly for industrial application)" have both been published 

and incorporated in national standards. 

It was early realised that before any thought of dimensional 

standardisation could be attempted, it was necessary to 

proceed towards standardisation of characteristics and 

performance. A survey carried out on behalf of 

I EC 32B/WG8 at the commencement of this work revealed 

that at that time the fuses in use throughout the world differed 

by as much as 5 to 1 in certain characteristics. It was 

appreciated that although special characteristics might be 

needed for certain specialised applications, the bulk of the 

applications of fuselinks were of a general purpose type 

where it was desirable to have similar characteristics when 

replacing a fuselink by one of similar dimensions and rating 

but of different manufacture. Designers of equipment 

specifying the use of "100 A general purpose fuse to 

IEC 269", for example, should also be able to get the same 

protection whatever the national system. 

The achievement of 32B can be recognised in IEC 269-1 

and IEC 269-2 where a general purpose fuse is defined 

within specified gates of time/current and l2t which ensure 

discrimination between fuses of 1.6 to 1 in current rating. 

Fig 1 is an example of how this has been achieved for 

fuselinks to the British Standard BS88, bur similar 

time/current zones are obtained if the values are taken from 

the German Standard, the French Standard, or any other 

National Standard complying with IEC 269-1 and IEC 269-2. 

More detail of the various national types complying with all 

sub-clauses of IEC 269-1 and IEC 269-2 is given in 

IEC 269-2-1 "Supplementary requirements for fuses for use 

by authorised persons (fuses mainly for industrial applica- 

tion) Sections I to IIP in which special features and dimen- 

sions of the various systems are recorded. 

The only variation still existing is in fuses to the American 

national standards which are still classified according to a 

historical philosophy of fuse current rating, but at the same 

time of writing a special working group with a US convener 

is actively proceeding with supplementary requirements 

which should enable the American system to be added to 

IEC 269-2-1. 

The other essential performance factors of the fuses are 

harmonised in IEC 269. In particular the breaking capacity 

of fuses up to a rated voltage of 660 V, mainly for industrial 

applications has been set at a minimum level of 50 kA. The 

criteria for establishing rated current and rated voltage, the 

temperature rise of contacts and terminals, interpretation of 

oscillograms, the number of samples to be tested, and the 

methods of test for power dissipation, protection against 

electric shock etc, are also all specified so as to ensure equal 

conditions of high safety and reliability in application to all 

systems which comply with the standard. 

All new refinements to the standard under consideration are 

now applied universally to all systems included in 

IEC 269-2-1. 

It could justifiably be claimed that the framework for world- 

wide harmonisation of low-voltage fuses on the basis of 

performance and characteristics has been attained in 

IEC 269-1 and IEC 269-2. 

3. Future Tasks and Philosophy 

Because of the evolutionary nature of fuse development and 

use, established systems need to be considered when 

selecting a particular fuse system as a preferred system for 

international harmonisation. However, because of the 

strength of local preference for each national system it is 

difficult to make an objective analysis on a world-wide basis. 

However, 32B/WG13 has been given the task of attempting 

this analysis, and has proposed that a "Neutral" system of 

assessment be used to compare the advantages and dis- 

advantages of the different fuses within the national sys- 

tems, to select the best fuse for harmonisation. The 

philosophy of the proposed system of comparison is 

outlined below and appears to be a very fair one. However, 

it must be said at the outset that early study shows that the 

result of any comparison is dependent upon the specific 

application of the fuse and the geographical area in which 

it is used. This is a major drawback to the philosophy, but 

it still produced interesting results, as is shown in Section 4 

where the philosophy is applied to the British compact 

industrial fuselink compared with other types with similar 

performance. 
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The philosophy developed by I EC 23B/WG13 starts by 

assembling a list of desirable attributes of a Fuse System. 

This list is based on a collation of attributes obtained by the 

circulation of questionnaire to all the National Committees 

of the I EC asking them to proposed such desirable 

attributes. The list of attributes proposed is as follows:- 

1 High breaking-capacity 

2 Optimum number of ratings based on the R10 series 

3 Good cycling withstand ability 

4 Defined total l2t values 

5 Electrical shock protection 

6 Fuse-link easy to replace 

7 Low power dissipation 

8 Compact physical size 

9 Indicator system 

10 Low cost 

11 Non-Tepairable" design 

12 Contact pressure independent of user’s skill 

13 Non-interchangeable by voltage rating 

14 Non-interchangeable by current rating 

15 Safe replacement under load conditions 

16 Provision for safe replacement without danger in a high 
prospective fault area 

17 Non-interchangeable with other systems of different 
specification 

18 Easy mounting of fuse holder 

19 DIN rail mounting option 

20 Modular design 

21 Access for voltage tester 

22 Fuse handle an integral part of the fuse 

23 lg test duty 

24 Defined dc rating. 

These attributes are all desirable in a fuse system, and the 

intention is that a panel of experts would examine each 

competing system and allow a percentage "score" repre- 

senting the extent to which the system achieves each 

parameter. However, before these "scores ' can be used to 

provide the yardstick to measure the relative advantages of 

one system above any other, it is necessary to establish an 

agreed order of importance of the attributes. It is proposed 

that this be accomplished by considering each attribute in 

comparison one at a time with each of the others, and thus 

establish an order of importance, with the least important at 

the bottom of the list and the most important at the top. A 

simple tabular method has been devised for this purpose. 

The position in the table will then determine the weighting to 

be applied to each attribute. The scores will then each be 

multiplied by the appropriate rating and added up. The 

optimum system will be that with the highest total. 

In theory this appears to be a completely "Neutral" system 

but in practice it is again fraught with difficulty. Even 

assuming that a panel of completely independent experts 

could be found, their assessment of relative importance 

experts could be found, their assessment of relative 

importance of the attributes would differ, depending on their 

country of origin. These differences of opinion are not 

chauvinistic but represent significant differences in the 

conventional wisdom in different countries. To take one 

example: the fuse indicator. In some European countries it 

is usual to fit an indicator to each fuse-link to identify a fuse 

which has blown. It is generally accepted by the users in 

those countries that this feature is of significant value, and 

that its advantages outweigh the disadvantage that indica- 

tors are not 100% reliable. In the UK this matter was studied 

at BSI many years ago, and the reverse conclusion was 

reached. Early fuselinks to BS 88 were fitted with such 

indicators, but in later editions of BS 88, they were removed 

because it was decided that the occasional maloperation of 

an indicator could have safety implications which far out- 

weighed the convenience of the indication. Furthermore, 

the removal of the indicators reduces manufacturing cost, 

and thus gives a better score to item (10). Item (10) is of 

primary importance to many users. 

The last point brings out a further difference in the voting of 

experts. In attempts already made to make this assessment 

in one country with a large number of respondents, it was 

found that if the respondents were divided into two groups, 

users and manufacturers, there was good consistency in 

the opinions within each group, but the conclusions of each 

group were very different. 
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Finally there is the question of establishing what basis we 

should establish for the ultimate use of the fuse system. A 

lot of the views which have been expressed in these dis- 

cussions have tended to seek a fuse system which would 

be usable in every possible application up to 690 volt 

systems. Item (24) suggests that the same system should 

also be usable on dc, whereas the number of dc installations 

and the number of 660 volt installations is small compared 

with ac installations up to 415 volts. A "universal" fuse could 

be regarded as over-engineered, and the inefficient com- 

pared with a fuse designed to be restricted to the lower ac 

voltage used in the majority of applications. The latter fuse 

could contain the same electrical performance at the lower 

voltage within smaller dimensions, saving material cost, and 

more importantly saving expensive space. The lower volt- 

age rating enables a fuse to be made with a lower power 

loss, which reduces the heat dissipated within the enclosure, 

and also saves energy - an environmental bonus when we 

consider the enormous number of current-carrying fuses in 

service. 

Thus we see that there is a philosophical basis which colours 

the judgement in assessing the relative merits of different 

fuse systems, and that it is unlikely that any system would 

have over-riding superiority above all others. However it is 

clear that in restricted circumstances one type can be 

superior, as we can illustrate with the British compact 

industrial fuse. 

4. Application of the Philisophy to the Compact 

IndustriaLEuse 

The basis of the argument is contained in the penultimate 

paragraph of the last section. This fuse meets all the 

requirements of I EC 269-2 and I EC 269-1, and thus it 

achieves all that is at present required of it in parameters (1), 

(2), (3), (4) and (5), and proposed improvements to these 

specifications. It is restricted to 415 volts ac use. This 

enables it to score high marks on all these items. Now the 

other attributes of the fuse can be compared with other fuses 

to the same standard. (6) Fuselink easy to replace: With 

their offset blade construction (see Fig 2) a blown fuse is 

easily lifted out and replaced. (7) Low power dissipation: 

due to the restriction to a maximum of 415 volts, these 

fuselinks have a significantly lower power dissipation than 

other BS 88 fuses with the same rated current. (8) Compact 

physical size: this is a special feature of these fuses (see 

Fig 2). (10) Low cost: these fuses use less materials than 

other comparable types and also occupy less expensive 

space. There are thus significant cost savings. There is a 

further on-going cost saving in the reduced power dissi- 

pation. (11) Non-"repairable" design: Yes (12). Contact 

pressure independent of user’s skill: Yes. (13) Non 

interchangeable by voltage rating: Yes, these fuselinks are 

of unique designs and of dimensions which provide 

non-interchangeability. (14) Non-interchangeability by 

current rating: Non-interchangeability is specified in four 

current bands with maxima at 20 A, 32 A, 63 A and 125 A. 

This has proved sufficient in wide experience of use of these 

fuses, and although the system is capable of additional 

keying features to give complete non-interchangeability, this 

was judged unnecessary. (15) safe replacement under load 

conditions: this is provided by attribute (22). (16) provision 

for safe replacement without danger in a high prospective 

fault area: It is arguable that replacement without isolation 

in such an area cannot be without hazard, although feature 

(22) reduces such hazard. (17) Non-interchangeable with 

other systems of different specification: Yes, this is a unique 

type of fuse. (18) Easy mounting of fuse holder: Yes (19). 
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DIN rail mounting option: Yes. (20) Modular design: Yes. 

(22) Fuse handle an integral part of the fuse: Yes. Two 

aspects are yet to be decided, ie: (21) Access for voltage 

tester, which could readily be provided, and (23) Ig test duty 

which is not required in IEC 269 although experience with 

these fuses in practice indicates that there should be no 

difficulty in successfully passing any additional breaking 

capacity test in the specified range. We see that this system 

will score high marks on all these attributes, and therefore, 

whatever the order of importance assigned, it is sure to be 

outstanding in its assessment. 

There were two attributes to which answers could not be 

provided: (9) Indicator system and (24) defined dc rating. 

However it was explained that the British national committee 

had decided that indicators should be separated from the 

fuselinks and thus (9) was a separate matter, and with 

respect to (24) these fuselinks are restricted to ac use. 

5. Conclusions 

1 Considerable progress has been made in international 
harmonisation of requirements for performance and 
characteristics of fuselinks to IEC 269-1 and IEC 269-2. 

2 Progress in harmonisation of dimensions is slow, due 
to a variety of practical considerations. 

3 A new attempt is being made to assess existing systems 
on the basis of agreed desirable attributes of the fuse, 
to select the best preferred types and reduce prolifer- 
ation. 

4 Although a "Neutral" method of assessment has been 
devised, practical and theoretical difficulties exist in 
establishing an order of importance of the attributes. 

5 In spite of the difficulties, it is clear that certain fuses will 
stand out from the others by their many advantages, 
provided their range of use is limited. 

6 An example of such a fuse is the British compact 
industrial fuse. 

It is seen therefore that a fuse system can have considerable 

advantages above other systems if restrictions are applied 

to its use. There is no hazard introduced, provided the fuses 

are non-interchangeable with other types. Such a case is 

illustrated above. 
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Fig. 1 Time/examples of current characteristics specified in 

BS88 

Fig. 2 Comparison of the dimensions of the British compact 

industrial fuselink (below) with the conventional 

design of industrial fuselink (above) 
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Requirements for Universal Modular Fuses (UMF’s) 

C Turner, H W Turner, D J A Williams 

Summary 

A new type of miniature fuse-link is described, which is 

specifically designed for use on printed circuit boards. 

These fuse-links are particularly suitable for use at low 

voltages, down to 32 V and currents up to 5 A. The 

requirements for such fuse-links, both dimensional and 

electrical, are discussed. Achievements to date and 

possibilities for future developments are considered. 

1. Introduction 

The increasing tendency towards miniaturisation and the 

increased use of electronics in domestic, commercial and 

industrial situations has revealed the need for a system of 

protective fusing which can be used on printed circuit 

boards and which is designed for application at low voltages. 

The special requirements for such fuses lie in their dimen- 

sions, materials and methods of insertion into the pcb, as 

well as their electrical characteristics. 

A special Working Group of IEC SC32C (Miniature Fuses) 

was established to deal with these types of fuse, and to 

determine their characteristics, thus making sure that they 

are universally accepted, so that they can be used in elec- 

tronic equipment which is likely to be moved freely from one 

country to another. 

The specification for these fuses will be Part 4 of the IEC 

series on miniature fuses (IEC 127). A unique symbol will 

be used to identify them. 

2. Construction 

Because the fuses must fit into a pcb, the dimensions of the 

fuse body and terminals are limited by the normal dimen- 

sions of pcb's and the way they are handled by automatic 

insertion machinery. The two different types of UMF which 

are being standardised are the through hole radial type, 

designed for soldering directly into a printed circuit board, 

and the surface mounting type, which is designed to be 

attached into the surface of a substrate by solder or other 

means. 

For the through hole type, the terminals (pins) must go 

through the hole in the pcb (1 mm), which gives a maximum 

cross-sectional area, but they must also be able to carry the 

required current without overheating, and this determines 

the minimum cross-sectional area of the pins. The spacing 

of the pins corresponds to multiples of the hole spacing in 

the pcb and depends on the rated voltage of the fuselink, 

as shown in Fig 1. 

The terminals of the surface mounting types are arranged 

as shown in Fig 2, and their dimensions and spacing are 

only limited by the creepage and clearance requirements 

for the rated voltage and by the stacking dimensions of the 

components on the pcb. 

The fuse element is completely enclosed. The enclosure 

should be made of a material which can withstand the heat 

required for soldering the terminals into or onto the board 

and its other maximum dimensions are standardised as 

shown in Figs 1 and 2. 

The fuse links are marked with rated current, maker’s name 

or symbol, UMF symbol, characteristic symbol (eg, F, T, R, 

S) and a symbol indicating rated voltage and breaking 

capacity. Because these fuses are small, one-letter codes 

are specified for each of these, as shown in Fig 3. Alter- 

natively, colour coding may be used. 
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3. Electrical Properties 4. Future Developments 

The electrical requirements for these fuses are very similar 

to those of the more familiar miniature cartridge fuses, as 

they are meant to perform a similar protective function. 

The range of current ratings is the same as for miniature 

cartridge fuses, from 32 mA, to 5 A, and voltage ratings are 

32, 63, 125 and 250 V, with low breaking capacity only up 

to 125 V, and low, intermediate and high breaking capacity 

at 250 V. These breaking capacities are defined as shown 

in Table 1. 

Four types of time/current characteristic are envisaged for 

these fuse-links: R: super-quick acting; F: quick-acting; T: 

time-lag; S: super time-lag. 

All fuses should operate within the harmonised system of 

time/current gates, ie their pre-arcing times at 1.25 times 

rated current should be at least one hour, and at 1.7 times 

rated current they should not exceed 5 minutes. 

At 10 times rated current the pre-arcing times depend on 

the type:- 

Type R: not exceeding 0.005 seconds 

Type F: between 0.005 and 0.015 seconds 

Type T: between 0.015 and 0.100 seconds 

Type S: between 0.100 and 1.00 seconds. 

Temperature rise for these fuse-links is of particular 

importance, because of their close proximity to the pcb and 

other components on the pcb, and therefore a special test 

has been included in the specification to ensure that the 

hottest point of the fuse-link when carrying 1.25 times its 

rated currents does not rise to more than 135 K above 

ambient temperature. As these fuselinks have element 

lengths which are considerably less than those of the con- 

ventional 5 x 20 mm cartridge fuselinks, it is possible to limit 

their maximum voltage drop and maximum sustained power 

dissipation to comply with this requirement. 

It is important to limit the overvoltages which occur during 

fuse operation, so as to avoid damage to other components 

, and therefore the maximum overvoltages are laid down as 

shown in Table 2, where the overvoltages are seen to be 

dependent on the voltage system in which the fuse-links are 

being used. 

At present these fuselinks are being manufactured to a 

limited degree. Some examples of the fuses available are 

shown in the photograph. It is expected, however, that a 

considerable expansion of the manufacture and use of these 

types will follow the general acceptance of the new IEC 

specification, and in particular that these fuses will be 

developed in low voltage and low current ratings. It is difficult 

to manufacture conventional miniature fuse types with such 

ratings because of their inherently larger volt drop and the 

fact that sophisticated design methods are necessary to 

produce elements with reproducible time/current char- 

acteristics and the required mechanical properties. 

5. Conclusions 

The UMF is a type of fuselink, which, if accepted world-wide 

as a standardised fuse type for use on printed circuit-boards, 

would have considerable economical and technical 

advantages over the fuses in use at present. Their use would 

put an end to the ambiguity in rating philosophy at present 

still prevalent in different parts of the world, so that fuselinks 

could be replaced with greater safety. The designs are also 

suitable for direct insertion or surface mounting on printed 

circuit boards using automatic machinery, saving time, 

labour costs, and materials. These economics give the 

possibility of using more fuses in each circuit, thus isolating 

faulty sub-circuits with good discrimination and enhanced 

safety. Identification of faults in design or component per- 

formance which cause the return of electronic products will 

thus be facilitated. 
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Fig.I Fuselinks-UMF 
Through hole radial type 

Standard sheet 
I 

Dimensions 

T 
W 

Rated Voltage 

32 
63 
125 

250 (Ibc) 
250 (ibc) 
250 (hbc) 

Pin Spacing 
(mm) 

2.5 
2.5 

5 
7.5 
10 

12.5 

Maximum Dimensions (mm) 

W 

7.5 

H 

10 

8 
8 

10.5 
12.5 
15.0 
18 

Note: The termination must go through a in hole and have a minimum 
cross-sectional area of 0.15 m2. The geometry of the cross section is 
optional. 
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Fig.2 Fuselinks-UMF Standard sheet 
Surface mounting type 2 

Dimensions 

w 

% 

Rated Voltage 

32 
63 
125 

250 (Ibc) 
250 (ibc) 
250 (hbc) 

Spacing P (mm 
min.) 

1.5 
2 

2.5 

Maximum Dimensions (mm) 

W 

7.5 

H 

10 

5 
8 

10 

12.5 
15.8 
18 

Note: 1) The point at which the terminations protrude from the body is optional 
and the terminations may vary provided both stay within the specified 
fuselink dimensional limits. 

2) The clearance from the underside of the fuselink to the surface of the 
printed circuit board must not be less than 0.05 mm and must not exceed 
0.3 mm. 
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Example : 
UMF of 200 mA rating Low Breaking-capacity Quick-acting Reflow type SMT:- 

-fcJPLF' 

UMF Symbol 

10 mA 
12 mA 
16 mA 
20 mA 
25 mA 
32 mA 
40 mA 
50 mA 
63 mA 
80 mA 
100 mA 
125 mA 
160 mA 
200 mA 
250 mA 
315 mA 
400 mA 
500 mA 
630 mA 
800 mA 
1 A 
1.25 A 
1.6 A 
2 A 
3.15 A 
4 A 
5 A 
6.3 A 

High breaking 
-capacity 
250 V 

Low breaking 
-capacity 
250 V 

I * 
Intermediate 
breaking capacity 
250 V 

Low breaking 
capacity 
125 V 
B - 
Low breaking 
capacity 
63 V 
C - 
Low 
capacity 
32 V 

breaking 

Super Quick-acting 

Quick-acting 

T - 
Time-lag 

Super Time-lag 

Fig 3a Abbreviated marking code for universal modular fuse links 

0 

dk 

4sl. 

dl- 

<2s 

Fig 3b Alternative colour dot marking 

250 



Table 1 

Breaking Capacity 

Rated Voltage Breaking Capacity 

32 (Ibc) 

63 (Ibc) 

125 (Ibc) 

250 (Ibc) 

250 (ibc) 

250 (hbc) 

35 A or 10ln* 

35 A or 10ln* 

50 A or 10ln* 

100 A 

500 A 

1500 A 

* whichever is the greater 

Table 2 

Maximum Overvoltages During Fuse Operation 

Rated Voltages Maximum Overvoltage 

0 < Un < = 50 500 

50 < Un < = 100 800 

100 < Un < = 150 1500 

150 < Un < = 300 2500 

% 
2*3 

Fig.4 Photograph of UMF's available at present 
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APPLICATION OF THE EXPERT SYSTEM FOR THE SELECTION OF CAPACITOR FUSES 

S. ARAI 

Department of Electrical Engineering 

Tokyo Denki University 

Tokyo Japan 

Summary: An expert system application is tried 

to design shunt capacitor banks in order to 

correct power factor and to select line fuses 

for the capacitor bank protection. The 

programming language of the expert system is 

the PROLOG, and it runs on the personal 

computer. It is shown that the expert system 

aids and is useful to design shunt capacitor 

banks and to select line fuses quite well. 

1. Introduction 

The power factor improved by shunt capacitors 

connected in parallel with electrical 

distribution lines reduces the size of each 

components in distribution system, so that 

electric utilities in our country provide to 

reduce the rate of customer charge and urge 

for consumers to install capacitor banks at 

their electrical receiving system. 

The combinations of a load-breaking switch 

and a current limiting fuse (elf) are often 

installed in sereis to control and protect 

capacitor bank curcuit. 

Clfs applying to line fuses provide backup 

protection against ruptures of shunt capacitor 

tanks. 

This paper reports the application of expert 

system to design shunt capacitor banks and to 

select applicable line fuses to the shunt 

capacitor banks installed at consumer's 

electrical receiving-end. 

The commercial expert system tool that belongs 

to DECsystem-10 PROLOG is used for expert 

system construction. The programming language 

of the expert system is the Prolog, and the 

system is used on the personal computer which 

has 640kB memory capacity. It is recognized 

that the expert system aids to design shunt 

capacitor banks and to select suitable line 

fuses quite well within short executive time. 

2. The Expert System in Prolog 

Prolog programming consists of three types of 

clauses of facts, rules and questions. 

Facts called data express the objects and 

their relationships and always unconditionally 

true. Rules express true relationships between 

facts depending upon a given condition. 

Question looks like a expression of fact, 

except the special symbol of a question mark 

and a hyphon, gives answers of Prolog that 

consists of a set of objects satisfying the 

questions. A question except a question mark 

and a hyphon is called a goal. 

Informations in an expet system can take the 

form of facts and rules. Facts and rules 

are contained as the knowledge base in an 

expert system, the expert system uses these 

facts and rules as the basis for decision 

making. 

2.1 Knowledge Acquisition 

The knowledge base which is the collection of 

domain knowledges is acquired from a domain 

expert who solves more efficiently problems 

in a particular field. It may also get 

expertise from various sources as stating 

later. 

2.2 Inference Execution 
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Each clause of rule consists of a head and a 

body. They are connected by the symbol 

The clause of a rule has the form as follows 

conclusion: -condi tion_l, condition^, 

...,condition_n. (1) 

A set of conditions on the right-hand side of 

the rule is the body of a clause, can be 

tested for their truth value. The conclusion 

on the left-hand side of the rule is the head 

of a clause is true if its conditions can be 

proved true. Each term of above clause(l) is 

called a predicate. 

A condition is compared with the conclusions 

of the stored clauses. When it finds a match, 

it tries to prove the goal by considering the 

conditions of the matched conclusion as 

subgoals. When all subgoals are shown to be 

true, the goal itself is proved. 

These inference proceedings are rigidly 

controlled by the interpreter, which has the 

principal mechanims of backtrack, pattern 

matching called unification, syllogistic 

inference and a scheduler. 

3. Data Base Representation 

The main data structures of this expert system 

can be represented in the form of list 

structures. The values of elements of a list 

are mostly obtained by the manufacture’s 

catalogues. The list is an ordered sequence of 

rating_lf(pt_t_uco_l,[rated_volt(’7.2’), 

rated_current(3), 

rated_breaking_current(63), 

reted_rain_breaking_crrnt(27), 

fusing_current_7200s(28), 

fusing_current_60s (29), 

fusing_current_100ms(71), 

fusing_current_2ms(1800), 

breaking_current_l3ms(342)]). 

elements of capacitors and elfs data, so that 

facts are organized to be able to get 

necessary informations on relations between 

data. 

As shown in fig.1, in the example of this data 

structure, rating_lf is the name of data kind, 

pt_t_uco_l is the name of data, the elements 

in the list are names of ratings and of fusing 

and breaking charateritics about a elf, the 

value in each parentheses of elements is the 

voltage or current value of ratings and of 

fusing and breaking charateritics. 

4. Rule Base Representation 

Knowledge in this expert system originates 

from many sources, such as electrical 

regulations, research papers, case studies, 

reports, manufacture’s manuals, empirical 

data, books, and domain expert experiences. 

Knowledges that includes procedures, intuitive 

method and strategeies for problem solving are 

necessary for the expert system to build into 

a computer program. 

4.1 Rule Base of Design Capacitor Bank 

One of necessary informations for the design 

of shunt capacitor bank is total capacity of 

the capacitor bank in full load at the 

consumer’s receiving-end. And other required 

informations are original and desired 

improving power factor. The total capacity of 

capacitor bank is calculated by using the 

following well known formula 

Q = P{/(10Ö/Pf_b)! -“ - /(lÖÖ/Pf_a)'J - 1 } 

(2) 

where 

Q = total capacity of the capacitor bank (kVA) 

P = consumer’s recieving power capacity (kW) 

Pf_b = original receiving-end power factor at 

full load (%) 

Pf_a = desired improving receiving-end power 

factor at full load (%). 
Fig.1 An example of data for a line fuse 
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II 

P, Pf_b and Pf_a are not provided as data 

base in the expert systen, so that the expert 

system asks for the user to supply these 

informations. The values of P, Pf_b and Pf_a 

are input to the running expert system from 

the computer terminal. 

When the receiving power is greater than 

500kVA, the total capacity of capacitor bank 

is divided into a few banks in practice, so 

that the necessary capacity of capacitor bank 

is timely ajusted to meet the changing demand 

of reactive power as close as possible. In our 

country, individual divbided capacitor bank is 

usually used in a series reactor, the capacity 

of series reactor is 6% of the capacity of 

the individual capacitor. 

The devided capacitor bank and its series 

reactor are selected from the manufacturer’s 

cataloged capacity to meet just or just over 

the calculated capacity. 

4.2 Rule Base of Selection CLFs 

The applicable elf to capacitor curcuit is 

selected from one of clfs passed all selecting 

rules with aim of short circuit protection of 

capacitor banks and series reactors. 

Selecting rules are as follows, 

(1) the rated voltage Vr of elf equals or is 

larger than the circuit voltage V1_1, and 

Vr is equals or smaller than the voltage of 

1. 2 times Vl_l. 

Vl_l ^ Vr g 1. 2X V 1_ 1 (3) 

(2) the rated frequency of elf equals the 

circuit frequency. 

(3) the elf is able to carry the current of 

1.5 times the circuit full load current, 

that is, the rated current of elf Inf is 

greater than the current of 1.5 times the 

capacitor rated current or capacitor 

curcuit current Inc. 

1.5X Inc ä Inf (4) 

(4) the rated breaking current of cif II is 

greater than the short circuit current Is. 

Is < II (5) 

(5) the overcurrent of the circuit to be less 

than the minimum breaking current of elf 

Imb is breaked by the series switchgear 

such as load breaking switch. That is, an 

intersection point of the operating 

time-current characteristics of elf and the 

series switchgear is greater than the 

minimum breaking current of elf. 

Imb < If and If = Is at Tf=Ts (6) 

(6) the minimum pre-arcing current of elf Immf 

is greater than the current of 2 times the 

curcuit current. 

2XInc < Immf (7) 

(7) the current of 10 times the curcuit 

current is greater than the 60s pre-arcing 

current of elf If_60. 

10X Inc > If_60 (8) 

(8_1) in the case of no series reactor, elf 

does not melt by flowing the over current 

of 70 times the curcuit errent during 2ms 

and can repeat it 100 times. That is, the 

over current is smaller than the current of 

8-factor times the 2ms pre-arcing current. 

70X Inc < SX If_2m (9) 

(8_2) in the case of installation of series 

reactor, elf does not melt by flowing the 

current of 5 times the curcuit errent 

during 100ms and repeating it 100 times, 

the over current is smaller than the 

current of S-factor times the 100ms pre- 

arcing current. 

5X Inc < SXIf_0.1 (10) 

(9) the maximum Juele-integral of 10% breaking 

probability of capacitor bank during 13ms 

is greater than the maximum Juele-integral 

of 13ms operating current of elf. 

(If_13m)2 < (Ic_13m)2 (11) 

If_13m is operating current of elf at 13ms, 

Ic_13m is current on the characteristics of 

10% breaking probability of capacitor at 

13ms. 

(10) operating time-current characteristics 

of elf is under 10% breaking probability 

characteristics of capacitor bank. 

Ifi < Ici at Tfi = Tci 
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Tfi, Ifi are time and current of the elf at 

the 'i'th point on the operating time- 

current characteristics of elf, Tci, Ici 

are time and current of the capacitor at 

the 'i'th point on the 10% breaking 

probability characteristics of capacitor. 

Rule (1) is expressed in a program as shown in 

fig.2. When a capacitor rated voltage Vnc and 

a elf rated voltage are given, the condition 

of ' float' calculates Vnc_12 = 1.2XVnc, next 

condition of 'ge' decides Vnc^Vnf, and the 

last condition decides Vnf ^ 1. 2X Vnc. If every 

condition is true, the conclusion is true. 

rated_voltage_clf(Vnc,Vcf):- 

float(*.'1.2', Vnc, Vnc_12), ge(Vnf, Vnc), 

ge(Vnc_12,Vnf). 

Fig.2 A program of rule(l) of the elf 

selecting rules. 

5. Support Facilities 

In the expert system, general problem-solving 

knowledge is organized by separation from the 

knowledge about the problem domain. 

5.1 Data Base Processing 

The data base ' processing is composed of 

capacitor data base processing and elf data 

base processing. After menu selection, the 

data base processing asks for the user to 

input pertinent data in conversing with the 

expert system and stores data in the data base 

base during the expert system executing. Other 

data base manipulations are executed by the 

editor and thebuilt-in clauses in Prolog. 

5.2 Explanation of Results 

Explanation facility explains how the system 

arrived at its conclusions or answers. Users 

tend to have more faith in the results, more 

confidence in the system by the explanation of 

process getting at its answer. 

The successful way leading to the conclusion 

is explained after the complation of elf 

selection. The expert system indicates the 

specified conditions of power factor 

correcting curcuit and the designed capacitor 

bank. The comparison is displayed between the 

specified selecting rules of elf and the 

characteristics of selected elf, then time- 

current characteristic is displayed between 

the elf and the capacitor bank on graph or by 

the values. 

5.3 Support Facilities of Tool 

Main components of this expert system support 

environment are knowledge base debugging aids, 

input/output facilities and knowledge base 

editor. This expert system tool has usual 

facilities such as normal display, windows, a 

mouse pointing device and manipulating 

fundamental mathematical formula. The editor 

of expert system tool includes lots of 

predicates of various functions and common 

programming languages such as writing, 

reading, displaying, delating, copying, etc. 

6. An Example of the Expert System Execution 

As shown in fig.3(a), the expert system may 

start after inputting quesion of goal 'run.' 

in the interpreter. Information under iliiii! 

means user input. 

The user selects next processing from the 

contents of menu as shown in fig.3(b). Here 

user selects item 3 for design a capacitor 

bank circuit and selection clfs to achieve the 

power-factor correction for a system. 

The running expert system communicates with 

the user and asks for the user to input the 

suitable informations about capacitor banks 

circuit design and switching controllers of 

capacitor bank. 

After the user inputs the required information 

as shown in fig.4, the expert system shows the 
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(a) the expert system starts running 

1 data base processing of clfs 

2 data base processing of capacitors 

3 design of capacitor banks curcuit 

and selection of clfs 

4 finish 

(b) processing menu 

Fig. 3 The expert system starts running and the 

processing menu 

Input according to the following request; 

Circuit voltage(kV) = 6.8 

Consumer’s recieving power capacity (kVA) 

= 1500 

Original receiving-end power factor at 

full load(%) = %5 

Desired improving receiving-end power 

factor at full load(%) = Ü 

Fig.4 An example of system requests for 

capacitor banks 

given data about capacitor bank circuit and 

calculated results on the display. 

Afterwards the expert system arrives at the 

conclusion of capacitor bank circuit design as 

shown in table 1. 

Next, the system goes to the selection of 

applicable elf to the above designed 

capacitor curcuit by the user picking the item 

of selection elf processing from the second 

menu omitted as next action. 

The capacities of capacitor bank and reactor 

are shown about the object selected from 

the designed capacitor bank as shown in table 

1. The method of selection elf executes the 

elimination of the elf data base which does 

not meet each step of the selecting rule as 

shown in fig.5(a). The passed data names are 

shown on the display. 

During the executing, the user gives 

appropriate informations such as short circuit 

current of capacitor bank circuit, breaking 

capacity of load-switch, S-factor of clfs for 

the requirement of the expert sysem. The 

expert system decides the clfs which passed 

the all selecting rule to be applicable as 

shown in fig.5(b). After the selection of elf 

is completed, the expert system shows data 

for the selected capacitor bank and elf on the 

display. 

As final process, the expert system goes to 

Table 1 Number of divided bank, calculated one capacitor bank 

capacity, designed capacitor bank capacity and series reactor capacity 

to design number 

design 

number 

number of 

dividing 

calculated 

capacity(kVA) 

138.0 

166.0 

207.0 

277. 0 

415.0 

830. 0 

recommending 

capacity(kVA) 

150 

200 

250 

300 

500 

1000 

reactor 

capacity(kVA) 

9.0 

12.0 

15.0 

18. 0 

30.0 

60.0 
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the indication of the comparison between 

the specified conditions of power factor 

correcting curcuit and the designed one 

capacitor bank and its circuit. The 

[data passed 1st rule] 

pt_t_uco_l,pt_t_uco_2,pt_t_uco_3, 

Pt_t_uco_4,pt_t_uco_5, pt_t_uco_6, 

Pt_t_uco_7, 

[data passed 3rd rule] 

pt_t_uco_4,pt_t_uco_5, pt_t_uco_6, 

Pt_t_uco_7, 

(a) data names of clfs passed 1st, 3rd rule 

[data passed 9th rule] 

pt_t_uco_4,pt_t_uco_5, 

(b) clfs passed all rules 

Fig.5 Selecting execution of elf 

confirmation of appropriate elf selection is 

the comparison between the all specified 

selecting rules of elf and the characteristics 

of selected elf, then operating time-current 

characteristic curve of the elf between 10% 

breaking probability characteristics of the 

capacitor bank on graph or by the values. 

Lastly, the user picks the next action or the 

finish processing. We obtained the selected 

elf to agree entirely with the manufacture’s 

data. 

7. Conclusion 

It was proved that the developed expert system 

aided electrical designing engineer in his 

designing job of pawer-factor correcting 

circuit. 

The developed expert system is quite simple 

and remains many problems to improve its 

performing better, but we can suggest that 

the developed expert system is available 

and useful for diagnosis of distribution 

circuits. 

The tool was chosen because it was efficient 

one available that ran on our personal 

computer. 
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PROTECTION OF ESI EQUIPMENT WHERE PRIVATE GENERATORS 

ARE CONNECTED TO THE DISTRIBUTION SYSTEM 

D J Williams 

ERA Technology Ltd 

Leatherhead, Surrey, UK 

SUMMARY 

It is now a legal requirement for private generators 

producing 1 MW of power or more to be able to sell 

electricity to Regional Electricity Companies (RECs) for 

their distribution systems. The RECs need to ensure that 

safety and security of supply are not impaired as a result. 

Equipment whose rating was adequate before the 

connection of private generators may therefore require 

uprating or additional protection. This paper focuses on 

the additional protection that current limiting fuses can 

provide for circuit breakers whilst optimising 

co-ordination. The possible prospective fault currents 

after the connection of private generators and the times 

in which they must be disconnected are considered. 

1. Introduction 

With recent legislation empowering private generators to 

sell electricity for distribution on Regional Electricity 

Company systems, consideration must be given to the 

continued safety and security of supply. ERA, in 

collaboration with the Electricity Council (now the 

Electricity Association), has therefore conducted an 

investigation into some protection aspects of this 

increasingly important commercial activity. In order to 

provide the necessary background to the changing 

situation, discussions were held with representatives of a 

major electricity board at various stages of the 

investigation. 

The objective of this work is to determine what sort of 

protection device is most suitable for limiting fault 

currents on distribution networks at ‘medium’ voltage 

(11 kV) in situations where the addition of private 

generators might cause faults in excess of the breaking 

capacity of existing protection equipment-and of the fault 

current withstand of other circuit components. At this 

stage, ERA’s study does not include low voltage (415 V) 

circuits because the connection of small private generators 

at this voltage rarely causes fault level problems, except 

occasionally where interconnection between 415 V 

systems exists. Interconnection increases the fault level 

and the connection of private generators may then cause 

the declared fault level to be exceeded. However, in such 

cases, the relatively low cost, simple solution of removing 

interconnections can be used to reduce fault levels. 

H W Turner 

ERA Technology Ltd 

Leatherhead, Surrey, UK 

At medium voltage, the characteristics of the combined 

circuit resulting from the addition of private generators to 

the distribution system are such that special types or 

combinations of fuses will probably be necessary to 

provide full protection, as described below. 

2. Normal and Fault Current Levels 

2.1 Before the Connection of Private Generators 

From discussions with the Electricity Council it is 

understood that normal full load currents in the systems 

under consideration are approximately within an order of 

magnitude of the fault currents. 

The fault level on an 11 kV system normally lies in the 

range 100 MV A to 175 MV A (5.2 kA to 9.2 kA), but the 

extremes are 50 MV A to 250 MV A (2.6 kA to 13.1 kA)7. 

Usually, a margin of approximately 30 MVA to 40 MVA 

(1.6 kA to 2.1 kA) exists for the accommodation of the 

fault level from private generation and induction motors. 

Existing switchgear can safely disconnect a fault level of 

13.1 kA. 

The contribution from the motor load on the system is 

variable, but is typically well within the 30 MVA to 

40 MVA margin. However, in some circumstances there 

may be a much larger contribution; for instance Williams 

and Corcoranl quote up to 35% when induction motors 

are electrically close to a faulted busbar. In this extreme 

case, larger margins would be necessary to prevent existing 

switchgear experiencing fault levels higher than their 

rating, even before the connection of private generators. 

However, the presence of large motors or groups of motors 

would be known to the REG concerned, and allowance 

made for them. Guistiniani5 states that the contribution 

from induction motors decays to a relatively small value 

after 5 to 10 cycles, ie 0.1 to 0.2 seconds. If a REG circuit 

breaker takes 0.4 seconds to operate7 then the 

contribution from induction motors would be negligible. 

However, more rapid disconnection is presumably 

desirable, and could be achieved by fusing. 
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2.2 After the Connection of Private Generators 

The total private generation capacity that could be 

connected to any one 11 kV system is expected to be in 

the range 1 MV A to 7.5 MV A7, with corresponding 

current levels of 0.05 kA to 0.4 kA. It is expected that the 

minimum generator size will be 1 MVA because it is 

unlikely that it will be economic for smaller generators to 

be connected at 11 kV. The order of fault level 

contribution from a generator is typically 5 to 6 times its 

rating for a short circuit, ie at present, a private generator 

could add 5 to 45 MVA, or 0.3 to 2.4 kA, to the short circuit 

current For larger private generators, the fault level 

margin of the existing system may be insufficient to 

accommodate their fault level contribution. If several 

large private generators were connected in parallel 

without additional fault level reduction measures, then the 

rating of 13.1 kA switchgear could be significantly 

exceeded. The contribution from motor loads must also 

be considered when deciding on fault level reduction 

measures. 

To enable switchgear to be used when fault levels can rise 

to values significantly above its rating, some back-up 

device (eg fuse) for interrupting fault currents in 

approximately a quarter of a cycle, ie 5 ms, is required. 

Co-ordination would be achieved by disconnection of 

currents above the switchgear rating by the back-up 

device, leaving the switchgear to disconnect currents 

below its maximum breaking capacity. 

Two examples of sites being proposed for private 

generation were considered using the 11 kV system 

diagrams for the areas supplied by grid supply points called 

X and Y for the purposes of this paper. 1.5 MVA may be 

exported from Site A, which is connected to grid supply 

point X by approximately 6.7 km of cable, and 4 MVA 

from Site B, which is connected to grid supply point Y by 

approximately 3.9 km of cable. In the former case there 

is the complication of home based patients who are 

presumably noted on the diagram because they are highly 

dependent on a continuous electricity supply. They are 

between grid supply point X and generation site A. 

In these cases, the highest prospective current would occur 

if there was a fault close to the grid supply point. There 

would then be some limitation of the contribution to the 

fault from the private generator by the intervening cable. 

A worse case would therefore exist if a private generator 

was connected close to the grid supply point. 

Information from an electricity board7 gave a range of 

normal currents of 0 to 400 A flowing either from or to a 

private generator at its point of connection to the 

distribution system. A protective device at this point (B 

in Fig. 1) must therefore carry400 A without deterioration. 

The maximum current of 400 A into the distribution 

system could only be provided by a 7.5 MVA private 

generator, and the maximum current through the 

protective device feeding into a fault on the distribution 

system would be approximately 2.4 kA7, or 6 times the 

rating of a fuse used for protection at this point. The use 

of two type K fuses in parallel (discussed in Section 3.4) 

would give a pre-arcing time of 100 seconds, and would 

therefore offer no protection from the private generator’s 

output to the electricity board’s circuit breakers. This 

would apply in a similar way for less powerful private 

generators used in conjunction with correspondingly lower 

fuse ratings. 

If a fuse was placed in series with a private generator (C 

in Fig.1), but did not carry any current input from the 

distribution system, it would again have to be rated to carry 

the maximum power generated. A fault on the distribution 

system would not cause currents from the generator to the 

distribution system higher than those described above, and 

hence disconnection times would be similarly long. This 

arrangement would also have the disadvantage of 

disconnecting the private generator from any load it was 

primarily intended to supply when there was a fault on the 

main 11 kV system. However, the generator might be 

tripped whatever the position of the protection because 

of instabilities on the 11 kV system resulting from the fault 

and its disconnection. The advantage to the private 

generator of installing protection at B rather than C is that 

supply to its load could be resumed without waiting for a 

fault on the distribution system to be remedied. 

This would also apply if there was protection at positions 

such as A in Fig.l. The prospective fault current would 

be higher here than at B and C and current sensitive 

protection devices used to protect the circuit breakers 

would therefore operate more rapidly. Damage to the 

circuit breakers from fault currents in the main 11 kV 

system could be prevented, although current from the 

private generators could still flow into the local part of the 

11 kV system. However, a separate protection system 

should then rapidly disconnect the private generator from 

the local system. It would be necessary to ensure that 

protection at A was co-ordinated correctly with the circuit 

breakers so that the latter disconnected low fault currents 

and the former disconnected high fault currents. 
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3. Methods of Protection with Private Generators 

Connected.to the 11 kV system 

In the event of a fault, it is necessary to prevent the 

combination of main and private generation from 

damaging REC switchgear. Sometimes, a possible method 

of accomplishing this is to disconnect private generators 

from the distribution system to prevent them adding to 

fault currents whenever running arrangements which give 

rise to high fault levels are adopted. Alternatively, if the 

fault is cut off before the current reaches a damaging level, 

rapid disconnection of the private generators might be 

unnecessary. Various means of protection are possible 

and are discussed below. 

3.1 The Calor-Emag Is Limiter 

The Calor-Emag Is limiter2 is a device intended to provide 

rapid disconnection of faults. It has a fusible link with an 

element of considerably lower rating than the normal 

circuit current in parallel with a tubular conductor, or 

bursting bridge, which normally carries most of the 

current. An explosive in the centre of this tube is detonated 

by an electronic circuit in the event of a fault, diverting all 

the current through the fusible link. Calor-Emag give a 

bursting time for the tube of 0.1 ms and a time for 

limitation of the current by the fusible link of 0.5 ms. 

The Calor-Emag Is limiter2 is already in use for 

disconnecting fault currents at some sites where private 

generators feed power into area board systems. However, 
the limiter is not a failsafe device, and is understood to 

have failed. Problems may arise in the circuits which 

initiate operation of the limiter or in the detonation of the 

bursting bridge connection. There is no system to indicate 

the presence of a malfunction before the limiter is 

required to operate. 

If a fuse with a rating appropriate to the normal current 

and voltage of the circuit was connected in series with the 

Is limiter, then the combined system would fail to safety 

if the bridge failed to burst. The breaking capacity of the 

fuse would be sufficient to disconnect safely the maximum 

fault current if the Is limiter failed to operate correctly for 

whatever reason. This would add to the cost of protection 

and it would be simpler and cheaper to use a single fuse 

system which would disconnect faults sufficiently rapidly 

(see Section 3.4). However, the back-up function could 

be performed using present designs of fuse, which are not 

fast enough to provide complete protection. The 

switchgear would not be fully protected by such a system, 

but it would be safer than with an Is limiter alone. 

Also, the connection of such a series fuse would not have 

prevented the type of limiter failure reported to the 

Electricity Council7 in which the bridge was burst but the 

fault current was insufficient to be cleared by the parallel 

fusible link. The link then overheated and a flashover 

occurred. Calor-Emag do not use a sealed cartridge 

fuselink in their limiter, but replace the element and 

quenching material in the same barrel after operation. 

The performance in this respect could probably be 

improved by the use of a general purpose fuselink 

conforming to BS 2692 Part 1. Such a fuselink would have 

to be replaced in its entirety after operation of the limiter. 

The Calor-Emag is the oldest device of its type, and is in 

use in various locations, but other companies such as the 
G & W Electric Co and the S & C Electric Co produce 

similar devices. They may have advantages, but this would 

have to be ascertained by comparative testing. 

3.2 Uprating Switchgear 

An alternative solution to the problem of increased fault 

current levels is uprating the switchgear whose rating may 

be exceeded. According to GEC1, economical switchgear 

ratings are now available at ratings higher than 250 MV A, 

eg 475 MV A and 600 MVA. The smaller of these ratings 

would be sufficient to disconnect the present maximum 

fault levels, allowing for significant contributions from 

induction motors (87 MVA) (see Section 2.1) and the 

anticipated contribution to a fault from a large private 

generator (45 MVA) (see Section 2.2), whilst still allowing 
for some future increase in generating capacity. 

When a private generator wishes to be connected to the 

distribution system, the fault levels after connection 

should be carefully calculated, taking into account the 

distance of the generator from any switchgear. The 
Electricity at Work Act does not permit switchgear ratings 

io be exceeded, so if this is found to be possible, then the 

uprating of switchgear may be necessary if a private 

generator is to be connected. The effect of the rate of rise 

of the increased fault current, which may adversely affect 

the switchgear even if the current is cut-off before rated 

values are reached, should also be considered, and 

switchgear manufacturers consulted. 

Even if switchgear with ratings of the order of 475 MVA 

is now more economical than before, it is unlikely that the 

RECs would want to go to the expense of uprating 

switchgear unless it becomes due for replacement. 

However, this could be a solution if the private generating 

company met all or some of the cost of necessary uprating 

of the protection to accommodate the addition of their 
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supply. Such additional costs may make the connection 

of some private generators uneconomic, and other 

protection methods should then be considered. 

3.3 GEC's Short-Circuit Limiting Coupling 

In the same paper1, the authors suggest the use of a 
‘short-circuit limiting coupling’ (SLC) developed by GEC. 

The device consists of a reactor in series with a capacitor, 

and the combination resonates at power frequency thus 

adding a low impedance to the circuit. An iron-cored 

reactor in parallel with the capacitor saturates if the 

voltage drop across the capacitor increases due to an 

excessive current. The tuning of the circuit is then 

changed, producing a high impedance. This device 

appears to give rapid limitation of fault currents, but has 

the disadvantages of being bulky and expensive. Also, it 

may be possible for it to fail to operate, for instance in the 

case of a fault in the capacitor. However, it is more likely 

to be reliable than a device incorporating explosives. 

3.4 Conventional Fusing 

The use of fusing is an alternative to the protection options 

described above. Fuses are failsafe devices when used 

within their specification, they have very high breaking 

capacity and are compact and economical. They are most 

economical if a device from normal production can be 

used, rather than a specially made one. Electricity boards 

and the Electricity Council have examined the 

characteristics of fuselinks produced by various 

manufacturers, including GEC’s standard, type K, high 

voltage, high breaking capacity fuselinks3, which are rated 

at 12 kV. However, the maximum current rating available 

in a single fuselink is 350 A and the application under 
consideration was a private generator with a total load 

current of 410 A (slightly higher than the usual range7). 

GEC suggest the use of two identical fuses in parallel to 

achieve higher current ratings, which are less than the sum 

of the two ratings used. The characteristics of such a pair 

of fuses were supplied to ERA by GEC. An appropriate 

fuse with a rating of 450 A can be produced by connecting 

two 250 A fuselinks in parallel. Combining two fuselinks 

in parallel also has the advantage that the combination’s 

time/current characteristic is steeper than that of a single 

fuselink, giving faster operation at high fault currents. 

Similar characteristics were provided by Hawker 
Fusegear4. To save space, the following examples are 

taken from the GEC data, but other manufacturers’ 

products could be used in a similar manner. 

The characteristics for this combination show that 

prospective fault currents (symmetric rms) above 10.2 kA 

are cut off, and at this current, the pre-arcing time is 50 ms, 

or between 2 and 3 cycles. At the maximum fault current 

without private generators, 13.1 kA, the pre-arcing time 

would be 25 ms (1 to 2 cycles) and with the addition of a 

7.5 MV A private generator, the maximum fault current of 

15.5 kA would give a pre-arcing time of 12 ms (0.5 to 

1 cycle). Switchgear would therefore be exposed to a 

current exceeding its rating for part of this time, and for 

part of the arcing time. Thus although this combination 

fuse operates much more rapidly than the circuit breakers 

normally in use, it does not provide sufficient protection. 

At such fault currents, the pre-arcing A would be close 

to its minimum value of 1200 x 10^ A%s. 

However, it may be possible to achieve the required 

protection by taking the process of combination further, 

ie connecting more fuselinks in parallel. For example, 

GEC gives characteristics for two 125 A fuselinks in 

parallel for which the combined rating is 225 A. Thus GEC 

derate the sum of the ratings combined in parallel by 10%. 

Combining two such pairs of fuselinks in parallel would 

therefore presumably give a fuselink with a rating of405 A. 
Fuses are derated because of the effects of hearing by 

adjacent fuses and because there will be some uncertainty 

about the exact distribution of current in parallel fuses, 

whose resistances may be slightly different. Less derating 

may therefore be required if the fuselinks are spaced to 

allow better heat dissipation. Also, when more than two 

fuses of the same rating are connected in parallel, it is 

statistically more likely for there to be a more even current 

distribution. 

Four 125 A fuselinks in parallel would provide suitable 

protection for the case of the maximum normal current of 

400 A expected by some electricity boards (Section 2.2), 

and possibly when there is a slightly higher current of 

410 A7 as in some applications. The time/current 

characteristics would be steeper than for a pair of fuselinks 

and it is possible that fault currents exceeding the 
switchgear rating could be disconnected sufficiently 

rapidly. However, it would be necessary to determine 

characteristics for such a combination experimentally to 

establish its suitability for the application. The use of more 

than four fuselinks in parallel may be necessary if this 

method of protection is to be used. 
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The rating of approximately 405 A may be too small for 

some applications, but combining four 160 A fuselinks, the 

next rating above 125 A provided by GEC, should give a 

rating of approximately 520 A. This would probably be too 

high to provide sufficient protection, and the manufacture 

of fuselinks with a rating between 125 A and 160 A may 

be necessary. Alternatively, it may be possible to used 

mixed ratings in parallel if the difference between ratings 

is produced by variations in the number of parallel 

elements of the same design. The current distribution 

would have to be checked to ensure that the current 

through each fuse was proportional to the rating. 

However, this is a departure from existing practice and 

careful investigation and testing would be required before 

this concept could be accepted by fuse manufacturers and 

users. Such a combination of fuses should then only be 

used as recommended by the manufacturer, and this could 

be accomplished by connecting the fuses in a single unit 

which could only be fitted to a specially modified fuse 

holder. 

At B or C in Fig.l, the fault current flowing to or from the 

private generator should be much less than the values of 

10 to 15 kA for which operating times are given above, 

giving longer operating times and greater values of 

pre-arcing I^t. The use of such a fuse system at these 

positions would therefore provide the required protection. 

The combination fuselink must therefore be connected at 

positions such as A where current from the grid and the 

private generator flows. Fuses with ratings of the order 

of magnitude described above would only be appropriate 

in branches of the 11 kV system supplying currents of 

approximately 400 to 500 A. Fuses with higher ratings will 

be required closer to grid supply points, and can be 

produced with fast characteristics using the principles 

described above. 

3.5 Special Fuse Types 

It may be possible to achieve the required protection using 

a device similar to that being developed by General 

Electric6. It is based on a conventional fuse element, but 

has chemical charges attached to it. It is hoped that it will 

be possible to use a microprocessor monitoring system to 

blow the charges and hence disconnect the current. This 

device might give operating times of the order of those 

claimed for the Calor-Emag Is limiter (Section 3.1). 

However, there is no evidence that General Electric have 

yet produced a successful prototype. 

The General Electric Device could presumably be set to 

operate at any current level required. It would have a 

great advantage over the Calor-Emag Is limiter because 

the fuse element could operate in the normal way if the 

charges or their triggering circuits failed. The General 

Electric element has an M-effect blob to dissolve the 

element and operate the fuse at low overcurrents, and a 

series of constrictions at which multiple arcs would be 

created by a high overcurrent. These features would 

presumably be designed in the same way as in a 

conventional fuse of similar rating, making the device 

failsafe if similarly filled and enclosed. However, the 

article6 does not make clear how the device was to be 

enclosed such that products of the explosion did not create 

a hazard. 

Also, the reliability of the operation of the explosive is not 

assessed and there could be other hazards associated with 

its presence. Its stability in its working environment would 

have to be proved. Explosive devices have historically 

been less reliable than required when used in protection 

applications. For instance, explosive indicators were 

removed from British low voltage fuses because of 

unreliability, occasional spurious operation, possible 

association with the initiating of arcing faults and the 

known failure record of the Calor-Emag Is limiter. In 

contrast, conventional fuses (Section 3.4) have extremely 

high reliability and repeatability. 

4. Conclusions 

At present, it appears that combining fuselinks in parallel 

(Section 3.4) offers the most reliable, safe and economical 

method of protecting existing switchgear. However, the 

number of fuselinks required to give sufficiently rapid 

operation is excessive. If fuse manufacturers can develop 

a fuselink that operates more rapidly than existing designs, 

then complete protection against increased fault levels 

caused by the connection of private generators could be 

provided. It is also possible that in future, a reliable fusible 

element combined with an explosive charge (Section 3.5) 

could give more rapid protection. Such a device would 

have to be thoroughly tested to ensure reliability and 

safety. 
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If funds were available, a straightforward method of 

preventing problems due to the contribution of fault 

currents by private generators would be to replace existing 

circuit breakers with new ones of higher breaker capacity. 
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FUTURE TRENDS IN LOW VOLTAGE FUSE SYSTEMS 
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Summary 

This paper outlines the advantages of fuse 

protection in low voltage distribution systems and 

covers the recent progress made in standardisation. 

Significant advances have been made in fuselink 

technology resulting in higher performance 

products in standard packages, or more compact 

fuselinks. The evolution of fuse systems must 

however include the associated fuaegear and two 

examples are illustrated of recent innovations in 

freeholders and fuse distribution boards by one 

manufacturer in the United Kingdom. 

1. Introduction 

Fuse protection has been used for over 100 years 

and is still widely used in high and low voltage 

applications, and for the protection of electronic 

circuits with miniature fuselinks. Recent 

developments in all these fields have been 

illustrated in this conference and the wide variety 

of papers from over 20 countries confirms that 

fuse protection is still evolving to meet the 

present and future needs of overcurrent protection. 

This paper will focus on fuses for low voltage 

industrial and commercial applications, and, in 

particular, for final distribution circuits. 

2. Advantages of Fuse Protection 

2.1 General 

The following section highlights some of the main 

advantages of fuse protection in low voltage 

systems and takes into account the growth of other 

protective devices such as mcbs and mccbs. 

2.2 Safe Operation and Safe Replacement 

These two fundamental aspects of fuse operation 

are taken for granted and consequently often 

overlooked. First taking safe operation - when 

a cartridge fuselink operates, it does so quietly, 

and the by-products of arcing are safely enclosed 

within the fuse cartridge. The same cannot be 

said for mcbs and mccbs which can emit arc products 

and the position of the associated venting is not 

standardised which means they can only be replaced 

with identical products. 

Turning to safe replacement - when a fuselink 

operates the reason for the fault has to be 

identified and corrected. A brand new fuselink 

is then inserted and the system is restored to its 

original state of security. When circuit breakers 

operate there is inherently some erosion of the 

contacts etc. Many of these breakers when tested 

to their "ultimate breaking capacity" are only 

capable of a limited number of operations and have 

to be replaced. The time taken to replace a 

fuselink is often quoted as a disadvantage. It 

is, however, insignificant compared with the fault 

diagnosis time, and that for corrective action. 

2.3 High Breaking Capacity 

The current and energy limitation provided by 

modern cartridge fuselinks gives them the ability 

to clear the highest of fault currents likely to 

arise in service. For example fuselinks used in 

North America are tested to 200kA to meet fault 

levels that can occur, such as in high-rise 

buildings. This current and energy limitation 

can occur at much lower fault currents, for example 

20A industrial fuselinks can become current 

limiting at a current as low as 100A. Magnetic 

and thermal stresses in the faulty circuit are 

thus dramatically reduced, even at these low fault 

currents, restricting the damage at the seat of 

the fault and thus protecting sensitive circuit 

components. 

This high breaking capacity means that detailed 

fault level calculations with fuse protected 

systems are unnecessary, and, in addition, allows 

for strengthening of the system at some future 

date. 

2.4 Standardisation 
a 

Significant progress has been made in the past 

decade on the international standardisation of 

fuse characteristics. This has been brought about 

by the common requirement of compliance with 

international wiring regulations. A series of 

points or gates have been established through which 

all manufacturers characteristics should lie. 

These characteristics are referred to as gG - full 

range breaking capacity (g) and general application 

(G). This means that similar performance is 

achieved with any gG fuselink . The mcb also has 

non-adjustable characteristics but on the other 

hand, there are up to four types for various 

applications. A further feature of fuse 

characteristics is that they are relatively 

insensitive to changes in ambient temperature for 

example when placed inside an enclosure. Ambient 

temperature can have a significant effect, 

however, on the tripping current of breakers. 
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The gG characteristics do not cover North American 

practice, but standardisation work is currently 

addressing this aspect. 

2.5 Discrimination 

The gG fuselinks give a discrimination ratio of 

1.6*1 (two steps in the RIO series). In circuit 

breaker protected systems, a ratio of up to 4:1 

in current rating is required and a detailed study 

of characteristics is required. 

A fuselink is often used to give back-up protection 

for circuit breakers and this is an area where 

further standardised information is required on 

the withstand capabilities of modern breakers to 

co-ordinate with fuse characteristics. 

2.6 Motor Circuit Protection 

Recent papers show how the fuselink is the only 

effective means of giving Type 2 co-ordination of 

modern motor starters to IEC 947-4-1. There are 

special motor circuit fuselinks for example gM, 

aM or dual element which take account of the short 

time nature of the motor starting surge to give 

compact fuselinks. It should however be stressed 

that a large number of applications are covered 

with the appropriate selection of standard gG 

fuselinks. 

Current work is being undertaken in the IEC low 

voltage standardisation committee which should 

enable the setting of universal total I^t limits 

for gG fuselinks. These will be established on 

the requirements for protecting sensitive modern 

motor starters. This should in turn simplify 

fuse selection for the protection of motor circuits 

and obviate the undesirable practice of selective 

combination tests. 

3. Final Distribution Cjrcyltg 

3.1 General 

Considerable advances have been made in fuselink 

performance for example:- 

- In Europe 660V performance is now available in 

packages that were previously rated at 500V or 

less. 

- In the United Kingdom there has been the 

consolidation of compact blade type fuselinks 

and associated fully shrouded freeholders. 

- In mainland Europe there has been the development 

of the compact size 000 or C00 fuselinks for 

ratings up to 100A. 

- In North America there is the use of very compact 

class T fuselinks for non-motor circuit 

applications and a trend towards time delay 

fuselinks in the class J package. 

To fully exploit the advantages of high breaking 

capacity fuselinks, consideration must also be 

given to the associated fusegear in which they are 

used and consequently the fuse system. In addition 

to performance requirements, other important 

aspects have to be addressed such as simplicity 

of application, ease of installation, aesthetics, 

availability, safety and of course cost 

competitiveness with other protection systems. 

An IEC Working Group has been examining the 

feasibility of a unified system of fuses. The 

feasibility aspect must be stressed rather than 

any definitive proposals. In a similar way to 

the universal plug and socket system, such a task 

is fraught with dimensional rather than technical 

constraints, particularly with regard to the large 

and longstanding replacement need for existing 

systems. The Working Group concluded that in the 

short term it was not feasible to have a universal 

fuse system and the Working Group was redirected 

to consider a list of attributes for a future 

system so products can evolve with enhanced 

features. 

This list of attributes includes a number of 

technical requirements such as defined 

characteristics and properties of materials. In 

addition safety and constructional features have 

been identified and include:- 

* Electrical shock protection. 

* Contact pressure independant of users skill. 

* Good contact design including terminal 

connections. 

* Fuselink easy to replace. 

* Fusehandle an integral part of the fuse. 

* Non interchangeable with different levels of 

rated current. 

* Indicator, if required, to be a separate reliable 

unit. 

* Compact physical size. 

* Rail mounting option. 

* Modular design. 
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one These attributes have been addressed by 

manufacturer in the United Kingdom in the 

development of innovative fuseholders to take 

standard bolted fuselinks and of a new generation 

of fuse distribution boards. 

3.2 New Fuseholder 

Safety requirements are becoming increasingly 

prevalent in both national and international 

legislation for installation equipment and the 

requirement for the protection against electric 

shock is an important feature for new designs of 

fuseholders. British fuseholders have 

traditionally been well shrouded and have an IP-2X 

degree of protection for all three states of 

installation i.e. 

- < 

ES 

Fig. i Saddle Type Terminal 
- when the complete fuse ia properly mounted. 

- during the replacement of the fuaelink 

- when the fuae carrier ia removed 

In the new fuseholder, particular attention has 

been given to these aspects and includes captive 

hinged internal terminal shields which overcome 

the nuisance factor on many existing designs where 

the shields are not captive and may get lost 

during installation. 

A problem worldwide in electrical power components 

is the provision of an effective hand operated 

system to give ease of insertion and particularly 

withdrawal against the necessary high contact 

pressures. This is a problem with conventional 

British fuseholders and foreign fuse-bases where 

a compromise has to be made on contact pressure. 

The new fuseholder overcomes this problem with a 

simple cam and lever action giving a mechanical 

advantage to remove the fuse carrier with a low 

application of force whilst maintaining a high 

contact pressure. This cam action enables safe 

withdrawal and insertion of the fuse carrier which 

is independent of the users skill. It also enables 

the design to have high contact pressures to give 

enhanced reliability and performance. 

The main requirement regarding cable connection 

for British Standard fuseholders is to fit the 

stripped cable end directly into the fuseholder 

terminals, and is generally referred to as "front 

connected". Normally these fuseholders have 

tunnel type terminals machined or extruded in brass 

with a grub screw for fastening. Special measures 

are required to give effective clamping for all 

sizes of cable for a reliable connection without 

damaging the conductors. The new fuseholder has 

a saddle type connection and the main electrical 

contact is made directly onto the high conductivity 

top plate (Fig. 1). This in turn is an integral 

part of the double sided fuse base contacts. 

The use of stainless steel saddles and hardened 

terminal screws coupled with profiling of the cable 

contact enables high tightening torques to be 

achieved. This is particularly important in 

applications where undersized cables are 

inadvertently used which could result in excessive 

temperatures in this terminal zone. The design 

permits the saddle to "breathe" during normal 

expansion and contraction of cables during normal 

load variations, maintaining a constant clamping 

pressure. This obviates the need for re-tightening 

as is often required in conventional arrangements. 

In addition to the requirements of IEC 269 the 

terminals have been tested to the requirements of 

the new Low Voltage Switchgear and Controlgear 

Standard IEC 947-Part 1, which require tests for:- 

Mechanical strength 

Damage and accidental loosening of cable 

Pull out force 

The terminal designs gave values well in excess 

of these modern requirements 

Fuseholders generally have the cable clamping 

screws firmly screwed home, and they have to be 

released (often forcibly) before the cable can be 

inserted. The new fuseholder has these screws 

"backed-out" leaving the cable aperture open, thus 

saving installation time. 

The cam action well covers the attribute of "simple 

and swift facility for safe fuselink replacement" 

and in addition, hinged captive screws are a feature 

of the fuse carrier, particularly important for 

the busy electrician (Fig. 2). Often the fuselink 

/ 
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Fig. 2 Hinged Captive Screws 

has to be replaced in difficult situations and in 

traditional products it is easy to loose the screw 

and they are often difficult to locate. 

In the British system, the fuse carrier is an 

integral part of the fuse; this is an advantage 

over the "DIN system” with a replaceable handle 

which may be lost and unsafe improvisation may be 

attempted. 

Non-interchangeability with different levels of 

rated current at 20, 32 and 63A and beyond, are 

achieved in British freeholders through 

dimensional constraints on the fuselinks. The 

bulk of the market requirement for final 

distribution circuits in industrial and commerical 

application is up to 63A. The new fuseholder is, 

however, available up to 100A, using modern compact 

bolted fuselinks. For higher current ratings the 

modern cost effective approach is to use fuse 

combination switches, switch fuses or fuse 

switches. 

An optional optical indicator is available as an 

accessory to be fitted into the fuse carrier meeting 

another of the desirable attributes. This means 

the fuselink is not complicated with the provision 

of an indicator, sometimes of questionable 

reliability. 

Rail mounting is a feature of modern equipment and 

the new fuseholder offers DIN rail mounting - the 

modern approach — and bolted panel mounting, the 

conventional approach, as standard thus obviating 

the need for stocking the individual types. The 

DIN rail mounting facility for each of the sizes 

are designed to have equal height and depth above 

the DIN rail, thus giving a functional and aesthetic 

appeal to installations of mixed ratings. 

There is a requirement for the electrical 

connections to be made through back studs for 

example, on surface panel mounted applications for 

control circuits on distriution switchgear. The 

new fuseholder can be readily converted to a single 

or double back stud version with a conversion kit 

and the aid of a screwdriver. Traditional products 

cannot be converted and are factory assembled. 

Availability of these back stud versions with 

inherent lower demand is, therefore, greatly 

enhanced and stockholding can be minimised at 

appropriate points down the distribution chain. 

3.3 New Distribution Fuseboard 

In the United Kingdom up to the 1970's fuseboards 

with semi-enclosed or rewireable fuses wefe popular 

in final distribution circuits. The large 

potential market to supersede these old technology 

devices has largely been taken by mcb boards, 

mainly due to their ease of installation and 

competitiveness. Similar progress has been made 

by mcbs throughout the world in applications where 

their breaking capacity meet the installation 

requirements. 

The features of modern mcb boards were examined 

and a fuseboard developed incorporating the 

desirable features of such a system and giving the 

added advantages afforded by modern cartridge 

fuses. A survey showed that the vast majority 

of requirements are covered by fuse ratings of 63A 

or less and of these the bulk are below 32A 

It was decided to use fuselinks to BS88 part 6 

with blade contacts, removing the need for a special 

tool (screwdriver) to put the fuselinks into the 

fuse carrier. The desirable features of the 

fuseholder with the cam action was incorporated 

with a common modular envelope size for the 32 and 

63A ratings. These include non-interchangeable 

features in the fuse-base and carrier so that the 

32A fuse carrier cannot be "over-fused" and the 

63A fuse carrier will not fit into the 32A fusebase. 

This modular design overcomes one of the problems 

of British fuseboards in that if only one outgoing 

circuit requires a 63A size fuselink then a multiway 

board with 63A fuses has to be used in all circuits. 

The new fuseboard takes a similar form to the mcb 

board and for ease of installation a pan assembly 

is used incorporating protected vertical 200A 

bus-bars (Fig. 3). The appropriate fuseholders 

for a specific application are assembled onto the 

pan assembly. The fuseholders are fitted with 

stab connectors at the bus-bar end which are 

orientated for the phases (Fig. 4) and simply 

docked into the rising bus-bars and secured into 

position by means of a captive screw on. the pan 
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assembly. A major feature of the fuseboard is 

that an integral isolator can be used as in the 

mcb boards which is connected directly onto the 

rising bus-bars. The pan assembly is fitted into 

the enclosure and is ready for wiring. The 

configuration for the vertical arrangement gives 

good access for wiring in a similar and familiar 

way to mcb boards. The addition of the Escutcheon 

plate completes the assembly and gives an elegant 

appearance (Fig. 5). 

A further feature of the system is to have two and 

three pole ganging of the fuseholders by the use 

of standard accessories. This enables the correct 

poles to be removed at the same time thus providing 

improved safety to the isolation of 2 and 3 pole 

circuits. Prominent circuit identification labels 

are also provided on the fuse carrier and bus-bar 

covers. 

The new fuseboard forms part of a range of fusegear, 

bus-bar chambers, fuse combination switches, 

isolators etc. to give an integrated system with 

all the technical advantages of fuse protection 

in a modern and economic way with an emphasis on 

ease of installation. 

4. Conclusions 

The longstanding advantages, versatility, 

simplicity of selection and well proven experience 

of high breaking capacity fuselinks, coupled with 

the evolution of new compact products, are strong 

factors for the longevity of fuse protection in 

final distribution circuits. 

These desirable features of the fuselink cannot 

be fully exploited without considering its 

integration into the associated fusegear to give 

a complete system. Innovations in fusegear, such 

as fuseholders and distribution boards as 

illustrated in this paper, are of paramount 

importance. Advances in ease of installation, 

availability, aesthetics, safety and cost 

effectiveness can be achieved to enable fuse 

protection to play a dominant role in protecting 

electrical circuits in the future. 
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Fig. 5 New Distribution Fuseboard (door removed) 
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