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Figure 4.  the dynamic characteristics of IGBT 

C.  Electric Fuse Model  
A five-stages DC electric fuse model was developed according to typical arc voltage and current experimental results. Figure 5 

shows two typical cases. One is an 100 A over-load interruption and  the other is a 10 kA short circuit current interruption, both at 500V 
DC. The arc resistance can be obtained  from the arc voltage  and arc current. Some typical arc resistance of DC electric fuse is shown 
in Figure 6. Figure 6 shows that the arc resistance curves are similar at various arc current including not only overload current but also 
short circuit current. Therefore, the DC electric fuse can be modeled as a variable resistor in arcing period. The variable resistance can 
be divided into five-stages. The five-stages DC electric fuse model is shown in Figure 7. 

                 

(a)overload current result(500V,100A)                                                                                      (b) short circuit current result(500V,10kA) 

Figure 5.  the arc voltage and current experimental results of electric fuse 

 

Figure 6.  the arc resistance of testelectric fuses  

1) 0~t0: pre-arc stage. In this stage, the fuse resistance can be considered as a resistor with a constant value. 
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automatically determines a larger conduction interval for the diode D2 conduction, during the commutation. From the relation (8) the 
value of the time interval t2 is:  

                                                    1
2

4

t         (9) 

  
At the moment t = t2, the energy stored in the coil L2 is: 

                      (10) 

 

Figure 4.  The dependence of the current cancellation time through the thyristor T1 (front) versus the coupling factor k1 

Initial values of the extinguishing groups are given by the equation (11): 
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where k2 and k3 are constants.  

Fig. 5 shows the variation of the magnetic energy stored in the coil LS. 

 

Figure 5.  The variation of the magnetic energy stored in the extinguishing coil 
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ANSYS Model for the Prediction of the
Pre-Arcing Period













Challenges for testing labs of the future
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Abstract--The most difficult case for arc detection in PV systems is for a series arc. The most commonly-proposed solutions are based on the 
broadband noise generated, but it is difficult to ensure immunity  from other sources such as local r.f. noise and the associated PV inverter. In 
this paper the possibility of arc detection by looking for evidence of chaos in the circuit current is reviewed. 
 
Keywords--PV systems. Arc detection. Chaos.  

I.  INTRODUCTION 
 

Fig.1 shows a simple photovoltaic system for power 
generation. PV modules are connected in series and parallel, 
generating DC power which is then fed into an AC power system 
by an inverter. In the past decade there has been increasing concern 
at the number of rooftop fires caused by DC arcing faults following 
the failure of system components such as cables and connectors [1]. 

One of the key issues in providing protection against the effects 
of arcing faults is their detection. In the case of a parallel fault such 
as P in Fig.1 detection is relatively easy, as the fault current is fairly 
high for a short time, due to the discharge of capacitors on the DC 
side of the inverter. However a series arcing fault such as S 
introduces additional resistance into the DC loop, and the arcing 
current is lower than the normal load current, making detection 
very difficult. 

Sustained DC arcs are possible in DC systems with voltages above about 15V (the 
sum of the anode- and cathode-fall voltages) and currents above about 2A. The voltage 
gradient in the arc column is of the order of 5 V/mm, and this falls slightly as current 
increases, for the range of values found in PV systems. 

Fig.2 shows typical waveforms for arc current and arc voltage for a DC arc drawn 
between two electrodes in a PV system [2]. In this example, the gap between the 
electrodes is increasing, and as it does so, the arc voltage increases and the current falls. 
However, although this is nominally a DC system, there are considerable fluctuations 
in the circuit current and arc voltage. Note that the "noise" in the circuit current is greater 
during arcing than before the arc was drawn. The challenge for a DC arcing detector is 
to be able to recognize the difference between these two conditions. 

II.  DETECTION BASED ON BROADBAND NOISE 
Fuses cannot deal with series arcing faults because of the low fault current. Most arc 

detection methods have been based on measurement of the broadband noise generated in the circuit current by waveforms such as shown 
in Fig.2. Dini et al [3] give a detailed account of how the UL standards for arc-fault circuit interrupters were developed. Testing of 
detectors is done using the UL "arc generator", which is used to produce a DC arc intended to be representative of a series arc in a PV 
installation. Two 6mm copper rods are used as electrodes, with an adjustable gap, enclosed in a clear plastic tube. Before switching on, 
some fine steel wool is placed in the gap. After switching on, the steel wool burns off quickly and triggers an arc across the gap. 

Fig.3 shows frequency spectra measured by Dini et al using the UL arc generator, for frequencies up to 20kHz. The signal amplitudes 
decrease by almost exactly one decade for each decade in frequency, confirming that the arcing has the characteristic of "pink" noise, for 
which the amplitude falls as (1/f). 

 

                                   Fig.1 Typical PV system 

Fig.2 Arc voltage and current 
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The UL documents specify the required performance for an Arc Fault Circuit 
Interrupter, and the National Electrical Code contains a requirement that PV systems 
with a DC voltage of 80V or higher, on or penetrating a building, must have a listed 
Arc-Fault Circuit Interrupter (or components to give equivalent arc-fault protection). 
However it is not clear whether any product is yet available which fully meets these 
standards.  

Most of the published work on the detection of low-current DC arcs is based on 
the higher level of broadband noise which is found in the circuit current when an arc 
is present. The system used most commonly is to convert the current signal to digital 
form using an A/D converter, then to use an FFT algorithm to give the frequency 
response, which is then filtered and processed digitally in some way. Some systems 
use analog filtering before digital processing. Usually a bandpass filter is used to 
select the range of frequencies to be processed. Fig.3 shows that for frequencies 
higher than 10kHz there is a very wide spread in amplitude, which makes it difficult 
to distinguish between the arcing state and the normal state. Furthermore the signal 
amplitudes are very low, which adds to the difficulty. Johnson [4] gave a summary of the key issues and highlighted two key challenges 
for the detection of DC arcing in PV systems.  

(a) Missed or delayed detection due to filtering in PV components (e.g., modules, connectors, bypass diodes)  

(b) Nuisance tripping due to noise from electromagnetic coupling (crosstalk), inverter switching, and radio frequency (RF) effects 

An early system was described by Boksiner and Silverman [5] in 1994, who were concerned with detecting DC arcing in 
telecommunication systems. They proposed to measure the noise in the frequency band between 4Hz and 5kHz. If this was higher than a 
certain threshold (set above the background noise level), then an arc was assumed to be the cause. 

Boico and Obenhauser [6] used a frequency band of 40kHz to 100kHz in order 
to be free of interference from the inverter. This (long-wave) frequency band is 
used by certain services (such as maritime navigation) and a physically large PV 
array is a very effective antenna to pick up these unwanted signals. It was also 
noted that harmonics of the inverter switching frequency are still found in the 40-
100kHz range. 

The patent by Hastings et al [7] gives the examples of current spectra shown 
in Fig.4. The upper spectrum was obtained with arcing present, and the lower 
spectrum without an arc. The gap between the two decreases as the frequency 
increases, and they begin to overlap at the right hand side of the plot. The concept 
used to detect arcing without nuisance tripping is as follows. Three frequencies, 
such as 1kHz, 4kHz and 10kHz are selected, and the amplitudes of the current in 
a narrow band around each of these frequencies is calculated. If all three 
amplitudes exceed a threshold for a certain time (typically 30ms), an arc is 
assumed, and a trip signal generated. The patent also mentions the possibility of 
selecting the three frequencies for a specific inverter so that they coincide with valleys in the inverter input current spectrum. Solar inverter 
switching frequencies range from 8kHz (large inverter) to 20kHz (small inverter), and these frequencies and their odd harmonics will be 
present in the input current. 

III.  DC ARC FAULT DETECTION METHODS (CHAOS BASED) 
Mathematical chaos can be produced in a physical system which is non-linear or turbulent. The electric arc meets these criteria. The 

arc roots at the cathode and anode move around, and electrode material is injected into the arc column in various forms. The arc column 
moves due to thermal convection, and in a real PV system an arc will probably move more than it does in the confined space of the UL 
arc generator. All these effects give rise to fluctuations in the arc voltage, which are then reflected in the circuit current. These fluctuations 
are not "noise", they are the real behaviour of the system.  

Systems which behave chaotically can display fractals, geometric shapes that are self-similar, with portions which are endless 
repetitions. Parker [8] dealing with the problem of DC arc detection in aircraft systems pointed out that variations in current during arcing 
are not random, like Gaussian noise, they are chaotic.  He stated that the frequency spectrum of the current of a DC arc exhibits fractal 
properties, logarithmically distributed across the spectrum, indicating the presence of chaos. He also states that the fractal subsets in the 
spectrum of a DC arc occupy less than one decade in frequency, so that sampling over this reduced frequency range is representative of 
the whole. Although Parker did not publish actual spectra to support this, self-similar fractal shapes can be clearly seen in the spectrum 
Fig.4, and the pattern repeats in less than one decade of frequency. Close examination of Fig.3 reveals similar behaviour. For the practical 

Fig.3 Spectra published by Dini et al 

Fig.4 Current spectra, with and without arcing 





http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5341888
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5341888
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TABLE II 
MOST PRODUCTIVE INSTITUTIONS SORTED BY APS 

Rank Institution APS 
1 University of Illinois, Urbana-Champaign 2 
1 Mississippi State University 2 
2 Pennsylvania State University 1,4 
3 University of California, Berkeley 1,1 
4 University of Alabama, Tuscaloosa 1 
4 KU Leuven 1 
4 Toshiba Research Europe Ltd., Bristol 1 
4 University of Mines and Technology, Tarkwa 1 
4 UNESP/FEIS, São Paulo 1 
4 Walchand College of Engineering, Sangli 1 
4 Princeton University, NJ 1 
4 University of British Columbia, Vancouver 1 
4 University of Toledo 1 
4 Bangladesh University of Engineering and 

Technology 
1 

 

Table II presents the ten most productive institutions in a list of 48 institutions that have been involved in the energy theft problem 
research based on APS. The three most productive institutions are from USA, whereas the flagships in productivity are the university of 
Illinois and the Mississippi State University. Table III presents the ten most productive countries/regions with ENT publications based 
on the location of the institutions and considering the APS index. The three most productive countries in descending order is the USA, 
followed by China and India. 

TABLE III 
MOST PRODUCTIVE COUNTRIES SORTED BY APS 

Rank Institution APS 
1 USA 12,4 
2 PRC 2,07 
3 INDIA 2 
4 CANADA 1,67 
5 ROC 1 
5 BELGIUM 1 
5 LUXEMBOURG 1 
5 UK 1 
5 NETHERLAND 1 
5 GHANA 1 
5 BRAZIL 1 
5 SPAIN 1 
5 BANGLADESH 1 

 

D. Impact Analysis 
The 30 papers related with the ENT problem and have more than ten citations been cited 2347 times, which means that on average 

each of these papers is cited 78.23 times. Table IV presents the ten most frequently cited papers. The most frequently cited authors in 
a list of 108 cited authors and the most often cited institutions in a list of 80 cited institutions are reported in Tables V and VI, 
respectively. The most cited authors are C. Efthymiou and G. Kalogridis, whereas the most cited institutions are Toshiba Research 
Europe Ltd., Pennsylvania State University, and University of Illinois. 

 
TABLE V 

MOST CITED AUTHORS (TOP TEN) 

Rank Name Cites ACS 
1 C. Efthymiou 580 290.00 
1 G. Kalogridis 580 290.00 
3 S. McLaughlin 262 87.33 
3 D. Podkuiko 262 87.33 
3 P. McDaniel 262 87.33 
6 R. Berthier 231 77.00 
6 W. H. Sanders 231 77.00 
6 H. Khurana 231 77.00 
9 P. Jokar, 124 41.33 
9 N. Arianpoo, 124 41.33 
9 V. C. M. Leung 124 41.33 
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TABLE IV 
MOST CITED PAPERS 

Rank Title Authors Year Ctry / Reg Cites 
1 Smart Grid Privacy via Anonymization of Smart Metering Data C. Efthymiou, G. Kalogridis 2010 UK 580 

2 ENT in the Advanced Metering Infrastructure S. McLaughlin, D. Podkuiko, 
P. McDaniel 

2009 USA 262 

3 Intrusion Detection for Advanced Metering Infrastructures: Requirements 
and Architectural Directions 

R. Berthier, W. H. Sanders, 
H. Khurana 

2010 USA 231 

4 
Energy-theft detection issues for advanced metering infrastructure in smart 
grid R. Jiang, R. Lu, Y. Wang,  

J. Luo, C. Shen, X. Shen 

2014 PRC, 
SINGAPORE, 

CANADA 

145 

5 Electricity Theft Detection in AMI Using Customers’ Consumption 
Patterns 

P. Jokar, N. Arianpoo, 
V. C. M. Leung 

2016 CANADA 124 

6 
Non-Technical Loss analysis for detection of electricity theft using support 
vector machines 

J. Nagi, A. M. Mohammad, 
K. S. Yap, S. K. Tiong, 
S. K. Ahmed 

2008 MALAYSIA, 
BAHRAIN, 

SWITZERLAND 

107 

7 
A Multi-Sensor ENT Detection Framework for Advanced Metering 
Infrastructures 

S. McLaughlin, B. Holbert, 
A. Fawaz, R. Berthier, 
S. Zonouz 

2013 USA 83 

8 Evaluating Electricity Theft Detectors in Smart Grid Networks D. Mashima, A. A. Cárdenas 2012 USA 79 

8 Support vector machine based data classification for detection of 
electricity theft 

S. S. S. R. Depuru, L. Wang, 
V. Devabhaktuni 

2011 SPAIN 79 

10 
Decision Tree and SVM-Based Data Analytics for Theft Detection in 
Smart Grid 

A. Jindal, A. Dua, 
K. Kaur, M. Singh, 
N. Kumar, S. Mishra 

2016 INDIA 67 

 
TABLE VI 

MOST CITED INSTITUTIONS (TOP TEN) 

Rank Title Ctry/Reg Cites ACS 

1 Toshiba Research Europe Ltd., 
Bristol UK 580 580.00 

2 Pennsylvania State University USA 262 262.00 
3 University of Illinois USA 231 231.00 
4 University of British Columbia CANADA 124 124.00 
5 Mississippi State University USA 85 85.00 
6 University of Toledo SPAIN 79 79.00 

7 Eindhoven University of 
Technology NETHERLANDS 53 53.00 

8 Bangladesh University BANGLADESH  41 41.00 
9 Georgia Institute of Technology USA 79 39.50 
9 Fujitsu Laboratories of America USA 79 39.50 

 
 

IV. CONCLUSIONS 
This paper proposes a survey on the ENT problem research based on the publications in journals and conferences. The main results 

show that mainly USA researchers and institutions are the dominant on the ENT bibliography. The most cited authors are C. Efthymiou 
and G. Kalogridis, whereas the most productive are A. A. Cardenas, S. A. Salinas, and P. Li. The most productive institutions are the 
University of Illinois, the Mississippi State University and the Pennsylvania State University, whereas the most productive countries are 
USA, China, and India, respectively. 
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Figure 1. Left side: Principle scheme of the DC test circuit (Circuit with battery source); right side: Typical oscillograph of an arc fault test with fuse link (bolted 

short-circuit current - brown, fault arc current - red, fault arc voltage - green, fuse voltage - blue, system voltage - black) 

IV.  FUSE BEHAVIOR 
As already described in chapter III, different types of fuse links (gG, gR, gPV) were used in the laboratory tests in the DC circuit with 
metallic short-circuit and also with fault arc. In general, the whole operating time of a fuse link is divided into melting time and arcing 
time (switching arc inside the fuse). For each test the fuse behavior/performance was recorded. Figure 2 shows the melting time 
measured in relation to the ratio of short-circuit current and current rating (Ik/InSi) for the three different fuse types in case of tests with 
fault arc as well as a comparison to the melting times of gG fuses in case of metallic short-circuit. In general, it is found that with a 
decreasing ratio of metallic short-circuit current to fuse current rating, the melting times are increasing and the fuse arcing times are 
decreasing. 

  
Figure 2. Left side: measurement results of the melting time for different fuse types (gG, gR, gPV) in case of tests with fault arc; right side: measurement results of 

the melting time for gG fuses in case of tests with fault arc or metallic short-circuit 

Melting times are longer in case of arc faults compared to metallic short circuit because of the current attenuation due to the arc 
resistance. Figure 2 shows that the NH gG fuse links (red line) have the highest melting times when comparing the three types. 
Especially for values of the ratio between bolted fault current and current rating of the fuse less than 30 gG fuse links cause high 
melting times and therefore high operating times too, which means a higher arc duration and arc energy as well as an increased arc 
flash hazard. A similar behavior is shown by gR (blue line) and gPV (green line) fuses. When using gPV fuses, higher melting times 
result for small current ratios in the range of 10-15. 

Furthermore, the arcing time (switching arc inside the fuse) is much higher and shows a greater dispersion when using gG fuse links 
compared to both other types in a DC circuit. Nevertheless, the measurement results indicate in most cases that the arcing time has a 
very small part of the whole operating time of the fuses (see figure 1). In this phase the arc current is lowered to zero and the electric 
arc energy (fault arc) is almost negligible. 
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Abstract — This paper establishes a discussion, based on experimental results combined with Finite Element Analysis, about the impact 
of new MV Switchgear trends (higher temperature-rise limits and SF6 substitution) both on MV fuses and typical switch-fuse 
combinations. Additionally, a preliminary analysis is also presented about the eventual implementation of the new temperature rise 
limits by SC32A, on future editions of MV fuse standard.  
 Keywords—Fuses, temperature-rise, switchgear, SF6 free, standardization  

I. INTRODUCTION 

Medium Voltage Current Limiting Fuses (fuses) are extensively used in combination with different types of Medium Voltage 
Switchgear (switches), in order enhance the breaking short-circuit capability of the switchgear.  
At the IEC level, switches and fuses are covered by two different Technical Committees. MV switches are covered by TC 17 and 
particularly by SC17A and SC17C, while fuses are covered by TC 32 and particularly by SC 32A. TC 17A has published in 2017 
the common rules for switchgear and controlgear (IEC 62271-1 Ed.2.0 [1]) allowing higher temperature rise limits for contacts, 
while these new limits are not considered by SC32A. 
Additionally, and due to environmental reasons, GIS is being impacted by the progressive substitution of the SF6 as insulation 
and/or switching media, by alternative gases, having worse thermal characteristics in comparison with SF6. 

II. SWITCH-FUSE COMBINATIONS 

A. Main principle 
There are several switch-fuse combinations concepts all around 

the world, but basically in all these concepts fuses and switches, or 
contactors, are coupled each one supplying a back-up protection 
for the other. The following table illustrate the duties expected to 
be delivered by each device, in a switch-fuse combination 
according IEC 62271-105 [2]. 

Roughly speaking, if the fault current is high enough to cause 
the operation of the fuse(s) at times well below of the “fuse-
initiated opening time” then the fault is cleared by the fuse(s) and 
the switch open the three-phases with no load and independently of 
the type of fault (single-phase, bi-phase or three-phase). At this 
level of current the fuses must deal with the breaking duties. 

In contrast if the fault current is low enough to cause the 
operation of the fuse at times lower than the operation of the switch, tripped by the striker of the first fuse to operate, the breaking 
process is completed by the switch.  

B. Main architectures  
With the same operating principle detailed in clause II.A, we can find in the marketplace different concepts of switch-fuse 

combinations, each one affecting the fuse in a different way. All the architectures are ordered beginning from the older to the more 
recent ones 

1) Air insulated switch-fuse combination (non enclosed) 
 

The older architecture shown if Figure 1 is the one where the fuses are submitted to a thermal 
condition similar than the ones stated in IEC 60282-1 [3], regarding the temperature rise arrangement. 
However, there are, even in this case, some differences that could challenge the fuse (three-phase 
arrangement, eventual heat sources coming from the switch) and that’s why even in this case the rated 
continuous current of the switch-fuse combination need to be tested according IEC 62271-105 [2]. 

These switch-fuse combination architectures were normally installed on walls, in indoor 
substations, or pole mounted in overhead distributions.  

In both cases heat sources coming from other switchgear are not common at all. 

 

 
Figure 1.  Air insulated  
switch-fuse combination  
(non-enclosed type) 

 

TABLE I.    DUTIES IN A SWITCH-FUSE COMBINATION 

Performance 

Switch-fuse 
combinations 

IEC 62271-105 

Fuse 
IEC 

60282-1 

Switch 
IEC 

62271-
103 

High Short-circuit faults and TRV’s �  ��

Low current faults � � � �

Three-phase breaking � � � �

Cost-effective protection � � � �
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2) Air insulated switch-fuse combination (metal-enclosed) 
a) Switch in ambient air 

The architecture shown in Figure 2 is equivalent to the Figure 1 but installed inside a metal 
sheet, totally enclosed, and with certain IP protection level (usually IP3X or higher), with no 
forced ventilation means. The installation inside a metal enclosure, provide in principle a higher 
level of safety for the people. 

 In this installation condition, the thermal restrictions imposed by the metal-enclosed 
switchgear on the switch-fuse combination impact the fuse thermal behavior and then a new rated 
continuous current of the switch-fuse combination, different from the one tested in clause 1) is 
mandatory. Heat sources coming from functional units coupled with the switch-fuse combination 
bay are quite usual. All the functional units are electrically linked through a busbar (not shown in 
the picture) 

 

b) Switch in a gas different from the ambient  
 The architecture shown in Figure 3 is an evolution of the one shown 
in Figure 2 with the switch encapsulated in a closed tank, with a gas 
different from ambient air. The fuse can be installed rounded by the 
ambient air or in a closed canister as it is shown in Figure 4. In both 
cases, fuses are outside of the main switching tank. In these two 
arrangements the fuse thermal behavior is mainly influenced by the 
fuse itself and its environment, but the influence of the switch 
behavior is considered irrelevant. SF6 is used deeply in these type of 
architectures as an insulating and switching media for the switch. 
Similarly, to arrangement 2 a) different functional units can be 
coupled together, joining for an upper busbar or lower busbar, all of 

them contributing to the thermal behavior of the complete switchboard. In these cases, heat sources coming from other functional 
units could also contribute highly to the fuse thermal performance. 

3) Gas insulated switch-fuse combination  
The architectures shown in Figure 5 and 6 are two different 

examples showing the most modern switch-fuse combination 
arrangements, where both the switch and the fuse-canister are enclosed 
inside the tank. The same single tank contains several functional units, 
usually different switches for incoming and outgoing. 

Thermal behavior of the fuses is affected not only by the fuse- 
canister itself, but also by the position of the fuse-canister in the tank. 
The power dissipation of other functional units enclosed in the same 
tank, are contributing to increase the temperature of the gas inside the 
tank. 

III.  THERMAL &  RATING IMPACT OF FUSES INSTALLED IN SWITCH-FUSE COMBINATIONS 

 
As it has been shown in clause II, it can be found a quite different designs of switch-fuse combinations affecting differently the 

thermal behavior of the fuse and the rated current of the fuse inside the switch-fuse combination. So, as a first approach to 
understand how the switchgear evolutions are impacting fuses, a a comprehensive test plan together with 3D simulation has been 
developed. The different installation modes have been covered. 

 

A. Fuses in ambient air 
 A three-dimensional Finite Element model (3D FEM) 

has been built for three different fuse sizes.  Maxwell 16.0 
has been used for an AC electromagnetic modelling and 
Icepack 19 for Thermal modeling. For calibration of the 
model, temperature-rise tests have been also launched on 
fuses equipped with several thermocouples both inside 
and outside the fuses. The key physical parameters 
identified in [4] where studied and determined 
empirically, through several iteration with the 3D FEM 
packages (e.g. determination of sand thermal conductivity 
and fuse tube surface emissivity), data that are sometimes 
difficult to be found on technical data sheets. 

 
Figure 2.  Air insulated 
switch-fuse combination 
(metal-enclosed type) with the 
switch in ambient air 

 
Figure 6.  Gas Insulated 
switch-fuse combinations 
(horizontal – bottom) 

 
Figure 5.  Gas Insulated 
switch-fuse combinations 
(horizontal – lateral) 

dfdfddfdfd 

 
Figure 7.  Critical points 
monitored 

 
Figure 8.  FEM analysis on 76 – 442 fuse size 

 
Figure 4.  Hybrid switch-fuse 
combination (smal volume) 

 
Figure 3.  Hybrid switch-
fuse combination (big 
volume) 
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Figure 7 shows the critical points considered and Figure 8 show an example of an image of a FEM analysis for a 76 – 442 fuse size. 
A global accuracy of + 10 % (3D model vs. test) has been achieved for the temperature (ºC) and power losses (W) for the different 
fuse size studied.  

B. Fuses enclosed in high volumes – immersed in ambient air 
Figure 9 and Figure 10 shows the impact in the temperature of the critical points and power losses when a fuse is installed in a 

large enclosure as the one in figure 3. The reduction in term of rated current due to the ventilation restrictions imposed by the 
large enclosure (less than 10%). The impact of other functional units has not been considered. FEM analysis has not been carried 
out in this configuration. 

 

C. Fuses enclosed in small volumes - immersed in ambient air 
 

A canister typically used in GIS switchgear has been analyzed. An empirical comparison has been made between the thermal 
situation of the fuses in ambient air and fuses installed inside the fuse canister as shown in figure 11. Comparison has been made on 
86 – 537 fuse size to get the same temperature rise at the upper contact. The reduction in term of fuse rated current was around 
35% regarding the fuse rated current in air. This could be the situation of fuses installed as per figure 4 without considering any 
other heat sources. 

 

 

 

 

 

 

 

 

 

D. Fuses enclosed in a small volume - immersed in a gas different from ambient air 
 In this clause, architectures according figure 5 and figure 6 have been analyzed. In these architectures the canister is placed 

inside the stainless-steel tank. Then, not only the thermal characteristics/dimensions of the canister material are important but also 
the installation inside the tank, the gas around the canister and the thermal properties of the stainless-steel surface. For simplicity 
and environmental reasons, the results shown below correspond to tests performed on a sealed tank filled with air at relative 
pressure Prel = 0 bar. There is no exchange between the air inside the tank and the ambient air.  

 

 

Figure 9.  Comparison of temperature rise and power for a size 50 - 442 

 
Figure 11.  Fuse canister equipped with a 86 – 537 fuse size 
inside  

Figure 12.  Influence of a canister inside a tank for a 86 – 537 fuse size 

 
Figure 13.  Influence of a canister inside a tank for a 86 – 537 fuse size 

 
Figure 14.  Influence of a canister inside a tank for a 86 – 442 fuse size 

 
Figure 10.  Comparison of temperature rise and power for a size 86 - 442 
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The reduction, in term of fuse rated current, 
was around 50% regarding the rated current of the 
same fuse in air. As it was shown in clause III.C, the 
derating imposed by a canister was around 35%. So, 
it means that an additional 10-15% of derating is 
imposed by the tank and the functional units inside. 

3D simulation has been carried out in parallel to 
the test and a again a global accuracy of + 10% has 
been achieved not only for the fuse critical points 
but also for the entire tank (switch contacts, gas 
temperature, …). This calibrated model will allow to 
investigate the temperature evolution for the new 
limits stated in IEC 62271-1:2017 and gases 
different from the air at ambient pressure as it will 
be shown in clause IV.B & C 

IV. STANDARD TRENDS IMPACT 

A. New temperature-rise limits scenario in IEC 60282-1 (from 65 K to 75 K at the upper contact) 
 

1) Impact for fuses in ambien air 
 

Figure 17 shows an example (FEM analysis for 76-442 size) with the evolution of the different critical points related to the 
change of the upper contact temperature. From the figure it has been noted that fuse elements would experience a temperature 
increase of less than 60ºC (5 times the upper contact increase) at the hottest point. This temperature increase would be not more 
than 30ºC (2,5 times) outside of the fuse tube and around the striker zone. Figure 18 show the current increase for different fuse 
sizes. This hypothetical increase would not be enough to increase the fuse rating on step forward into the R10 series. 

 

 

2) Impact for fuses enclosed in small volumes immersed in a gas different from ambient air 
The change in the temperature-rise limits would upgrade the current rating of the switch-fuse combinations of around 9-14 % 

for higher ratings. This will not be enough to protect a higher power distribution transformer (within the R10 series). Temperature  
 

 
increase for the critical points are quite homogeneous in all of them. However, the canister will suffer also an increase of around 
5 - 10 K at the hottest point of the canister. This increase could be potentially dangerous, depending on the allowable limits of 
the material used for the canister, together with an ambient temperature of 40 ºC or higher and the existing design safety margins. 
 

 

 
Figure 17.  Rate of rise of temperature-rise as a function of upper contact temperature-rise 

 
Figure 18.  Rated current increase when passing from 
65K to 75 K in the upper contact  

 
Figure 19.  Impact in temperature rise for the critical points for 76 – 442 fuse 
size 

 
Figure 20.  Impact in temperature rise for the critical points for 86 – 442 
fuse size 

 
Figure 15.  Temperature map inside the 
GIS tank  

 
Figure 16.  Velocity map of the gas 
flow inside the tank 
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B. New temperature-rise limits in IEC 62271-1 (from 65K to 75K) 
Among all the architectures detailed in clause II.B, the designs according figure 5 and 6, have been identified as the most 

onerous case for the fuse. The reason is mainly that, for the same switch design, the increase of the temperature rise limits will 
increase morel likely the average 
temperature of the gas inside the tank, and 
hence would eventually affect the 
temperature-rise of the fuses. Figure 19 
shows that: 

- Differences around 6-7 K and 2–4 K 
in the upper /lower ambient have been 
recorded, respectively. 

-  Differences of no more than 3 K have 
been recorded as a temperature increase on 
the fuse contacts. 

- Difference of around 3K at the fuse 
canister level 

Special attention needs to be paid on switchgear contacts embedded in insulating materials where the difference will be roughly 
the same that for the contact itself (+10K)  

C. SF6 substitution 
 

The gas physical parameters as volumetric expansion, viscosity, but also and mainly molecular weight, density, specific heat 
and thermal conductivity are influencing the overall thermal behavior. Based on the 3D models calibrated and detailed in clause 
III.D, the following alternative natural gases have been considered inside the sealed tank in order to check the impact on critical 
points. In practice, for steady-state temperature on sealed tanks, the thermal conductivity is the most influencing parameter, and the 
results with air could mostly cover any other gas (O2, N2, CO2).  Figure 22 shows the physical properties of the different gases 
considered, normalized to the SF6 ones and figure 23 shows the comparison between SF6 and air obtained from the 3D model for 
different points inside the switchgear. 

 

V. CONCLUSION 

·  The eventual change of the temperature limits currently considered in IEC 60282-1:2009+AMD1:2014 CSV will have no 
clear benefits for the fuses themselves. However, if fuses are equipped with organic materials and/or for fuses installed in 
canisters, the change could contribute to reduce the current safety limits and specific investigation on these materials could 
be needed. 

·  Depending on the safety margins considered for the different existing designs of fuses installed inside switchgears, the 
change of the temperature limits included in IEC 62271-1:2017 and/or the SF6 substitution could affect directly to the rated 
current of the fuse installed in the switchgear. So, additional tests will be needed, specifically for the higher fuse ratings. 

·  All the trends analyzed, contribute to the increase the stress on the different product (switchgear, fuses) and/or materials 
(insulations), so specific design changes to mitigate them are strongly recommended. 
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Figure 21.  Impact in temperature rise for the critical points for different fuse size because of the 
change in the switch limits 

 

 
Figure 22.  Physical properties mainly influencing thermal behaviour 

 
Figure 23.  Gas impact on temperature rise 
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Abstract—The article will present a low voltage fuse with an additional activation option which enables a rapid cut-off when the appropriate 
signal is given. The fuse has a classical passive time/current characteristic and a high switching capacity. The additional activation option 
makes it possible to change the characteristic, not only with nominal current or slight overcurrent, but even with medium short-circuit 
currents. FEM calculations demonstrate the functional principle and the passive and active characteristics of functional models will also be 
presented. The switching behaviour with different overcurrents in case of passive or active triggering will be discussed on the basis of the 
measuring results. The behaviour of such a fuse with high impulse currents will also be touched upon. 

Keywords--actor fuse, functional principle, low voltage fuse, smart fuse 

I. INTRODUCTION 

The electrical fuse is the oldest existing overcurrent protective device. For more than a hundred years, the supposedly simple 
functional principle has been further developed for and adapted to the most diverse networks, consumers and protective objectives. The 
massive modification of the power supply networks which is currently underway also sets new requirements for fuses. As numerous 
power generators feed electricity into the grid at different points, the flow of power in the distribution network is no longer 
unidirectional, but frequently bidirectional. What is more, the source characteristics of numerous electricity generators and the new 
regulating mechanisms for controlling the power flow reduce the short-circuit currents in the grid. Both effects influence, among other 
things, the tripping conditions for overcurrent protective devices in the power grid. If one is to further uphold the protective 
requirements, not only the optimum configuration and selection of fuses is of interest, but also additional functions, for example active 
control.  

Fuses have the advantage over switches of being smaller whilst possessing a very high short-circuit breaking capacity, and of strong 
current limitation as well as a correspondingly low total clearing integral. They are also inexpensive and do not blow out ionised gases. 
In case of undefined, changing and small overcurrents or short-circuit currents produced in the grid by the changes described, there is a 
danger that the tripping time will be either too long or undefined. The benefit of some complex switches is that the overcurrent 
characteristics are easily adjusted and can be remotely controlled. This controllability via additional monitoring devices makes 
relatively quick clearing possible, even in case of faults which do not immediately result in high short-circuit current and in networks 
with little difference between the operating and short-circuit current. However, in networks with active power control, the passive 
protective characteristic of overcurrent protective devices often only plays a role when this control function fails. This means that in 
such cases, similar to with high short-circuit currents, the single switching function in combination with external controllability is 
adequate. 

For a long time now, measures have been available for fuses to accelerate the disconnection of small currents. These include 
exothermic masses which passively or actively heat the solders of fuse-elements or directly heat partial areas. Such procedures can 
significantly reduce the natural pre-arcing time but, unlike with switches, they cannot achieve disconnection within just a few 10 ms. 
Speeding up the disconnection of fuses by way of a short-circuit is also a well-known method of achieving rapid disconnection after the 
short-circuit [1]. However, this requires conventional networks with a high short-circuit rating. Bessei [2] provides a summary of 
different approaches. 

The objectives of our own concept on a special fuse for low-voltage were: 

�x adequate time/current characteristic of a low-voltage fuse without additional activation 

�x high passive short-circuit switching capacity in line with that of a low-voltage fuse  

�x integration of remote activation with a disconnection time < 30 ms  

�x high impulse current carrying capacity, especially lightning impulse currents 

�x nominal current up to approx. 250 A and nominal voltage 230 V AC 
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FEM simulations were a helpful aid in realising the above-mentioned concept. These determined the geometries and materials later 
used in experiments. The time/current characteristic was also simulated in advance. 

In order to realise the required adequate time/current characteristic of the “passive” low-voltage fuse in combination with a high 
impulse current withstand capability, transient electric-thermal coupled simulations were conducted using the finite element method 
ANSYS [3], [4]. Configuration and components of the solution approach examined. 

The model solution was set up on the basis of the individual parts of a capsule fuse size 22x58. Although this fuse size is marginal 
in terms of the values strived for regarding the nominal current, the switching capacity and the nominal voltage, this basis allows a 
realistic assessment of the physical limits and the construction volume actually required for later realisation.  

The arc extinguishing medium selected was compressed silica sand whose grain size was normal for fuses of this size but which 
had a reduced fine-grain content. To achieve the desired high impulse current carrying capacity, two parallel copper fuse-elements 
with modulation were routed, as far as possible, in a straight line through the housing. The nominal current of the double fuse-element 
is in the range of 250 A. The fuse can carry lightning impulse currents with an amplitude of 25 kA (waveform 10/350 µs with 
I²t = 156 kA²s). In this way, a configuration was chosen which lies at the upper limit for both the nominal current and impulse current 
and therefore meets the highest demands in terms of the breaking capacity. This ensures applicability for lower values in a 
construction of the same size or the same values in a larger construction. 

The housing of the sample fuses was split into two cavities. In the first cavity, the fuse-elements are surrounded by silica sand. All 
the restricted sections of the fuse-elements can also be found in this cavity. There is no silica sand in the second cavity and the cross-
section of the fuse-elements there is undiminished. The two cavities are divided by a plate through which the fuse elements are loosely 
routed. In the cavity with no silica sand, the fuse-elements are fixed to a moving piston. The piston can be moved by several 
millimetres in axial direction within the housing by an internal electric match. When the piston moves, both fuse-elements break and 
separation points are formed in the fuse-elements which equals the stroke length of the piston. The areas of the fuse-elements moved 
by the piston are deformed in the cartridge. 

 

 

Figure 1.  Principle design of the fuse-link; a) initial state; b) after breaking 
of the fuse-elements. 

 

Figure 2.  Calculated change in length up to elongation fracture a) without 
additional restricted section; b) with modified fuse-link and additional 

restricted section

Fig. 1a shows such a basic configuration in the conductive, or rather, initial state. Fig 1b shows the state after movement and 
breaking of the fuse-elements. Several measures are necessary to achieve a defined separation point and a defined isolating distance in 
minimal space. The isolating distance between the split fuse-element sections should be at least the stroke length and should meet the 
switching requirements and, where applicable, the required dielectric strength. As the tensile force impacts on the fuse-element as a 
whole and on all the restricted sections in the row, also taking the temperature rise of the fuse-elements with nominal and overcurrents 
into account, a considerable elongation of several millimetres occurs before the fuse-element is expected to break. 

Fig. 2a shows the elongation calculated for one of the two fuse-elements with restricted sections without a temperature rise before 
breaking. Besides taking up a lot of space, this requisite elongation also leads to requirements relating to the force necessary and the 
time it takes to provide it. What is more, the break can occur at almost any of the restricted sections of the fuse-element. To combat 
these disadvantages, a further restricted section is introduced in the fuse-elements in the cavity filled with silica sand. This additional 
restricted section has a much lower residual cross-section than the other restricted sections. It is, however, very short. This design 

 

a)  

 
 

b)  
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means that the elongation required to break the fuse-element under force is very small and is almost entirely limited to the additional 
restricted section. The stroke of the piston is, therefore, almost identical with the minimum isolating distance. 

Fig. 2b demonstrates the elongation on an appropriately modified fuse-element. Due to the short execution of the additional 
restricted section, the rise in temperature in this restricted section in case of nominal current, short-circuit current and even impulse 
current of waveform 10/350 µs is lower than that in the other restricted sections. The additional restricted section, therefore, has little 
influence on the time/current characteristic of the fuse. The additional restricted section also barely changes the switching behaviour. 

Fig. 3 shows the rise in temperature in the additional restricted section (Fig. 3 point B) when loaded with impulse current in 
comparison to one of the other restricted sections (Fig. 3 point A). This characteristic allows the additional restricted section to be 
positioned at almost any location in the fuse-elements. However, the additional restricted section should be far enough away from the 
plate separating the cavities with and without silica sand to ensure that, when activated, the safe interruption of overload currents is 
possible in a single break. The model configuration was subjected to impulse current loads following the sequence laid down in the 
normative requirements for type 1 surge protective devices (SPD) [5]. The behaviour of such a model configuration with an impulse 
current load of 25 kA 10/350 µs was also tested. No signs of ageing were observed either during or after the loads. Fig. 3b shows how 
the restricted sections of a fuse-element look after the impulse sequence. The restricted sections have not been deformed by the force 
of the current in areas with high current density, they have not partly melted or been heated to such an extent that sand grains adhere 
to them. This uncritical behaviour corresponds with the results of the FEM calculation. 

 

 

Figure 3.  a) Calculated temperature distribution (°C) at the fuse-element after 2 ms at 25 kA 10/350 µs pulse; b) Calculated temperature/time curve for points A and B 
and restricted sections after current impulse 

II. MODE OF OPERATION 

A. Passive Operation 
The time/current characteristic of the model configuration was simulated with FEM calculations of transient impulse current loads 

of up to 1h current and compared with a conventional fuse with no division of the switch chamber. Fig. 4 shows the temperature rise of 
the fuse-element with the additional restricted section in case of an overload current with a pre-arcing time of approx. 30 ms. 

 

 

Figure 4.  Calculated temperature rise (°C) after 30 ms at prospective alternating current IP = 3 kA. 

The time/current characteristics calculated were compared with real loads in the current range from approx. 600 A to 50 kA. 
However, in order to assess the capacity, the loads were applied at a phase to phase grid voltage, i.e. at 440 V. The characteristics are 
shown in Fig. 5. The concordance was adequately good. 

a)       b)   
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Figure 5.  Comparison of the measured with the calculated passive time/current characteristic. 

In Fig. 6a we see the current and voltage curve under a load of 3 kA and in Fig. 6b at 50 kA.  

 

 

Figure 6.  Measured voltage/current curve at a) IP = 3 kA (UC = 440 V; cos�M��= 0.87); b) IP = 50 kA (UC = 440 V; cos�M = 0.87). 

B. Active Operation 
In addition to the passive operation, the operation in case of active triggering of the electric match was tested without a load and 

with overload currents. Here, the triggering time and the time until both fuse-elements break are relevant. If the passive melting time is 
less than the delay resulting from detection, triggering and actuation, the fuse switches in a purely passive manner. In this way, the 
minimum time delay determines the maximum current load to be mastered by active triggering. As it is neither necessary nor sensible to 
aid or accelerate the disconnection in case of overcurrents or short-circuit currents which trigger one or more of the restricted sections, 
there is no need for the delay time to be under 20-30 ms. At the same time, this enables safe fault detection and evaluation with a low 
error ratio and is fast enough for many applications. As a basic principle, short-circuit currents over 3 kA are only switched passively in 
the given model configuration. The configuration had already been modified to allow accelerated operation for the test shown in 
Fig. 7a. The test current in Fig. 7b and the switching capacity achieved with it in the model fuse therefore exceed the maximum 
capacity required. The already high switching capacity as a result of the high pull rate, as well as the separation distance when 
activating the electric match and the combination with the passive protective characteristics of the fuse, enable the safe and consistent 
operation of the model fuse in both active and passive modes of operation. 

 

 

Figure 7.  Measured voltage/current curve at a) IP = 0.6 kA (UC = 440 V, cos�M = 0,87); b) IP = 3 kA (UC = 440 V, cos�M = 0,87). 

a)      b) 

a)     b)
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In Fig. 8 one can see the realistic active curve of the model fuse alongside the passive time/current characteristic. This diagram 
clearly shows that safe disconnection is possible within a total current range < 30 ms using the configuration examined. In case of a 
longer tripping delay or lack of activation, the configuration has the time/current behaviour of a fuse with corresponding characteristic. 

 

 

Figure 8.  Time/Current characteristic of  the low voltage fuse with additional activation function. 

III.  CONDITION AFTER LOADING 

After the switching loads which were mastered by active and passive functions, the impulse voltage withstand was tested by 
determining the sparkover voltage for the model configuration. This revealed that in case of active tripping the sparkover voltage was 
always > 6 kV, regardless of the current load. This also coincides with the values for the passive functional mode in case of short-circuit 
currents. However, without an active function, passive switching of currents with melting times in the seconds range (interruption of 
only one restricted section per fuse-element) only results in voltage withstand values of, in part, less than 2 kV. 

IV. SUMMARY 

The fuse model presented is a space-saving and reasonably priced compromise for networks, systems and equipment which only 
require a one-off switching function. It has been demonstrated that higher switching capacities and lower clearing integrals, similar to 
fuses of comparable size, can be achieved via the additional “activation” function. The disconnection time when controlled externally is 
comparable with that of remotely operated switching devices. In case of failure of the activation function, the fuse still, at least, fulfils 
the standard protective function of a normal passive fuse against overcurrent and short-circuits. In addition, the model fuse can conduct 
high transient impulse current. Safe, active disconnection is independent of the current load, i.e. from zero current up to the short-circuit 
current range, whereupon a higher and more defined withstand voltage is achieved than with passive fuses. The model configuration is 
capable of carrying multiple high impulse current loads without incurring damage. 
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B. Signal Measurement and Data Acquisition 

 

Figure 3.  KEMA Current Zero Measuring System schematic 

A KEMA Current Zero Measurement System was used to measure the voltage across the test fuses and the current passing through 
the fuse. Figure 3 shows the KEMA Current Zero Measuring System schematic. The KEMA Current Zero Measurement System had 
two HV6600 Isolated Digitizers, which respectively corresponded to the current acquisition channel 1 and the voltage acquisition 
channel 2. The two channels converted the collected analog current signals and voltage signals into optical signals, then they 
transmitted them to a GNESIS Data Acquisition System through the optical fiber lines. The GNESIS Data Acquisition System 
converted the optical signal into digital signals and transmitted them to a PC via a network cable. Finally, the signal was stored and 
displayed via a Perception software in the PC. The sampling rate of HV6600 Isolated Digitizers were set as 50M samples/s by the 
Perception software. The sampling length was set as 100M and the bandwidth of the low-pass analog filter was set as 10MHz. The 
Perception software stored the acquired signal in a special format data file in the PC memory. The data file was processed by the 
KEMA Current Zero Measurement software, including integrating the channel 1 signal output from the Rogowski coil to acquire 
current signal. The detailed information of the KEMA Current Zero Measurement System can refer to the references  [7,8]. 

III. EXPERIMENTAL RESULTS 

A. Current Zero Region Characteristics of DC Current-limiting Fuse 
Figure 4 A) shows a typical voltage and current curves of the DC current-limiting fuse. The prospective current peak was 300A 

when the time current began to flow. This was a successful current interruption. It noted that at the final stage of the interruption, there 
was a current chopping, at which there was a voltage jump. Figure 4 B) zooms in the waveforms in the current zero region. It indicated 
the chopping current Ic and the current zero point. Corresponded the current zero point, there was a voltage peak. After current zero, 
there was a post-arc current with a peak of IP.  

 

Figure 4.  A) Typical current interruption wavefoms with a DC current-limiting fuse. The prospective current was DC 300A  

B) Enlargement of current zero region 

 

 
B 

 
A 
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chopping Ic, the conductance corresponding to the curve 8 was much higher than the other 3 curves. After current zero, the conductance 
of curve  8  was also much higher than the other 3 curves. Figure 6 B) shows that the test fuse corresponded to the curve 8. It showed an 
arc burned out from an outer cap of the fuse. 

 

Figure 6.   A) Current zero region conductance of (6-9) 

                                                                                 B) Arc spray from the outer cap of the fuse, corresponded to curve 8 in Figure 6 A). 

IV. CONCLUSION 
  This paper measured the current zero region parameters in the current interruption of DC current-limiting fuses. The conclusions are 
as following. 

1) The experimental results show that DC current interruption depended upon the conductance at the instant of current chopping 
and the chopping current Ic. Failure current interruption corresponded to a high conductance at the instant of current chopping and a 
high chopping current, while successful current interruption corresponded to a low conductance at the instant of current chopping and a 
low chopping current.  

2) Post-arc current magnitude seemed not an appropriate indicator to current interruption capability.  
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ABSTRACT: This paper shows the new approach for protection of electric energy storage batteries in order to prevent heavy 

damage in case of sever electrical  fault, e.g. direct short circuit on the battery. Existing solutions with Pyroswitches with 

parallel Fuses has disadvantages. Proposed paper presents battery over-current protection system with specially designed 

Pyroswitch and melting Fuse in parallel. This connection can be triggered externally and it is able to cover all time-current 

circumstances with specialy designed internal self-trigger system. Additionally, it is able to provide the discharging process 

for DC-link capacitor. 
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1. INTRODUCTION 

In last few years, the use of DC voltage and current increased 

tremendously. It started with the use of Photovoltaic power plants 

as one of the most important renewable recourses of electric 

energy. Together with electric energy storage system, especially 

batteries, they are becoming competitive solution against 

conservative and centralized electric energy distribution systems.  

  On the other hand, the use of DC current is even more 

significant in electric vehicles. The batteries as electric energy 

storage system are becoming more efficient and the range of 

battery-operated cars is getting longer. The efficiency of electric 

cars also depends on the capacity of the batteries, which depends, 

among others on the value of the DC voltage of the main electric 

power-train system. Thus, the short-circuit capacity and expected 

short-circuit current are getting higher and safety aspects in case 

of an electric arc, provoked by the fault on the battery circuit 

wiring, are becoming more and more important. This paper will 

propose a very competitive solution for over-current protection in 

a main High-Voltage DC circuit between battery and powertrain. 

We speakabot High-Voltage DC system when there is a rated 

voltage of qt least 300Vdc and up to 1.000Vdc. 

 The over-current solution is based on specialy designed Pyro-

switch, combined with a melting fuse. The triggering solution is 

based on the use of standard passive components such as Reed-

relays and Thermo-sensors with normaly open contacts. 

Additional function, such as, discharging the DC-link capacitor, 

helps to prevent futher possible arc with fire and possible touch of 

danger high-voltage and consequentely electrocution of persons. 

 
 

 

�t  



 

 

2. SAFETY ISSUES 

 

2.1. In case of car crash 

This paper would like to emphasize some safety issues in battery 

electric vehicle, which uses HV battery storage system. It is 

obviously more than possible that in case of crash of an electric 

vehicle a fault on the main wiring, e.g. plus and minus cable 

between the battery and powertrain, can occur. That means direct 

short circuit of the battery system and high current will appear 

which will cause electric arc on the spot of the damaged cables. 

Fig.1 below shoves the photo of such event, described in (1). 

 

 Fig.1 

In the report of the fire fighters it is clearly seen, that the fire 

appeared several times after it was already extinguished. The main 

message from the same report was that the main action to stop the 

fire in electric vehicle is to provide total disconnection of the 

battery from the powertrain as quick as possible. 

 

 

3. EXISTING SOLUTIONS 

 

3.1. Use of melting fuses 

The melting fuses are historically recognized as a perfect over-

current protection. Yet, it is also well known, that a fuse breaks the 

current according to time-current characteristics. The modern 

electric battery storage systems require more than that. They 

require also opening the circuit at any current condition, usually 

by using DC contactors, which are often at higher DC voltages and 

DC currents prone to contact welding. Some other solutions has 

been proposed in the past, such as “Triggered Fuse” (2),(3), where 

inside of the fuse there is short-circuit connection, imposed 

through the third wire into the fuse via voltage dependent resistor. 

Fig.2 below shows the shematic diagram of battery circuit, 

protected by triggered battery fuse. 

 

  Fig.2 

The main disadvantage of such solution is in fact, that the whole 

concept is based on standard melting fuse, which is sometimes 

unreliable at high number cycling loads with heavy current 

profiles. 

 

3.2. Use of Pyroswitch and Fuse 

The Pyroswitch is known solution and it is based on piston, driven 

by gases exposed from chemical filling above the piston. The 

chemical filling is triggered by electrical impulse. When triggered, 

the piston cuts the copper conductor and thus cuts the electric 

current.  

 Recently, there is some more work done on the parallel 

connection of Pyroswitch and a DC Fuse, published in (4) and (5). 

Both sources are dealing with Pyro technology used in 

combination with melting fuses in order to combine the 

advantages of Pyro technology on one side and Fuse technology 

on the other side. In source (5), we can see the parallel connection 

of Pyroswitch P1 and Fuse F1, as shown on Fig3. The combination 

is called “PyroFuse”. 

 

  Fig.3 

This solution has at least two disadvantages. Fistly, when 

overcurrent occurs and the level of this  faulty overcurrent is just 

above the rated current of the fuse F1, than is the operating time 

of the Fuse F1 much longer than it should be in case of severe 

crash of electric vehicle. Secondly, the solution is rather complex 

because of separate current sensor and electronic circuit for current 

measurement and evaluation with separate power supply. 

 

 



 

  4. NEW SOLUTIONS 

New solution in over-current protection in HVDC circuit of 

electric vehicle is based on special design of PyroSwitch with 3 

contacts and not only two like the standard Pyro-switch. Such 

pyro-switch is combined with a fuse and the whole combination 

we call it “Triggy-Fuse”. This is the first part of the solution. 

 

4.1. “Triggy Fuse” 

On the figures Fig.4a and Fig.4b we can see the basic solution with 

3-contact Pyro-switch. Before the ignition, as we see on the fig 4a, 

the contact points Nr.1 and Nr.2 are connected and the main 

current path is closed and ready to conduct main part of the load 

current. 

   

Fig.4a 

 

  Fig.4b 

The ignition impuls comes from current sensor or battery 

management system. After the ignition, the contact Nr.1 and Nr.3 

are closed and thus contact Nr.3 is directly connected with 

opposite pole of the battery. 

 

4.1.1. How does “TriggyFuse”  works? 

The current sensing device according to the measurement result 

sends the triggering impulse to the Pyroswitch, which starts to 

operate, and physically breaks the copper busbar between point 2 

and point 1, as it is shown on the Fig.5 

 

 

  Fig.5 

An arc occurs and remains until the moving part of the busbar hits 

the point 3 and provides the connection between the Point1 and 

Point2 und thus the short-circuit  conditions for the Fuse. Under 

short-circuit current the Fuse operates immediately and safely 

breaks the main HVDC circuit independently from the value of 

actual fault current. 

 

Additionally, this proposed solution gives the conditions for 

discharging the capacitor in the DC-link of the invertor. This is 

important safety action after e.g. the car crash, where all sources 

of electric energy (battery pack, DC-link capacitor) has to be 

safely disconnected from the rest of the vehicle instantly after the 

dangerous event. 

 

4.2. Advanced solution in form of a “Self-Triggy-Fuse” 

The goal of this solution is, as follows: 

-to achieve complete operation without additional electronics, 

-to incorporate over-current sensor inside of protection device, 

-external triggering has to be possible, 

The proposal for solution is shown on the next Fig.6. 

 

  Fig.6 

On the Fig.6. we see the self triggering solution with two devices, 

namely the Reed Relay NO (Normaly Open), and Thermal Fuse 

NO. Next Fig7 gives more exact explanation about the principle 

of operation of self triggering. 



 

 

  Fig.7 

Fig7 gives us more precise explanation of, how self-overcurrent 

detection works. Thermal Fuse NO is in thermal contact with the 

outgoing conductive terminal. In case of an overcurrent, the 

temperature will rise and under specified thermal conditions, the 

Thermal fuse will react and close the ignition circuit in Pyro-

switch to start the operation. 

Reed-Switch NO is in a magnetic connection with the outgoing 

terminal conductor. It is sensitive to the high short-circuit currents. 

When such high current appears, the Reed switch closes the 

ignition circuit and Pyro-switch starts the operation. 

 

Thermal Fuse NO is in thermal contact with the outgoing 

conductive terminal.  

How to provide adaptable TIME-CURRENT characteristic in 

overload area? 

-To choose the different type of Thermal fuse 

-To  dimensionally shape the conductor who provides thermal 

energy for thermal –fuse operation 

 

Reed-Switch NO is in a magnetic connection with the outgoing 

terminal conductor. 

How to provide adaptable TIME-CURRENT characteristic in 

high-current short-circuit area? 

-To choose the different type of Reed-switch, 

-To assure the appropriate distance between Reed-switch and 

conductor 

Below presented Fig. 8. shows the possible Time-Current 

characteristics in case of “Self-Triggy-Fuse”. 

 

  Fig.8 

 

 5. TEST RESULTS 

 

First test results has been carried out at two different conditions. 

DC test generator was set-up on the voltage of 500Vdc and the 

prospective short-circuit current was 2kA and 15kA.  

Next Fig.9 shows the diagram of all electrical values at prospective 

short-circuit current of  2kA. 

 

 

  Fig.9 

As self triggering unit was used Reed Switch. His distance and 

position from main current path was set-up to the level of 1kA. 

Inductivity of the test circuit was low, between 20 µH and 60µH. 

The operation is divided into three phases. 

In 1st. phase the Reed relay at 1kA of actual current, because of  

his magnetic field, closes the ingintion circuit. Both, Reed relay 

and Pyro switch reacts in a time of  0,3miliseconds. When the 3rd 

contact of the Pyroswitch is closed, than the scort-circuit 

conditions for the fuse are fullfiled, the current is commutated to 

the fuse and the 2nd phase starts. This is actualy the melting phase 



 

of the fuse, which after 0,45 miliseconds ends in 3rd phase, the 

arcing phase. The duration of arcing phase is 0,4 miliseconds. 

Total clearing time is thus les than 1,5 miliseconds. 

 

Second test was carried out at the value of prospective short-

cisrcuit current of 15kA. Next Fig.10 shows the electrical diagram 

of all electrical values. 

 

 

At the first glance, the picture is very similar to those on Fig.9.  In 

fact, the main diference is in steepness of the current ramp from 

the zero value up to the moment when the magnetic filed around 

the main conductor reaches the preset value. In both cases this 

value was set to 1kA. After ignition of Pyroswitch and closing the 

3rd contact to opposite pole, the short-circuit conditions are 

dependent on the electrical conditions in the circuit between the 

battery and TriggyFuse, while the rest of the circuit after the 

TriggyFuse is short-circuited and has no influence on the Fuse 

behavior. Therefore the prearcing and arcing phase of the Fuse are 

in both cases rather similar, because the short-cisrcuit capability of 

the DC source was in both cases the same. 

In reality we will face different short-circuit conditions of the 

batteries because of their size, energy density, state of charge and 

other conditions. Nevertheless, it is known from different sources 

that the short-circuit capability or better to say, prospective short-

circuit current of the battery storage sistems in an electric vehicle 

could reach even up to 30kA. This value is even mor possible in 

case of the battery systems with the voltage 800Vdc and more. 

 

3. CONCLUSION 

The proposed paper gives several important conclusions: The 

current breaking time of the device is not dependant from the 

actual value of the fault current and it depends only from the signal 

from current sensor and/or from other safety systems in electric 

vehicle. The device has all advantages given from both, Pyro and 

Fuse technologies. High safety standards are considered fullfiled 

and the occurrence of an electric arc and fire is diminished to the 

lowest possible value. On the other hand, very low operating 

power loss, high breaking capacity, high operating durability and 

low product weight and costs are important values for EV 

manufacturers. 
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parallel to the device to be protected. The second contact is the ignition contact. The trigger signal is supplied via this connection. 
Pulse currents or currents from the mains can be used as trigger signals. 

The trigger signal applied to the contact H generates an arc between the fuse element F and the copper plate I. The then flowing 
unlimited short-circuit current feeds the arc and blows the fuse. In the case of currents in the overload range of the fuse two effects 
overlap. On the one hand, the fuse element is heated by the current as it's heated up during an ordinary overload event. The soldering 
point diffuses in and leads to the well-known disconnection. On the other hand, the electric arc between the fusible conductor and the 
copper sheet creates additional heat. At the same time the arc burns off the fusible conductor. This effect of burning off the fusible 
conductor due to the arc can also be used with currents that are considerably lower than nearly unlimited short-circuit currents. The 
tests show that prospective short-currents in the range of the rated current of the main fuse (5) still lead to an interruption of the 
fusible conductor of the main fuse (5). 

III.  MEASUREMENTS 
The test setup is shown in Fig. 3. The voltage 

source (1) supplies a voltage of 440 V AC to a low-
impedance network. The prospective short-circuit 
current is 50 kA, the cosPhi 0.25. The current is 
measured using Pearson Coils (2), the voltage (4) 
with probes connected to a Bitgate Measuring 
System. In case of an electrical failure of the device 
under test, there is an additional NH fuse (3), with a 
current rating of 400 A, in the test circuit as a back-up 
fuse. 

In the first experiments the trigger is started by a 
high voltage pulse 8/20 µs which can be variably 
synchronized to the 50 Hz AC -Voltage. This impulse 
trigger source is placed instead of the elements 8 and 
9. For further experiments the circuit according to 
Fig. 3 is used to trigger the fuse. The ignition circuit 
from elements 8 and 9 applies the operating voltage to 
the ignition electrode at the time to trigger. The arcing 
process starts immediately, and the ignition current is 
fast interrupted by the micro fuse of 2 A (9). 

Fig 4 shows the time-dependent current and 
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Fig. 4: Voltage and current 
data from three DUTs while 
blowing the fuse. The system 
parameters are U = 440 V and 
Ip  = 25 kA (cosPhi = 0.25). The 
DUTs are triggered at 0 ms at 
the maximum negative voltage. 
After approx. 3 ms the current 
returns to zero and isolation 
has achieved.  
 

  

 
Fig. 3: Circuit diagram of the test setup with generating the trigger  
from the net energy. 1 mains power net, 2 current measurement,  
3 backup fuse, voltage measurement, 5 DUT, 6 ignition plate, 
7 copper bypass, 8 opening switch, 9 micro fuse  
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voltage values during the triggered switching-off of three identical DUTs. At a time of 0 milli seconds, the triggering is started by the 
high-voltage pulse at the maximum voltage of the negative half-wave. Due to the very short duration of the pulse, it can only be 
recognized as a line in the positive direction. Immediately after ignition at 270°, the voltage collapses. The residual voltage consists of 
the arc voltage and the voltage drop across the fuse element. After approximately one millisecond, the melting integral of the fuse 
element is reached, and the voltage then returns with a corresponding overshoot. At the same time, the current drops to zero and the 

voltage returns to the sinusoidal voltage. The figure shows that the three test specimens 
behave identically. 

The three DUT´s of modified fuse links were mechanical stabile under test 
conditions and show no abnormal behavior. To analyze the difference of the inner 
mechanism of the provided technology of these triggered fuses and the normal blowing 
of that fuse at unlimited short current, the three DUTs got opened. Fig. 5 shows the 
separated fuse element of the triggered fuse in comparison to the separated fuse element 
of an unmodified fuse of the same model (Siemens 3NA3 132, NH1-gL/gG, 125 A). 
The unmodified fuse link has been tripped under equal conditions regarding the mains 
power source. The comparison show that triggered fuse element also interrupts at the 
restrictions. Only there the cupper plate at neutral potential is located to the fuse 
element, the triggered arc destroyed the fuse element totally.   

The measurement of the isolation resistance with 440 V DC at the triggered and 
tripped fuse-links proofs sufficient isolation resistance greater 20 MOhm. 

In further tests, the short-circuit current is strongly limited. Tests with 1000 A, 
500 A, 200 A, and 100 A show that significantly longer current flow occurs with 

decreasing rated short-circuit current before the current is interrupted by the modified fuse. Remarkable is that even at 100 A it was 
possible to blow the fuse link that had a nominal current of 125 A.  Fig. 6 shows the time-dependent current and voltage values during 

 
Fig. 5: Comparison of the tripped fuse  
elements of a triggered fuse link (up)  
and a fuse element of an unmodified  
fuse link (down)  

-400

-300

-200

-100

0

100

200

300

400

C
ur

re
nt

 / 
A

4003002001000

Time / ms

-800

-600

-400

-200

0

200

400

600

800

V
ol

ta
ge

 / 
V

 
Fig. 6: Voltage and current data from a test with Ip = 100 A and V = 440 V. At the time 0 ms the fuse is triggered, and 
the current starts to flow. After 350 ms the current is interrupted. 
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X-ray high speed imaging of arc lengthening
under capacitor discharge
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observing and making records with a fast-camera at 35,000 frames per second. Its experiments are oriented for a measurement of the 
burn back-rate during AC-operations. Unfortunately the experiments were biased as the energy absorbent environment did not fully 
surround the arc. Also, the rate of shooting seems to be sufficient as it offers 350 images for half a period at 50 Hz, but it remains low 
for looking at quicker phenomena such as the establishment of the arc-voltage and for operations under VSI conditions. According to 
this application, one objective of our study is to observe a simple standard fuse in operation under di/dt conditions by high speed X-ray 
imaging.  

     
Figure 1- Current-curve for pre-arcing and arcing periods. Left : Principle-graphic of breaking at I2-current according to IEC 60269.1 standard. Right : Principle 

graphic for VSI-short circuit according to IEC 60269.4. 

 
Figure 2: 4-pictures description of the continuous phenomenon of an arc in granular system. 

 

III.  X-RAY IMAGING AND EXPERIMENTAL METHOD  
A team composed of engineers from MERSEN and researchers from Grenoble-INP and school of Mines of St-Etienne have done 

ultra-fast X-ray imaging of the arc across the envelope. Observations up to 5,000,000 frames per second have been performed [5]. The 
experimental method includes the fuse in the capacitive discharging circuit (Figure 3). Discharging conditions are adjusted by the 
inductance of a wiring cable. In addition, the fuse is illuminated by a parallel X-ray beam whose energy was previously tuned according 
to the absorbance of the materials integrated in the fuse-sample. The image is processed by a scintillator that converts the X-ray 
information into visible light. This image is captured by a CCD-camera in the back of a lens in order to adapt the magnification. The 
synchronization of the beam-opening, of the closing of the discharging circuit and of the CCD-camera shooting is ensured by a 
programmable microcontroller. 

 
Figure 3: Simplified organization of the test equipment, showing its principal parts 
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