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Abstract

Storing electrical energy, e.g. for mobile applications or to balance volatile, renewable generation
systems, is becoming increasingly important. Batteries are often used for this purpose. For the safe
operation of battery-electric systems, it is important to take arcing faults into account when developing
and designing protection systems for battery systems.

For this reason, this study experimentally investigated the risk of arcing faults in battery systems
with rated voltages of 0.1 £V up to 1.5 k1" and short-circuit currents of 3 kA up to 12 kA.
Firstly, the arc parameters that are particularly relevant for the design of protection systems for battery
electric systems is described. To investigate the influence of the battery systems parameters on these
are parameters, over 115 arc fault experiments were conducted on a box test set-up in accordance
with IEC 61482-1-2 at NARC National Are fanlt Research Center, Dresden, Germany. The
battery system voltage Usas, the short-circuit current Isc and the state of charge SOC were varied.
The influence of the electrode distance dp, was also analysed. The paper describes the experimental
setup and the series of experiments carvied out. The influence of the method used to determine the
short-circuit current on the arc parameters is analysed as well. The batteries technology used are sealed
lead-fleece batteries.
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I. INTRODUCTION

The current development of the electric energy system is leading to an increasing number of
DC systems. These include, for example, batteries, PV and electrolysis systems as well as
information technology and variable-speed drives. Many of these applications are integrated
into the low-voltage (V) grid. Hence, the fault behaviour of DC systems will become an
increasingly important prerequisite for the design of system protection in the future. [1-5]
Research into the properties of and hazards associated with DC arcs in LV systems has
been ongoing for several years [6-8]. The focus of this publication is on analysing the hazard
parameters of DC arc faults in battery systems. Batteries are electrochemical energy storage
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devices whose source behaviour differs from that of other typical DC sources, such as
rectifiers or generators. Furthermore, the focus is on parallel arcs where the fault current is in
the range of the short-circuit current (SCC) and is not limited by the load. [9]

II. CHARACTERIZATION OF ELECTRIC ARCS FOR PROTECTION
PURPOSES IN THE LOW VOLTAGE GRID

The potential risk of parallel arc faults in LVDC systems is particularly high. One reason for
this is that the fault currents can become even higher than in the high-voltage network and
another is that people can work very close to electrical installations. This is aggravated by the
reducing effect of the arc on the SCC I which leads to delayed tripping by the protective
devices. This is due to the low mains impedance and the predominant use of overcurrent
protection devices in the LV grid. [6][10][11]

Knowledge of the direct arc parameters (APs) such as the arc voltage Uy, the arc current
L and arc power Py is an important prerequisite for the design of system protection to
reduce the effects of arc faults. During the design process these are determined on the basis
of indirect APs including the current limiting factor &p, the related arc voltage £y and the
related arc power kp. As reference values the short-circuit power Py, the battery system
voltage Ugys and the SCC I are used, see also (1) to (6). [7][8][10][12]

U
kU — arc/UBat 1
I
kg =""/) )
P
kp =""/p_ 3)
Pirc = Uarc " Tarc ©)
Eare = Parc " tarc ©)
Bye = Upat " Isc (©6)

ITII. EXPERIMENTAL SETTING

A. Test stand and test parameters

The investigation is based on 115 arc fault experiments carried out at the high-power test field
(HPTF) at the TUD Dresden University of Technology (TUD). Fig. 1 shows a single line diagram
(SLD) of the HPTF. Its battery system (BS) was used as the energy source. The BS consists
of 6 strings, each containing 18 12 V sealed lead-fleece batteries of typ Hawker Enersys
PowerSafel” 1217170FS 170 A [13]. Each string supplies a nominal voltage of 230 V and a
maximum SCC contribution of approx. 3 kA. Further information about the HPTF can be
found in [14].
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Fig. 1. SLD of the HPTF including the BS, cabels (CAJ), circuitbreakers (CBJ),

disconnectors (DCj), busbars (BBJ), air coil (R, L),
transient recorder (DEWE 2600) and the device under test (DUT)

String 1

Fig. 2. BS of the HPTF with cables (CA), circuit breakers (CB),
disconectors (DS) and busbars (BB)

Fig. 2 shows the structure of the BS. It is connected to the switchgear of the HPTT via
cables (CA1 ... 12). The switchgear is used to conduct short circuit (SCX) and arcing
experiments (ARX) up to 20 kA and 1 s. The switch matrix of the switchgear consisting of
several disconnectors (DC1 ... 14) is used to set Upas and the L. The switch matrix allows
the strings 1 ... 6 to be connected in seties and/or parallel as required. With bar contactors
of typ R contactors from ABB I.#d (CB1 ... 3) the fault currents are switched off. To switch on
all strings at the same time, a DC circuit-breaker (CB4) of type 3W.47220-8AU11-4EQ4 from
Siemens AG is used. In addition, the switchgear contains a mains simulation consisting of an
adjustable air coil (Ry, Li).

In addition to the electrical quantities listed in Chapter 2, the incident energy E; was also
recorded during the measurements and used for investigations on personal protection. For
this reason, the experimental arrangement (or device under test, DUT) [13]consisted of two
cylindrical, vertically opposed electrodes according to IEC 61482-1-2 [15]. For the ignition,
thin copper wire with a diameter of 0.8 mm was used. For further results on personal
protection, see [106].

The APs were characterised using several series of measurements. Either Usas, I the
electrode distance 4, the time constant of the fault loop T or the state of charge (SOC) was
varied. A DEWE 2600 transient recorder from DEWETRON GmbH recorded the
measurement data. Table 1 gives an overview of the test parameters. The voltage # was
measured directly and the current 7 was measured with a shunt resistor.
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B. Measurement procedure and data analysis

At least four measurements were conducted for each test parameter setting (or measuring
point, MP). To calculate the indirect APs, an open-circuit test and a SCX were carried out for
each MP. The battery system voltage was determined from the open-circuit test. Furthermore,
the time constant 1 for each MP was calculated from the SCX. The SCC corresponds to the
mean value of the measured current 7 from reaching the peak value I, = #(# = 57) untill the
end of the evaluation interval at 500 ms. The arc voltage U, and current I are calculated
accordingly. The only difference is that the starting point for the calculation of Uy and Iy at
which the arc is fully ignited is determined manually. It is called ignition time point (ITP). At
least two ARX were conducted at every MP. An example of the procedure for the
measurement data analysis shows Fig. 3.

Table 1. Test parameters and value ranges

Test parameter Value range
Rated battery system voltage Ussas | 110, 230, 460, 690, 1100, 1400
M
Short-circuit current I (kA) 2...12
Time constant T = L./R (ms) 0.5...12.8
Electrode gap distance i (mm) 5...140
SOC 0.25, 0.50, 0.75, 1.00
Test duration Z (ms) 500
Setting of electrodes 2 vertically opposed in Box
Shape of electrodes Cylindrical with flat ends
Material of electrodes One copper and one aluminium
Sampling frequency £ (kS/s) 200, 1000
Low pass filter, typ: Butterworth | 30, 300
(kHz)
6rr
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Fig. 3. Example of measurement data analysis for SCX and ARX with results for L, Lic, Usrc,
Pircy Earey, kv and kg @MP: Upas = 459 V, dg = 75 mm, T = 4.0 ms, SOC = 1.0

IV. RESULTS

A. Characterization of the ares

The results of the analyses for the dependencies of the APs are presented below. Fig. 4 shows
both the direct APs (top) and the indirect APs (bottom) as a function of Upas. As the electrode
distance dr was constant, the arc voltage also remained approximately constant. Dependencies
can only be seen in the range of low values for Upas. In this range, the arc becomes unstable.
This can also be seen from the sharp increase in the related arc voltage 4uv. The arc current I
increases sharply with increasing voltage Usas and asymptotically approaches a limit value. The
same applies equivalently to the arc power Pu.. Although the current limiting factor £p
increases with increasing voltage Usas, the related arc power £p decreases. The approximately
constant arc voltage U, means that the arc power Py does not increase as much as the short-
circuit power Py.. As a result, the arc power £p decreases as the voltage Upas increases.

In Fig. 5 one can see the APs when the SCC I is varied. It shows that the arc voltage U
changes only slightly in the analysed range of I. It is striking that the arc voltage U, initially
decreases with increasing SCC I.. After Uy has reached a minimum, the behaviour reverses
and the arc voltage Uy increases again. The arc current I and the arc power Py increase
almost linearly with the arc current L... However, the related variables 4u, & and Ap remain
nearly constant. During the variation of the I, the electrode distance dr was set to a constant
30 mm. It was shown that with this electrode distance and short-circuit currents I < 4 kA,
the burning behaviour became unstable.

Fig. 6 shows the results for the APs when the electrode distance df; is varied. Here, the arc
voltage U, increases almost linearly with the electrode distance 4g. In addition, the arc voltage
Usare is almost independent of the electrical parameters of the fault loop (Usas, L, T).
Conversely, the arc current I decreases with increasing electrode distance 4i. The arc power
Py initially increases with the electrode distance di. After the arc power Py has reached a
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maximum, it decreases again. The electrode distance ¢ (parc=pmay) at which the arc power reaches
its maximum (Parc = Prmax) depends primarily on the value of the voltage Usgas. The lower the
voltage Usus, the lower the diparc=pmax). The maximum value for £p = f(Usas, de@parc=pmay) =
£p,max is approx. 0.25, irrespective of the values for Upas, L, di, and 7. As already shown inFig.
0, higher arc currents I and higher arc powers Pi. result in higher .. In addition to the
electrode distance df, the indirect APs are primarily dependent on the voltage Usas.

The results for the dependence of the APs on the SOC of the BS shows Fig. 7. It can be
seen that the direct and related arc voltage (Usr, £u) are almost independent of the SOC. On
the other hand, the arc current Ly, the current limiting factor £p and the direct and related arc
power (P, #p) decrease as the SOC decreases. The dependency is particularly evident in the
arc current I and the arc power Pi.. The maximum deviation for the current limiting factor
4s and the related arc power £p is 23 % points or 7 % points respectively. Hence, the SOC of
the BS has a significant effect on both the direct and the indirect APs.
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Fig. 4. Results for arc parameters (APs: Lic, Uircy Parcy ku, ks and kp) depending
on Upas with constant test parameters: I, = ca. 2.7 kA, T = 0.7 ms, dg = 30 mm
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Fig. 5. Results for arc parameters (APs: L, Uscc, Parc, ku, kg and kp)
depending on I with constant test parameters: Usas = 230 V, dg = 10 mm

75



Michael Bruhns, Peter Schegner

— Uy =459V, | _=52KA 7=0.9 —4—Ug, =233V, I _=50kA r=15

- Ugy =459V, | =7.TkA, 7=1.3 —@— Ug, s =459V, [ =4.8kA r=4.0

5 800+
~ 400 600
> S 4 S
o 200 c < 400
g 2% g
> & o200
0 0 [ ——
0 50 100 150 0 50 100 150 0 50 100 150
1 1 &
0.2}
ELE (' 05 \ Lol
0 - 0 - 0 - -
0 50 100 150 0 50 100 150 0 50 100 150
dE in mm-— dE in mm-— dEin mm-—»

Fig. 6. Results for arc parameters (APs: Lic, Uscc, Parcy ku, ks and kp)
depending on dg for various test parameters

200 2 . 300
N
. N
I —— < E 200 /
£ 100 c 1 c
g = o
f 8 L5
0 0 0
0 05 1 0 05 1 0 05 1
06 06 3 777777777
© 04 T 04—-M=rC
< —n—=—a 0 Aky =023
02 02 Ak, =0.07
0 0 0
0 05 1 0 05 1 0 05 1
S0C—+ S0C-+ s0C—

Fig. 7. Results for arc parameters (APs: L, Usircy Parc, ku, kg and kp) depending on
the SOC with test parameters: Upas =460V, dg =30 mm 7 =0.5... 0.8 ms

B. Influence of the method used to determine the short-circuit current

The effect of selecting the correct value of the SCC I for the calculation of indirect APs is
considered below. The APs considered include the arc current Iy, the current limiting factor
kB, the arc power Py and the related arc power &p. The values corresponding to the MP from
Fig. 3 were used for the following evaluation. The results were determined using the method
described by (7) and (8) for DC arcs [12]. The calculations C1, C2 and C3 differ in the value
selected for the SCC I.. The value for the SCC I corresponds either to the average measured
SCC (C1), the maximum measured SCC I, (C2) or the SCC I, measured after 500 ms (see Fig.
3).

_ Ugats
Larc i+1) = m ¥
W+ Isc
Usre = (34 +0.532-dg) - I;)I%Z ®
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The results of the calculations are shown in Table 2. The deviation between the measured
and calculated values is shown in the columns AC1, AC2 and AC3. It can be seen that the
deviations when selecting the averaged value for the SCC I (AC1) are between 7.7% and 10.6
% higher than the measured values (M). If the maximum value of the SCC I is selected for the
calculation of the APs (C2), the deviation (AC2) is greater and lies between 7.3% and 15.9%. If
the SCC I after 500 ms is selected for the calculation of the APs (C3), the deviation (AC3)
decreases slightly and is between 4.8% and 10.5%. Consequently, the selection of the value for
the SCC I has an influence on the accuracy of the calculation of the APs. However, the
influence on the indirect APs is small. When evaluating the deviation, it must be taken into
account that this was only conducted for one MP as an example. A detailed evaluation of the
calculation methods can be found in [16].

Table 2. Comparison of measurements (M) and calculated values (Cl1, C2, C3) for carious
parameters (P)

AC1 AC2 AC3

P M C1 %) C2 %) C3 %)
Usas (V) | 459 | 459 0 459 0 459 0

L (kA) 4.8 4.8 0 5.0 4.6 4.7 -2.9

L (KA) 2.6 2.8 7.7 2.9 12.2 2.7 4.8
kB 0.54 | 0.58 7.7 0.58 7.3 0.58 7.9
Pree &KW) | 487 | 539 10.6 564 15.9 522 7.3
kp 0.22 | 0.24 10.6 0.24 10.8 0.24 10.5

B. The influence of the method used to determine the short-circuit current

The following analysis is about the effectiveness of the system function protection in battery
systems. For the analysis certain MPs were selected, see Table 4. An operating current Ipas
was first determined based on the setting of the BS. The operating current of a battery string
IiBae corresponds to the current that one string delivers over 1 hour (Iigae = Iciae = 125 A) [13].
Accordingly, the operating current of the battery system Ipasoup) results from the number of
strings connected in parallel N}, at the respective MP according to (9).

IrBatS(MP) = Np “ligar = 125A - Np 9)

A permissible NH fuse was selected for each MP. The following criteria were applied to
the fuse.

e  Rated voltage of the fuse Uyr > Usas

e  Rated current of the fuse Inr > IBasoup)

e  Rated breaking capacity of the fuse Ier > I

e  Rated values of the fuse are as minimal as possible

The delay time #r of the fuse was determined using the characteristic curve of the respective
fuse and the atc current I, from the measurement, see Table 3 and Table 4. The arc energy

Ercuipy is calculated using the delay time #r of the fuse and the arc power Py determined from
the measurement, see (10).

Earc(MP) = tarc(MP) " Pare = tar " Parc 10)
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Table 3. Name of fuses and fuse parameters [18, 19]

Fuse parameters
g‘?ﬁi Ui (V) | Le(a) | Size | CRCEOW
nF nF (kA)
F1 250 160 25 NHO00 gBat
F2 250 250 25 NHO00 gBat
F3 700 500 30 NH3 gBat
F4 700 160 30 NH2 gBat
F5 1500 125 10 NHIXL gPV

Table 4. System parameters (SP) and arc parameters (AP) for various measuring points (MP)

SP/AP MP1 | MP2 | MP3 | MP4 | MP5 | MP6 | MP7 | MP8 | MP9Y
Usas (V) 233 | 233 | 233 | 433 | 477 | 459 | 459 | 689 | 1367
L. (kA) 28 | 50 | 120 ] 28 | 28 7.7 77 | 28 | 2.8
Igasovp) (kKA) | 125 | 250 | 500 | 125 | 125 | 375 | 375 | 125 | 125
SOC 1.00 | 1.00 | 1.00 | 0.25 | 1.00 | 0.75 | 0.75 | 1.00 | 1.00
T (ms) 1.1 1.5 30 | 05 | 0.6 1.3 1.3 0.5 0.6
dg (mm) 10 10 10 30 30 10 100 | 30 30
Lise (kA) 09 | 25 6.6 1.2 1.9 6.1 33 | 21 24

kB 0.34 | 049 | 0.54 | 042 | 0.67 | 0.80 | 0.43 | 0.77 | 0.87
Prre (kW) 129 | 251 | 606 | 170 | 266 | 540 | 786 | 286 | 328

kp 0.2 | 021 | 0.21 | 0.13 | 0.20 | 0.16 | 0.22 | 0.15 | 0.09
Name of

F1 F2 F3 F4 F4 F4 F4 F4 F5
fuse

farcgup) (ms) | 220 90 <4 20 <4 <4 13 <4 | <10
Eacory k]) | 284 | 226 | 24 | 34 1.1 22 1103 ] 1.1 3.3

A maximum permissible value of the arc energy for the system function protection
Epsrp = 100 k] was selected to evaluate the effectiveness. Epsrp corresponds to the maximum
permissible arc energy for system function protection in AC systems [11]. The effectiveness of
the protection system is given in case that Faeqvup) < Epsrp.

The results in Table 4 show that the selected fuse provides effective protection against the
effects of fault arcs for each MP. It is noticeable that the arc energy Euqvp) is highest at low
voltages Usas. This is due to the fact that the current-limiting effect of the atc is particularly
high at the corresponding MPs. It can therefore be concluded that it is not only the level of
the arc current I or the arc power P that is decisive for the effectiveness of a protection
system, but that a high current-limiting effect can also have a significant impact on the risk of
fault arcs.

Finally, the following investigation is to determine the requirements for the system function
protection during arc faults in systems with electrical parameters other than those investigated
experimentally. Therefore, the indirect APs cutrent limiting factor £p and related arc power &p
as well as the arc burning time #. were considered for various system parameters. As before,
the calculation method in [12] was used to determine the APs.

The upper two lines of graphs in Fig. 8 show 4p and 4p in relation to Upys and I.. Here,
the Usas is presented from 100 V to 1500 V. The lower boundary was selected because the
experiments have shown that stable burning arcs in LV systems with distances between
conductors of 10 mm or more will not be expected for voltages lower than that. The upper
boundary of Upys corresponds with the maximum LVDC according to [17]. The transparent
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area in the button of each graph shows where the related arc voltage £y > 0.7. According to
[20] one can assume that for test parameters, which result in a related arc voltage £y > 0.7, the
arc will be unstable with a probability higher than 90 %.
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Fig. 8. Dependency of the current limiting factor kg, the related arc power kp and the
maximum permissible arc burning time #a (when reaching the maximum
permissible arc energy for system function protection Epspp = 100 kJ)
from Upys and I for various dg = 10, 50 and 100 mm

Fig. 8 shows that the ranges of test parameters below the maximum related arc power are
particularly critical for the system function protection. In these areas, both the related arc
power Ap is high and the related arc current £p is low. A highly damped arc current means that
current-dependent protective functions may take longer to trip. This is particulatly critical, as
later tripping leads to a higher arc energy Ei.. In the considered range for Upys and I, the
highest relative arc powers occur in the range of voltages below 1000 V. The lower the voltage
Usas, the lower the voltage at which the maximum arc power Py is emitted. The same applies
to the relationship between electrode distance di and arc power Py

The bottom line with graphs of Fig. 8 shows the maximum permissible burning time %arc
at which an arc energy Eue = Epsep = 100 k] is reached for the respective point of Usas, Isc and
dr, also see (11). This time represents an essential requirement for the system function
protection. Two lines at 4 = 10 ms and 50 ms are drawn in the graphs for visualization
purposes. The times were selected because the use of circuit breakers as a switching device for
the system function protection may no longer be sufficient for times of less than 50 ms.
Instead, the use of a short-circuit is necessary to extinguish the arc sufficiently quickly. For
areas where the time is less than 10 ms, it must be checked whether the short-circuiter also
fulfils the time requirements. This is only the case with a combination of high voltages Usas,
high short-circuit currents I and large electrode gaps dr. The evaluation is based on the
assumption that the values for Esrp for DC are similar to those for AC. The verification of
this assumption is part of current research activities at the TU Dresden.

Epsrp
t =—0>F 11
pArc Parc(UBats/sc,dE) (D
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V. SUMMARY AND OUTLOOK

115 arc fault experiments wete used to investigate the dependency between the parameters of
LVDC arc faults and the properties of a battery system. The battery system used at the high-
power test field at TUD Dresden University of Technology consisted of lead-fleece batteries. During
the investigation, the voltage of the battery system Upas, the SCC I, the electrode distance dk,
the time constant of the fault loop T and the state of charge SOC) was varied. The indirect arc
parameters are particulatly relevant for the design of protection systems. The investigation has
shown that they are primarily dependent on the battery system voltage Usas and the electrode
gap di. It was also shown that the state of charge has a significant influence on both the SCC
I and the arc current L. When determining the delay time of a current-dependent protection
system for battery systems, the SOC should therefore be taken into account. The evaluation
of the system function protection showed that a fuse provides effective protection against fault
arcs for the system parameters investigated in the experiments. The investigation was then
extended to a wide range of system parameters and the requirements for system function
protection were evaluated. As a result, very low maximum permissible burning times of less
than 10 ms result for high battery system voltages Usas, high SCC I and high electrode
distances d.

A fundamental assumption for the investigations carried out is that the maximum
permissible arc energy for system functional protection Ejspp in AC systems is applicable to
DC systems. This assumption must be validated in future investigations.
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