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I. INTRODUCTION

Electrical energy systems are undergoing transformation, shifting to renewable sources and
more efficient technologies. This includes a growing use of DC systems across all voltage
levels, from HVDC and MVDC to LVDC applications like PV systems, electric vehicles, and
battery systems.

Short circuits and arc flashes occur in both AC and DC systems, requiring increased
protection, especially in the growing field of LVDC systems. In addition to the strong increase
in pressure, the spread of harmful metal vapor, the heavy sound effect and the flying molten
metal particles, the thermal effects of the arc fault represent the greatest hazard for persons
working on or in the vicinity of live parts [1, 2]. The characteristics of the DC source in
particular have a major influence on the arc fault characteristics and its thermal effects at the
potential fault location [3]. In battery systems, for example, the non-linear relationship
between current and voltage and its dependence on the state of charge (§OC) of the battery
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represent additional influencing factors on the U-I characteristics and thus also on the thermal
hazard potential of the DC arc flash.

For this reason, extensive laboratory measurements were carried out on the DC arc fault
with supply from a VRLA battery system. The box test setup in accordance with IEC 61482-
1-2 [4] was adapted for DC conditions and the possibility of changing various influencing
variables. These different influencing parameters were systematically varied to represent as
wide a range as possible of the parameters that occur in low-voltage direct current systems.
In addition to the instantaneous value cutves of arc current and arc voltage, the curve of the
battery voltage and the incident energy on an exposed surface were also measured for each
test carried out. The characteristics of the DC arc fault were determined based on the
recorded measured parameters and their correlations with the influencing variables were
investigated.

Furthermore, the measurement results were compared with a model for determining the
expected values of the DC arc fault parameters and the applicability of this model in battery
systems was investigated and evaluated. Based on the findings, conclusions were drawn
regarding the consideration of battery characteristics when modelling the arc fault
characteristics and the selection of PPE in low-voltage DC systems.

II. ARC FLASH HAZARD ANALYSIS IN LVDC SYSTEMS

A. Estimation of Arc Fault Parameters in DC Circuits with linear Characteristics

As shown in Fig. 1 and Fig. 2, there are intersections or operating points between the static
U-I characteristic of the arc fault and the DC circuit. Quasi-stationary conditions for the
electrical variables and linear conditions can be assumed at the stable operating points [5].

To approximate the static arc characteristics depending on the electrode gap 4 as well as
to estimate the arc fault parameters at the operating point depending on nominal system
voltage U, and prospective short-circuit current I, the iterative calculation of the arc current
Lire with

I = - |
mm)_WJrﬂ’ ()

1 0.88 I

arc (i)

k

which is described in more detail in [5] and [6] and already integrated in the user guidelines
in [7], has proven to be particularly effective. The arc values related to the nominal voltage,
the prospective short-circuit current and the short-circuit power Py therefore result in

I U P
/é — arc ; /é' — arc ; /é — arc 2
B Ik U Un P ])k ( )
and
ko t+ky =1 by =k, Ay (3)

All possible operating points &y = flks) of the DC arc fault in a circuit with a linear
characteristic therefore move along a straight line and the associated curve of the related arc
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power Ap takes the form of a parabola (see Fig. 2). Using the calculated expected value for
the electric arc power P, the expected value of the electric arc energy Wi, can be determined
in a further step using the switch-off time of the upstream overcurrent protection device 4
with

arc = ])arc : Z‘k = Uarc : Iarc : Z‘k * (4)
— Static U-I charactetistic of the arc
Iarc UA . . -
— Linear circuit characteristic
Rereuit Lcircui O
ircuit ircuit

~y — Uﬂl

Ur i( [] R; UR,circuit UL,citcuit

5

U (D

(Ri + Raircuit) * Lare
Ruce[] ) U ;

N
Rares \I arc
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Fig. 1. Equivalent scheme of DC circuit with arc fault (left), scheme of static U-1

characteristic of the arc and the operating point (stable ones with red
outline) with the linear circuit characteristic (right) [5]
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Fig. 2. Scheme of the possible steady state stable operating points between arc
characteristic and DC circuit (left) and the resulting conversion of
electrical power in the DC arc fault (right) [5]

B. PPE Selection based on estimated Arc Energy

The method described in [3] and [7] for selecting PPE in DC systems uses the electrical arc
energy as a selection criterion and is applicable to PPE tested using the box test method in
accordance with IEC 61482-1-2 [4]. Based on the energy levels Wi est, with which the PPE
was tested for arc protection class (APC) 1 or 2, an equivalent arc energy Wircpror can be
determined using
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Both the influence of deviating working distances « (= 300 mm) and different geometric
system configurations at the potential fault location by using the transmission factor 4r thus
can be considered. This constitutes the energy value (protection level) at which the protection
of the corresponding PPE is still provided for properties at the work location that deviate
from the standard box test conditions [4, 7]. In general, the standard box test settings should
represent worst-case conditions (electrode arrangement in a small-scale enclosure and short
working distance) of the transmission of electrical arc energy to the incident energy Ejp on an
exposed sutface at the exposure/working distance 4, for which the respective PPE is tested.
The parameters of the box test procedure are shown in Table 1.

Table 1. Parameters of the box test procedure, according to [4, 7]

W, in EO in Eo,test /
Arc Protection Class arctest 1test Wcc test in I in kKA din mm
K] KJ/m? o
APC 1 168 146 0.87
30
APC 2 320 427 1.33

If the calculated expected value of the electrical arc energy fulfils the condition
Wee =Wec.prox ©)

and is therefore less than or equal to the protection level of the PPE tested with the box
test procedure, wearing the corresponding PPE at the work location or potential fault location
is sufficient to ensure adequate protection against the thermal effects of an arc flash [3, 7].

C. Non-linear Characteristics of Batteries

Compared to the modelling approach with a linear DC source described in section IT.A,
batteries generally deviate from this linear relationship due to wvarious polarization
mechanisms. This is illustrated by a scheme of the U-I characteristic for batteries in Fig. 3.

If a current flows between the electrodes of a battery, losses occur which can in principle
be categorized into three different polarization processes. The first of these is activation
polarization, which is responsible for the electrochemical reactions on the electrode surface.
It also concerns concentration polarization, which occurs due to the different concentrations
of reactants and products on the electrode surface and in the electrolyte because of mass
transfer. The current flowing through the battery is limited in this respect by a maximum
diffusion current, which occurs at the highest concentration difference. Due to the total
internal resistance of all relevant battery components, the so-called “ohmic polarization” or
IR drop occurs, which is proportional to the flowing current and linear in character [8, 9].

The deviations from the linear U-I characteristics are therefore mainly due to activation
and concentration polarization. Theoretically, both mechanisms can be calculated if the
electrochemical parameters and mass-transfer conditions of the battery are known. In practice
this is only possible to a very limited extent due to the complex physical structure of the
electrodes, among other aspects [8].
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Fig. 3. Scheme of operating voltage as a function of operating
current for a battery, according to [8]

Furthermore, the U-I characteristic and thus also the different polarization mechanisms
are influenced by the SOC and the state of health (SOH) of the battery. It is therefore
necessary to investigate the extent to which the model described in Sections II.A and I1.B for
determining the arc fault characteristics and PPE selection can also be applied to DC systems
with a battery supply. Due to the non-linear relationship in the vicinity of the maximum
diffusion current of the battery, there could therefore be deviations in the resulting operating
points compared to the approach with linear source behaviour.

III. LABORATORY MEASUREMENTS

The measurements were carried out in a DC test circuit, which was fed by a VRLA battery
system and in which the electrode configuration as well as the test and measurement
equipment of the box test setup according to IEC 61482-1-2 [4] were integrated (see Fig. 4).
More detailed information on the battery system used can be found in the explanations of the
investigations in [10], which were done in parallel to the investigations described in this paper
and are based on the measurements carried out in cooperation. A few selective comparative
tests were also carried out in the analogue test circuit with a rectifier supply.

The arc is ignited by a thin copper wire between the two electrodes in the test box and
the circuit breaker switches off the arc after the set test duration #g. A transient recorder was
used for each test to record the instantaneous values of arc voltage, arc current, battery system
voltage as well as the temperature of the two calorimeters placed on a panel in the exposure
distance « in front of the box opening. The recorded dynamic variables were used to
determine the electrical parameters Usre, Larc, Pare a0d Ware of the DC arc fault on the one hand
and the incident energy Ejp on the exposed surface for each test on the other. Using (2), the
related arc parameters are also determined.

52



Research on Arc Fault Characteristics in Battery Systems

o

Circuit resistances and  Circuit breaker
series elements (R, L)

R o Electrodes T
|
! Source inner |
| ! 1 |

resigtance ;
i Battery j Calorimeter i 6;)
! source } measurement }
I ! |
I ! |
| |

|
| 0
[ - Current

measuremfn{
L—l

Fig. 4. Principle scheme of the DC test circuit

A total of 134 arc fault tests were carried out in the DC test circuit described. These were
divided into four different test setries or fault scenarios: A - variation of the battery system
voltage Uy, B - variation of the prospective short-circuit current Ii, C - variation of the state
of charge SOC and D - variation of the electrode gap 4. Table 2 provides an overview of the
parameters investigated and their value range for fault scenarios A to D.

Table 2. Value range of the test parameters

Test Parameter Value Range in Fault Scenatrio
A B (o D

Nominal system voltage U, 115...1380V | 230V 460 V 460 V
irospective short-circuit current 3 KA 1 18%A | 3KA iAb, 5.3,7.7
State of charge SOC 100 % 100 % 25...100 % | 100 %
Electrode gap 4 30 mm 10 mm 30 mm 5...120 mm
Test / arc duration g 500 ms
Time constant Tt = L./R 0.5...12ms
Exposure / working distance a 300 mm
Material of electrodes One copper and one aluminum
Shape of electrodes Cylindrical (@ = 25 mm) with flat ends
Setting of electrodes Vertically opposed inside the test box

IV. ARC FAULT CHARACTERISTICS IN BATTERY SYSTEMS

A. General Measurement Results

The overview in Fig. 5 to Fig. 8 summarize the general measurement and evaluation results
of the considered arc fault parameters as a function of the influencing parameter investigated
in the respective fault scenario. The diagrams include the measured data points and a raw
approximation of the respective correlation as a dashed line.
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As the battery system voltage U, increases, the arc voltage U, remains neatly constant,
while the arc current I, asymptotically approaches the prospective short-circuit current (see
Fig. 5 — fault scenario A). This can be explained by the relationship of the operating point
setting (see Fig. 1). Consequently, arc power Py and energy W, follow the arc current curve,
as do the thermal incident energy Ej and its relationship to the electrical arc energy Eio/ Wi
As both the arc power and the arc energy no longer increase from approx. 1000 V for the
conditions investigated, the incident energy on the exposed surface also does not rise
significantly. Stable arcs did not result at battery system voltages of 115 V for those
conditions.

In scenario B, the arc voltage remains around 100 V with increasing short-circuit current,
slightly lower than in scenario A due to the smaller electrode gap (see Fig. 6 — fault scenario
B). Arc current, power, and energy increase linearly, while incident energy follows a non-linear
trend, approximated by a power function up to 10 kA. Beyond this, the relationship becomes
more linear, with the ratio of incident energy to arc energy stabilizing around 2. Further
discussions of this finding are in section IV.C. In general, it should also be noted that, with a
constant SOC, the difference in the relationships for battery or rectifier supply is negligible in
this case.
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Fig. 5. Measurement result regarding the influence of the nominal
battery system voltage on the arc fault parameters — fault scenario A
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Fig. 6. Measurement result regarding the influence of the prospective short-circuit current on
the arc fault parameters for tests with battery or rectifier supply — fault scenario B

The arc voltage also remains almost constant for the tested conditions depending on the
SOC of the battery (see Fig. 7 — fault scenario C). In contrast, the arc current, arc power and
arc energy increase almost linearly as the SOC rises. Compared to the state of charge of 100 %,
the arc energy is approx. 16 % lower at SOC = 75 %, approx. 23 % lower at SOC = 50 % and
approx. 32 % lower at SOC = 25 %. However, deviating ratios can be observed when
considering the thermal incident energy. While the incident energy at a state of charge of 75 %
is similar to that at SOC = 100 %, it only drops by approx. 14 % at SOC = 50 % and by
approx. 45 % at SOC = 25 %. In principle, the state of charge can therefore be decisive for
exceeding energy limit values for personal protection. Further considerations follow in IV.B.
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Fig. 7. Measurement result regarding the influence of the state of charge
of the battery on the arc fault parameters — fault scenario C

Furthermore, the measurement results for fault scenario D, in which the electrode gap
was varied, show similar correlations for the three short-circuit currents investigated (see Fig.
8 — fault scenario D). The arc voltage increases lineatly with the electrode gap, while the arc
current decreases due to higher arc resistance. In contrast, the arc power depends non-linearly
on the electrode gap, with power maxima occurring between 50 mm and 100 mm. Electrical
arc energy follows the arc power curve, but the thermal incident energy shows deviations.
Notably, small gaps (¢ <30 mm) lead to significantly higher incident energies, with the

highest energy ratio Eio/ Wi at 4 = 5 mm. Further analysis follows in section IV.C.
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Fig. 8. Measurement result regarding the influence of the electrode gap on the arc fault
parameters for three different levels of short-circuit current — fault scenario D

B. Influence of the SOC of the Battery

The influence of the state of charge of the battery on the operating point between the circuit
and arc characteristics is illustrated in Fig. 9 using the related parameters determined with (2).
As SOC decreases, the circuit curve shifts due to lower open-circuit voltage and higher
internal resistance. While the arc voltage stays nearly constant, the arc current drops
significantly from approx. 0.7 - I at full charge to approx. 0.4 - I at 25 % SOC. This can
result in a significantly longer switch-off time for the upstream overcurrent protection device,
e.g. a fuse, and therefore also a significantly higher arc energy.

— circuit
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“ | e S0C=100%
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Fig. 9. Influence of the state of charge on related U-I characteristic (left), related
arc power as a function of the related arc voltage (middle), related arc power as a

function of the current limiting factor (right)
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A lower SOC shifts the theoretical power curve, reducing maximum arc power and
shifting it to lower currents. Under test conditions, the arc power drops from 25 %
($OC =100 %) to 16 % (SOC = 25 %) of the short-circuit power, while the maximum power
shifts to lower arc currents from 0.5 - Ik to 0.34 - I. Therefore, a lower battery charge can
increase or decrease the arc energy due to longer arc duration and lower arc power. This
should be considered when estimating arc fault parameters and selecting PPE.

C. Special Aspects regarding Incident Energy

As already mentioned in Section IV.A, the measurement results reveal anomalies in thermal
incident energy, particularly in its relation to arc energy at high short-circuit currents and small
electrode gaps. Fig. 10 summarizes the relationship between incident energy Ejo and arc
energy W for all measurements including the APC 1 and 2 ranges based on energy limits
(see Table 1).
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o
X

Fig. 10. Relationship between thermal incident energy and electrical arc
energy for all measurements (gray boxes each cover the area of APC 1 or APC 2,
dashed line shows the trend)

The non-linear relationship between incident and arc energy, as shown in [3], confirms
that all measured values up to the APC 1 arc energy limit (168 kJ) remain within or near its
incident energy limit (146 kJ/m?). However, for APC 2 (320 kJ), some values significantly
exceed its incident enetgy limit (427 kJ/m?), creating a critical atea (highlighted in red in Fig.
10). Compared to the worst-case conditions of the ratio of thermal incident energy to arc
energy of 1.33m? under standard box test conditions, the measurements show that
significantly increased ratios of up to 2.5 m? can occur due to short-circuit currents greater
than 7 kA and/or electrode gaps smaller than 30 mm. A precise physical explanation is limited
by the tests conducted and requires further investigation. Higher incident energy at small
electrode gaps may result from arc column formation, reduced length with increased radius,
and higher arc temperature. Increased arc current with higher short-circuit currents can also
elevate arc temperature and radiation emission.
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D. Comparison of Measurements and Estimation Model

Fig. 11 summarizes all measurements as related variables for the U-I characteristic and
resulting arc power, based on the theoretical operating point setting in Fig. 2.
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Fig. 11. Measured related U-I characteristic (left) and the resulting converted
power in the arc fault (right) for all tests (solid line — linear circuit
characteristic, dots — measurement results)

For fault scenario C, arc current, voltage, and power are referenced to the measured short-
circuit current and battery voltage at the respective SOC, rather than nominal values at 100%
SOC, ensuring comparability. All measured operating points align closely with the theoretical
linear circuit characteristics, even for high arc currents near the prospective short-circuit
current (kg values close to 1). The battery's non-linear soutce characteristic, especially near
the maximum diffusion current (see Fig. 3), has minimal impact, allowing for a linear
assumption. As a result, the model with the assumption of a linear circuit characteristic
described in IT.A for determining expected values of arc fault characteristics can also be used
in LVDC systems with a battery supply. Fig. 12 shows a box plot of the deviations between
the calculated expected values and the measured values of the arc fault parameters for all tests
numbered with # = 1...134 conducted. This deviation was determined with

Xarc measured, 7
N e R T )

arc, 7

arc calculated,

for each parameter X = {I, U, P, }. The model achieves high accuracy in predicting arc
fault parameters in battery systems. Arc current shows a median deviation of 7.8 %, with
75 % of values deviating by up to approx. 12 % and one outlier at 26 %. Similar trends apply
to arc power and energy, with maximum deviations of approx. 20 % and medians of 8 — 9 %.
Arc voltage shows slightly higher deviations, with a 13 % median, a 26 % maximum, and
three quarters of the values below 17 %. The model's applicability is proven for VRLA
batteries in low-voltage systems, given the known system voltage and short-circuit current.
Previous studies [6] prove the applicability of the model also in a more limited range for
lithium-ion batteries. However, this should be validated by further studies with lithium-ion
batteries and those with other relevant cell chemistries.
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Fig. 12. Deviation of the calculated expected values and the measurement
results for the electric arc fault parameters (box plot with x for outliers)

E. Draft of Correction Factors

In order to be able to consider the increased thermal incident energies at comparatively high
prospective short-circuit currents (> 7 kA) and small electrode gaps (< 30 mm), an adaptation

of equation (5) with a current correction factor £; and an electrode gap correction factor &4
with

2
a
arc, prot 1 d T (300mmJ arc, tesf ()

is proposed. Since the ratio of incident energy to electrical arc energy for the combination
of these special conditions is approximately 1.9 times higher than that of the box test
conditions of APC 2 and thus the protection level of the PPE would be reduced by
approximately 0.5 times, the correction factors could be designed with

{0.7, if I, >7kA
I =

. O
1.0, otherwise
and
0.7, if d <30mm
= . (10)
1.0, otherwise

for example. Future investigations should consider the more precise design of these
correction factors based on further measurements in both battery and other LVDC systems.

V. CONCLUSION

To analyse the influence of the battery on arc fault characteristics in LVDC systems, 134 tests
were conducted mainly using a VRLA battery system in a high-power laboratory under
various electrical conditions. The setup followed IEC 61482-1-2 [4]. Four test series examined
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the effects of system voltage, short-circuit current, state of charge, and electrode gap on arc
characteristics. Additionally, thermal incident energy was measured to consider PPE selection
against arc flash hazards in battery and LVDC systems. The results show that despite the
partially non-linear U-I characteristics of the battery, the operating point aligns well with linear
circuit characteristics. The model accurately predicts arc fault parameters, though further
studies, especially on lithium-ion batteries, ate needed. Arc current, voltage, power, and
energy increase linearly with short-circuit currents, but incident energy shows a non-linear
dependence, exceeding box test conditions above 7 kA. The battety's state of charge (SOC)
affects arc behaviour and shifts the operating point. Arc power and energy also depend non-
linearly on the electrode gap, with gaps of 4 < 30 mm leading to high incident energies,
potentially compromising PPE selection. To address this, initial correction factors for PPE
selection were proposed, requiring further refinement and validation for both LVDC and AC
systems.

Acknowledgments

This paper is a partial result of the IGF project: 011FF22533N “Protection against arc faults in
low-voltage direct current systems”. It was funded by the Federal Ministry for Economic
Affairs and Climate Action (BMWK) based on a resolution of the German Bundestag. The
authors of this publication are responsible for its content. The contents presented here are
only a part of the overall project and should not be understood as a project result.

REFERENCES

[1] H. Schau and M. Mehlem, "Risk analysis and guidelines for selecting PPE against the
thermal hazards of electric fault arcs," in 2077 10th International Conference on Live
Maintenance (ICOLIM), Zagreb, Croatia, 2012. [Online]. Available: https://www.db-
thueringen.de/receive/dbt_mods_00020171

[2] L. B. Gotdon, K. D. Cart, and N. Graham, "Complete Electrical Arc Hazard
Classification System and Its Application," IEEE Trans. on Ind. Applicat., vol. 53, no. 5,
pp- 5078-5087, 2017, doi: 10.1109/TIA.2017.2682158.

[3] H. Schau and S. Glaset, "Research Wotk on Arc Flash in LVDC Systems," in 2022 13
International Conference on Live Maintenance (ICOLIM): 15-17 June 2022, Turin, Italy, 2022,
pp. 1-6.

[4] IEC 61482-1-2:2014: Live working - Protective clothing against the thermal hazards of an electric ar
- Part 1-2: Test methods - Method 2: Determination of arc protection class of material and clothing by
using a constrained and directed arc (box test), IEC.

[5] S. Glaser and D. Westermann, "Investigation of Operating Point Setting and Stability
Behavior of LVDC Arc Flashes," in 2024 IEEE PES Innovative Smart Grid Technologies
Eurgpe (ISGT EUROPE), Dubrovnik, Croatia, 2024, pp. 1-6.

[6] H. Schau and S. Glaser, "Approaches for Calculating LV DC Arc Flash Parameters," in
2020 551h International Universities Power Engineering Conference (UPEC), Torino, Italy, 2020,
pp. 1-6.

[7] Deutsche Gesetzliche Unfallversicherung (DGUV), "DGUV Information 203-077
,» Thermal hazards due to electric fault arcing®,"

[8] D. Linden, Ed., Handbook of batteries, 3trd ed. New York, NY: McGraw-Hill, 2002. [Online].
Available: http://www.loc.gov/catdir/bios/mh041/2001030790.html

61



Sebastian Glaser, Dirk Westermann

[9] M. Alipout, C. Ziebert, F. V. Conte, and R. Kizilel, "A Review on Temperature-
Dependent Electrochemical Properties, Aging, and Performance of Lithium-Ion Cells,"
Batteries, vol. 6, no. 3, p. 35, 2020, doi: 10.3390/batteties6030035.

[10] M. Bruhns and P. Schegner, "Characteristics of High Current DC Arc Faults in LV
Battery Systems and Conclusions for System Protection," in 2025 14th International
Conference on 1ive Maintenance (ICOLIM), Oslo, Norway, 2025, pp. 1-6.

62



