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Practical Battery Arc Flash Models

David Rosewater
and William Cantor

Abstract—Calculating arc flash incident energy (IE) in battery
systems can be significantly improved in both accuracy and practi-
cality. Annex D of NFPA 70E has referenced the maximum power
transfer method since 2012, which tends to overestimate IE and
has led to the overprescription of personal protective equipment
for over a decade. Many alternative methods have been proposed
but have been either impractical or inaccurate. This confluence
of factors means that many battery systems either do not have
arc flash labels or are labeled with an arc flash hazard that, if
true, would make regular maintenance tasks impractical. This
paper develops a practical battery arc flash model that accounts
for electrode erosion and self-extinguishing phenomena in different
configurations to predict IE. Self-extinguishing time is predicted by
modeling the arc length as a random variable and assuming that
the arc will extinguish whenever it exceeds a maximum threshold.
The probability distribution of the arc length depends on the
electrode configuration and the voltage. The proposed method is
substantially more accurate than established methods when they
are used to predict the IE measured in 228 battery arc flash tests
from published literature. This achievement represents a milestone
in battery arc flash modeling that will enable appropriate safety
controls to be applied to battery work.

Index Terms—Risk assessment, energized work, batteries, work
practices, workplace safety.

I. INTRODUCTION

HE physics of an electric arc is extremely complex. How-
T ever, electrical safety requires simple rules and guidelines
to protect workers. If amodel is too complex, it will not be widely
used. If a model is not precise enough, then it will lead to either
the over prescription of controls or electrical injury. This paper
attempts to strike a balance between simplicity and precision in
calculating battery arc flash incident energy (IE). The goal of
this paper is to provide a practical way to calculate battery arc
flash IE with the information available to a battery worker. This
work builds on a paper presented at the 2025 IEEETAS ESW [1].
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With the proliferation of batteries needed for grid scale energy
storage it is important to protect battery workers from electrical
hazards. Battery arc flash injuries have historically been rare
and are difficult to disaggregate from contact thermal injuries
in accident data [2]. However, national worker safety standards
require arc flash hazard labels on stationary battery systems [3].
The prevailing method to calculate IE in batteries has been the
maximum power transfer method described in an informative
annex of NFPA 70E [3]. Part of the motivation of this paper is that
this method is known to overestimate the IE in battery systems
leading to the overprescription of personal protective equipment
(PPE). While rare, it can also underestimate the IE in cases
where the arc current is lower than expected, leading to slower
overcurrent protection and hence longer arc duration. More
accurate methods have been developed [4], that can provide a
better initial estimate of arc current and hence arc time where
overcurrent protection is the limiting factor. However, there is a
growing body of experimental evidence that self-extinguishing
is the primary limiter of arc duration under certain conditions.
This paper explores what these conditions may be and develops
a model to predict self-extinguishing time.

The remainder of this paper is organized as follows: The
relevant physics of electric arcs in air produced by batteries are
reviewed in Section II, the published body of experimental data
of battery arc flash is reviewed and categorized in Section III.
Methods of dc arc flash calculation, including the novel methods
developed for battery arc flash in this paper, are covered in
Section IV, and lastly the results of using these methods to
predict IE from arc flash tests is presented in Section V.

II. ARC FLASH PHYSICS

An electric arc is a continuous discharge of electricity through
air that produces light and heat. It occurs when a high voltage
is applied across a gap between two electrodes, ionizing the
gas and creating a conductive plasma channel. The plasma
loses heat rapidly through thermodynamic heat transfer. The
arc, therefore, can only sustain itself when the electrical heat
generation exceeds the heat dissipation. An electric arc is a
continuous discharge of electricity through air that produces
light and heat. It occurs when voltage is applied across a gap
between two electrodes, ionizes the gas and creates a conduc-
tive plasma channel. The plasma transfers heat rapidly through
thermodynamic processes. The arc sustains itself when the
electrical heat generation exceeds the heat dissipation. There
are two stable operating temperatures for electric arcs: where
heat generation is balanced by conduction losses (to both the
surrounding air and the electrodes), and where it is balanced by
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Fig. 1. Battery Arc Flash Hazard Diagram.

radiation losses. Conduction heat transfer is proportional to the
temperature difference and its associated stable temperature is
around 6000 K [5]. Radiation heat transfer is proportional to the
temperature difference to the fourth power, and its associated
stable temperature is much higher around 9000 K [5]. We are
primarily concerned with the higher temperature arcs as these
are more hazardous to workers [6].

Instead of delving into the complex models of plasma physics,
we will look at an electric arc as a simple intersection of two
equations: a Thévenin equivalent battery model, and a average
power arc model. The IE calculation method developed by
Ammerman [4] using the Stokes and Oppenlander [5] model
is used in this paper. A diagram of a Thévenin battery model
connected to a nonlinear arc resistance model is shown in
Fig. 1. This method sets the battery terminal voltage equal to
the arc voltage through (1). This equation is solved iteratively
by changing the arc current using the goal seek function in MS
Excel. A spreadsheet with a macro to solve this function for I,
and V. is available [7]. Once solved, the arc voltage, current,
time, and working distances are plugged into (2) to determine
the IE. The relationship in (2) assumes that the arc is at thermal
equilibrium, in that the heat gained by the electrical power of
the arc is immediately lost by the arc through thermal radiation.

Vare = (20 + 0.5342,) I%1? = Viys — Luse Ring (1)

0.239 (<) /T
o 0239(5) | V(0 @

4n D? 0

where V. is the arc voltage (V), Iy is the arc current (A),
T is the arc time (s), Viys is the battery voltage (V), Ry is
the battery internal resistance (£2), z, is the electrode gap (mm),
D is the working distance (cm), and /E is the incident energy
(cal/cm?)

In general, (1) approximates the arc’s average power as a
function of arc gap and arc current. Similar to Ammerman [4],
this model is extended to represent a stable voltage and current
around which an arc operates. Fig. 2 shows current and voltage
data collected during inline arc flash experiments on a 520 V
battery with a short circuit current of 20 kA. The initial electrode
gap was 6 mm. After two seconds the electrodes had burned back
to 130 mm. As shown in the I-V data, the stable voltage-current
starts at the intersection of the battery model and the 6 mm arc
model. As the test progresses, the measured voltage rises and
current falls along the battery model line. At the end of the test,
the voltage and current start to behave more erratically, jumping
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Fig. 2. Battery Arc Flash I-V Data, collected by [9] and presented in [8].
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DC Electrode Configurations: (a) inline, (b) open parallel, (c) closed

above and below the battery model line. This is likely an artifact
of the method of extracting data from the plots in [8] as the raw
data was not published along with their paper.

III. EXPERIMENTAL DATA

Recent work has surveyed the history of dcarc flash test-
ing [10]. In this paper, an expanded list of references is examined
to compare their methodologies and results. The drawings in
Fig. 3 show the range of different test configurations used in
published works, with the addition of a box in many tests
to simulate the arc occurring within an electrical equipment
enclosure. Note that of the tests in the literature with a real
battery, or a simulated battery with calibrated voltage droop,
used as the power source, all tests were performed with low
inductance circuits starting with the battery at rest. This is a good
match to our assumed linear battery model but it would not apply
to other power sources (PV or electronics) or to panels located
far from the batteries with long twisted current carrying wires
that would store additional energy in their inductance.

The configurations are divided into three categories: inline,
open parallel, and closed parallel. The terminology of open
(a.k.a. ‘unbounded’, or ‘in open air’) and closed (a.k.a. ‘ter-
minated in an insulating barrier, or ‘butted into a boundary’) is
used for convenience and does not refer to the enclosure’s door
position. Due to the high arcing currents of interest, convective
forces can be safely ignored meaning that the orientation of the
electrodes is not needed to model the arc. The inline configura-
tions have the current carrying conductors in the same line as the
arc. This means that the magnetic forces do not impact the arc
until it moves outside of this line, at which point the direction of
Lorentz forces is in a circle around the conductors as dictated by
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the right-hand rule. The parallel configurations have the current
carrying conductors oriented parallel to each-other. This means
that the magnetic forces project the arc away from the source of
energy, no matter the polarity of the electrodes. The open parallel
configuration allows the arc to be projected past the length of
electrodes while the closed parallel configuration terminates the
electrodes in an insulating barrier.

A. Inline Configurations

Inline configurations (Fig. 3(a)) were included in the tests
performed in [9], [11], [12], [13], [14], [15]. The data provided
in [9], [11], [12], were the most comprehensive as large tables
describe every test condition and the results. Data from [13],
[14], [15] had to be inferred from the figures. Because of this,
some data points from either arc time or incident energy were
missing and those tests are omitted. In total, data from 74 arc
flash experiments using inline configurations are analyzed in this
paper.

These data identify two of the notable phenomena that this
paper hopes to address: electrode erosion, and semi-random self-
extinguishing time. Electrode erosion, or burn back, has been
well documented as important for IE calculation [8] and as a
contributing factor for self-extinguishing and is discussed more
in Section I'V-C. The tests that self-extinguish have a clear trend
that higher voltage batteries have longer duration arcs [16] but
there is still substantial uncertainty in the arc interrupt time.
There was no clear impact of containing the arc within a box
on the interrupt time but doing so increased the incident energy
measured.

B. Open Parallel Configurations

Parallel configurations without a barrier (Fig. 3(b)) were
included in the tests performedin [11], [12], [13], [14], [15]. The
spreadsheetsin [11], [12], [13] could be read from directly, while
data from [14], [15] had to be inferred from the figures. In total,
data from 84 arc flash tests using open parallel configurations
are analyzed in this paper.

These data show that a battery arc between parallel con-
ductors, without a barrier, is extremely short lived compared
with the inline configurations. There is a clear trend that higher
voltage leads to a longer arc duration. However, the trend is
roughly exponential rather than linear. This phenomenon is
governed by the magnetic forces discussed in Section IV-E.
Notably, many experimentalists (e.g. Fechalos [12]) started with
parallel electrodes to better represent real battery equipment, but
changed to inline electrodes when they could not sustain an arc
in the parallel configuration.

C. Closed Parallel Configurations

Parallel configurations with a barrier (Fig. 3(c)) were included
in tests performed in [13], [17] and [18]. Data from [17] was
obtained. Data in [18] did not include any self-extinguishing
arcs so could not be used to develop models but could be used
to verify model accuracy.

An interesting observation in [13] that adding an isolating
barrier to the end of the parallel electrodes extended the arc
duration: “Arcs extinguished themselves very quickly when
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allowed to progress to the top of the bus bars where the arc
could expand in free space. A barrier was added to confine the
arc to the area between the bus bars. This successfully confined
the arc and resulted in longer arc times.” - Hildreth [13]. In total,
data from 77 arc flash tests using closed parallel configurations
are analyzed in this paper.

Comparing these results to data from [17] complicates this
observation. Instead of simply increasing the arc duration, the
barrier appears to increase the uncertainty in self-extinguishing
time. The arcs were observed to occasionally stretch away
from electrodes, perpendicular to the magnetic forces from the
electrodes. Identical tests sustained themselves for a duration
ranging from several milliseconds to several seconds.

IV. METHODS

A. Maximum Power Transfer Method

This is the most widely used method to calculate arc flash IE
asitrequires the least information. Originally published by Doan
in 2007 [19] and later included in Annex D of NFPA 70E [3], this
method assumes that the maximum power a dc source is capable
of transferring to the arc is 50% of the power delivered by the
source and is emitted in all directions as thermal radiation.

Iarc = Ibf/2 (3)

Tar C

IE ~ 0.01ViysLue 75 )

where Iy is the bolted fault current.

B. Arc Resistance Method

This method is referenced in NFPA 70E [3], but has seen less
wide use than the max power method due to the need to know the
arc gap and to iteratively solve for the arc resistance and hence
power. This is equivalent to the similar formulation in (1) with
the simplifying assumptions of a constant arc gap and known
arc duration. First published by Ammerman in 2010 [4], this
method calculates the arc resistance at the intersection between
the battery’s discharge curve and the arc high-current / low-
voltage curve.

20 +0.534z,

Rue= o )

Vare = Vvsys — Larc Ring (6)
I2 Ry T,

IE ~ arc{ tarc L arc 7

4n D? )

One problem with this method is that the arc gap can change
over time with electrode erosion. As was shown in Fig. 2 the ini-
tial arc gap was below the maximum power point on the battery’s
discharge curve. As the arc gap increased, the power increased.
So, if the electrode gap is narrower than the max power arc
gap, the IE that a worker is exposed to could be between the IE
calculated using this method and the maximum power method.
Marroquin et al. extended the arc resistance method to predict
and account for electrode erosion in IE calculation in [8]. These
methods are expounded in the following sections.
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Fig. 4. Arc Model with Electrode Erosion, (a) Arc Voltage, (b) Arc Current,
(c) Electrode Gap from (9) and Arc Length from (10), and (d) Arc Heat Flux at
an 45 cm (18 in) working distance.

C. Erosion Model

A novel modification of the arc resistance method is developed
by determining the rate of electrode erosion. The growth of the
electrode gap is a function of the heat generated by the arc, some
of which melts or vaporizes the metal of the electrodes. Previous
studies have modeled this rate as proportional to current [8], [10],
[20]. We attempted to model it as proportional to current squared
and arc power and both fit the results when the final arc gap is
known. However, when predicting what the final arc gap will be,
modeling electrode erosion as proportional to current yields the
most accurate results. Hence, the function shown in (8) is used
to model arc erosion.

-, — KgIarc (8)

where K is the arc erosion rate constant (mm A ls™h

The erosion rate constant of the experiment is calculated,
as shown in Fig. 4, by solving the following multi-objective
optimization problem with inputs: V. arc voltage data, I arc
current data, IE = 44 cal/cm? the measured total IE at a working
distance D of 45.7 cm, 2z is the initial electrode gap of 6mm
while z; is the final electrode gap of 130 mm. The unitless weight
I"is set at 100 to balance how much the optimization tries to fit
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the I-V data and how much it tries to fit the IE data.

~ N 2
||V;1rc - Garc”% + Hlarc - iarcH% + F ((I) - Z (b)

min
xT

S.t. Vare = Vsys — lare Rin

- cal At\?miarc

¢ =0.239 (J) D

Z2 = Kglue

2(0) = 20

Zg(n) = 21 )

A N S 4 3 -
where @ = {Varc, larc, @, Zg, Vays, Rint, Ko} € R* 1. and Z is
the discrete time matrix:

-1 1 0 . . O

(1]

0 (U I 1 (nt1)

This problem is solved in python using pyomo [21] and the
interior point, non-linear solver ipopt. The results are shown in
Fig. 4. For the 25 mm diameter copper electrodes used in this
experiment Kg = 0.00496 mm A~' s=' . This value is used
for tests in [9] and [11]. Fechalos [12] used 19 mm copper
electrodes and Hildreth [13] used 14.3 mm copper electrodes
so their K, is scaled by the ratio of their cross-sectional areas
(Kg = 0.00855 mm A~! s~! [11], and 0.01517 mm A~' s~!
respectively). Fechalos [12] used 19 mm tungsten electrodes for
one test and so we scaled K, by both cross-sectional area and
the ratio of density. This calculation resulted in 0.0073 mm A~!
s~! for the tungsten electrode test in [12]. Note that trying to
adjust for the heat capacity and melting temperature of tungsten
produced an inaccurate underestimation of electrode erosion.
These are rough approximations and further testing is required
to parameterize this phenomenon.

Solving (1) for z, provides a real-time estimate of the arc
length based on the battery model and measured current. This
estimate is distinct from the electrode gap burn back in that it
comes from the intersection of the battery discharge curve and
the arc model.

VigsTae'? = RinId® — 20
; 0 534t (10)

The arc length estimate, shown in Fig. 4(c), is observed to
jump above the electrode gap, peaking above 200 mm. The
random behavior of the arc length estimate suggests a method to
predict the self-extinguishing time of an arc. If the arc length be-
haves like a random variable, then the likelihood that, over time,
itextends long enough to extinguish itself can be calculated. The
following section explores this potential solution.

Zg:

D. Arc Length as a Random Variable

A clear trend is observable in the experimental data that
arcs self-extinguish. Stokes observed the following “... the arc
obviously has a tendency to extinguish itself if the source voltage
is less than the maximum excursion voltage.” [5]. He noted
that how often the arc self-extinguished depended on current,
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with the rate increasing to hundreds of times per second at
1 kA. Our objective is therefor to use what is known about
the battery system (voltage, short circuit current, electrode gap,
and configuration) to estimate the self-extinguishing time with
quantitative accuracy.

To accomplish this goal, the arc length of inline conductors
is modeled using a random variable (Z). The arc length cannot
be shorter than the gap between electrodes (z,). We assume that
the arc lengths longer than this minimum are exponentially less
likely. The probability density function for the arc length based
on this assumption is shown in (11).

p(3) = BePz—2) (11)

where p is the probability density function, Z is the random arc
length which is a real number (R) greater than the electrode
gap (2,)), and f3 is a constant describing the distribution with
high § corresponding to a short tail (with outcomes tending to
be close to z,), and low 3 corresponding to a long tail (with
outcomes tending to be significantly greater than z,). See the
parameterization functions in the Appendix. An illustration of
two example distributions is shown in Fig. 5.

We assume that the maximum arc length is where there is
no solution to (1). The maximum arc length of the arc model
in [4] occurs at the transition current between the low-current /
high-voltage region, and the low-voltage/high-current region as
shown in (12). Plugging (12) into (1) provides (13).

ZER > 2z

I, =10+0.2z, (12)

(20 + 0.5342,) (10 + 0.22,) %' = Viys — (10 + 0.224) Rine
(13)

where I; is the transition current (A).

The solution to (13) yields the self-extinguishing arc length
2/ for a given battery, above witch no arc can sustain itself [22].
The next step is to calculate 3 based on measured 7T}, values
in arc flash experiments. The model then uses (11) to predict
likelihood of self-extinguish in less than T}, as the probability
that Z exceeds the arc length limit 2’ within the time Ty.. To
integrate p(Z) with respect to time z,(t) is determined. This
will be done in two ways based on the electrode configuration.

For inline configurations, z4(¢) is dominated by electrode
erosion as described in (8). However, determining the arc current
using (1) is more complex than needed for the assumed linear
source. Again, a linear model limits the applicability of this
method to batteries (not PV or electronics) and to low-inductance
circuits (i.e. on or near the battery itself). With a known final
electrode gap (z1) and arc time T} this method uses a simple
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linear approximation for z,(t) as shown in (14).

21 — 20
Tare

7—‘le‘(:
2g(t) = 20 + K, / Typedt = ( ) t+ 2z (14)
Jo

Plugging the approximation in (14) into (11) and integrating
with respect to time yields (15).

Tae  p(a1-2)
Z1 — 20

P(Z, Ture) = 15)
With this result, the probability IP that the random variable Z is
greater than the maximum arc length 2’ can be calculated. This
is calculated by integrating (15) over the arc length from 2’ to
00. The result of this calculation is shown in (16). Equation (16)
is then solved for the arc duration 7}, where the probability that
the arc self-extinguishes reaches a specified value to produce the
time-at-risk equation in (17).

Tarc

S/ ~ n o B(z1—2")

P(z>7)= 75(21 — Zo)e (16)
- P(Z2>2)B(21 — 2)
Tarc - eﬂ(zlfz/) (17)

For each arc flash experiment with a known self-extinguishing
time, there exists 5 € R that solves (17) for values of IP(Z >
z') € [0, 1]. This is to say that we can pick the probability we are
interested in, e.g. 50% chance of the arc time exceeding estimate
or the median result, and calculate 35, as the tuning parameter
to model that outcome. These values are a function of voltage
and are listed in the Appendix.

While (17) provides a quantitative estimate for 7, it requires
a known final electrode gap z; to calculate. In practice, Tam and
Z) can be solved together iteratively by approximating I, and
Vare the same as for z,(t) as shown in (22) and (23). Equations
(18) through (21) are simplifying nomenclature.

Iop=1I(zy = 2) = I(t = 0) (18)
Vo=V(zg =2)=V(t=0) (19)
I = I(zg = z’) =1I(t= Tarc) (20)
Vi=V(zg=2)=V(t =Tue) (21)
N V' =V
V(t) = ——2t + Vo 22)
. I'— I
i)~ —2t+1, (23)
L Ko (I' + Ip) +
5~ 2+ Kg/ I(t)dt = 2z + 22— 7 Tae (24)
0

The time Tm and gap 2Z; are solved for using (17) and
(24). Note that many experiments with inline configurations
self-extinguish so quickly as to result in no electrode burn back.
Inthese cases, we tend to find 2, — zgis a fraction of a millimeter.
The arc flash IFE is estimated by plugging (22) and (23) into
(2) and solving the integral. This yields the surprisingly simple
formulation in (25). Because it is a functions of the time-at-risk
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from (17), (25) is an energy-at-risk (EaR) function

0239 ()l
1~ 920 (F) / VIt dt
0

47 D?
0239 [TV +IVo  V'Ig+I'Vo\ -
" 47D? ( 3 = 06 0>T‘“° (2)

E. Arc Elongation in Parallel Configurations

In parallel electrode configurations there is a strong magnetic
field between the conductors that induces a Lorentz force on the
arc plasma. Ampere’s law states that the integral of the magnetic
field strength (B) around any arbitrary closed loop path is equal
to the vacuum magnetic permeability (po) times the enclosed
current. A circular path around a wire or electrode has a path
length equal to the the circumference of the circle.

%Bds = ol (26)

Byire(r)27r = ol ¥r > 1o 27)
I

Buire(r) = ;% Vr > 1o (28)

where By 15 the magnetic field strength around a wire, r is the
radius of the circle centered on the wire, [ is the current in the
wire, and 7 is the radius of the wire. Note that bus bar tend to
be flat and wide compared to their thickness. For bus bars, we
integrate around a roughly rectangular path equidistant from its
surface.

/J/OI w
“2htowier 72
where By, is the magnetic field strength around a bus bar, h is
the height (or thinness) of the bus bar, w is the width of the bus
bar, and 7 is the distance away from the bus bar’s center point.

The strength per unit length of the Lorentz force on the arc
is the arc current density times the magnetic field strength.
However, two additional considerations modify the equations
above given the electrode configuration. First, these equations
are based on an infinitely long current carrying wire. The arc
diverts the current away from the conductor, so the magnitude
of the magnetic field is divided by two. Second, there are two
wires or bus bars in dc arc flash, hence we include a term for
both with different references for r.

B s (T> (29)

dFyire ,UOIE (1 1
— —are Vrg <r <
dr 4 \r  2ro+zg—r roS TS Tot %
(30)
IZ
Fure = 552 (In(ro + z,) — In(ro)) (3D
deus — MOIa?rc 1
dr 2 2h + 2w + 8r
+ ! Ve << 2
Uo,¥
2h+ 10w+ 8z, —8r) ) 2 2
(32)

I2
Fs = MOT (In(2h + 6w + 82,) — In(2h + 6w)) (33)
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Fig. 6. Initial magnitude of Lorentz force on an 1 kA dc arc, 25.4 mm diameter
cylindrical electrodes (top), 8 mm by 30 mm flat bus bars (bottom).

The illustration in Fig. 6 shows how the different electrode
shapes and gaps impact the strength of the Lorentz force. The
force is stronger on an arc between round electrodes. Further, the
gap has a much larger impact on the force for round electrodes
than it has on parallel bus bars. However, despite knowing this
force, the movement and duration of the arc is complicated by
the temperature, density, and mass flow and hence all attempts
at incorporating force into a more accurate statistical model
of parallel electrode arcs were unsuccessful. The following
derivation mirrors the estimation of Ty, with the simplifying
assumption of constant arc gap (z,).

Using a constant electrode gap in (11) and integrating with
respect to time yields (15). This is then used to calculate the
probability IP that the random variable Z is greater than the
maximum arc length 2’ causing the arc to self-extinguish. The
result of this calculation is shown in (35) which is then solved
for the arc duration 7)., where the probability that the arc
self-extinguishes reaches a specified value to produce (36).

p(Z, Ture) & Tigee” =77 (34)

P(z>2) = %eﬂ(%*” (35)
Ture = w (36)
V. RESULTS

The goal of this paper is to develop practical methods to
calculate battery arc flash hazard. Available to anyone reading
this paper [7] is an open-source licensed spreadsheet that is
programmed to enable a user to calculate the /E using the meth-
ods described in Section IV. With automated calculation, the
remaining challenge is in determining accurate inputs. We define
the information available to an analyst in two tiers 1) electrical
only, and 2) electrical + mechanical. An arc in a box coefficient
of 1.52 is used for all experiments performed within enclosed
spaces based on the calculated value for panelboards [16], [23].

If all that is known about a battery system is its electrical
characteristics, then the only method that can be used in the
maximum power transfer method (see Section IV-A). This is
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TABLE I
INFORMATION REQUIREMENTS FOR EACH METHOD
Electrical Mechanical
Battery SlleI't' Gap Electrode
Circuit . Configu-
Voltage Distance .
Current ration
Max-Power v’ v~
Arc-Resistance v’ v’ v’
Self-Extinguishing v’ v’ v’ v+

+ inline configurations also require an assumed erosion rate constant (/<g)

100

8

w

(o

= 50

k<]

R | "Y'

0 Mo el e L L L
10 0 10 20 30 40 50 60 70
a) Max Power Transfer Method Error (IE__ - IE )
est. mea.
100

[2]

2

= 50F

k]

I

b

-10 0 10 20 30 40 50 60 70
b) Arc Resistance Method Error (IEE -1E )

st. mea.

o
o

# of Tests
g

-10 0 10 20 30 40 50 60 70
c) Self-Extinguish Method Median Estimate Error (IEes -1E

L. mea.

100

# of Tests
3

Aad mn B N
-10 0 10 20 30 40 50 60 70
d) Self-Extinguish Method <5% Chance Error (IE__ -IE__ )

est. mea.

Fig. 7. Prediction error histograms: (a) maximum power method, (b) arc
resistance method, (c) median result of the self-extinguish method, and (d) <
5% chance result of the self-extinguish method.

why it is so widely used, despite its tendency to significantly
overestimate the level of the hazard. If the mechanical character-
istics of a battery system are known, including the configuration
and arc gap, then a much more accurate estimate of /E can be
calculated. The simplest method to account for the arc gap is
to use the arc resistance method (see Section IV-B). However,
this method ignores how arc gaps can change over time and the
propensity of arcs to self-extinguish in different configurations.
Table I summarizing the information required to use each IE
calculation method discussed in this paper.

The proposed method to account for these phenomena is the
self-extinguishing method, which combines electrode erosion
(see Section IV-C), and arc length as a random variable (see
Section IV-D). Fig. 7 shows histograms of the error from us-
ing these three methods to predict the IE of 228 tests (see
Section III). The self-extinguishing method results are divided
between the median estimate c), and the EaR estimate d) where
there is a less than 5% chance that the /E is higher than the
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TABLE II
RESULTS BY ARC FLASH PPE CATEGORY

Method Predicts Correct PPE Category

Max Power  Arc Resistance  SE Median  SE <5% EaR
Number 26 28 192 153
% 11.4% 12.3% 84.2% 67.1%
Method Predicts Higher PPE Category
Max Power  Arc Resistance  SE Median  SE <5% EaR
Number 202 198 8 74
% 88.6% 86.8% 3.5% 32.5%
Method Predicts Lower PPE Category
Max Power  Arc Resistance  SE Median  SE <5% EaR
Number 0 2 28 1
% 0.0% 0.9% 12.3% 0.4%
Number is out of 228 tests.
Error Summary
Max Power  Arc Resistance ~ SE Median SE <5% EaR
Mean Abs. 11.88 7.38 0.87 2.79
RMS 15.94 9.82 1.95 6.85
R2 -0.48 -0.63 0.90 0.42

estimated value. The maximum power transfer method over-
estimates the JF by 11.88cal/cm? on average, while the mean
error of the arc resistance method is 7.38cal/cm”. There are a
few cases where the arc resistance method underestimates the
measured [F, roughly 1.5% of the tests in our dataset. The
mean error of the median prediction of the self-extinguishing
method is only 0.87cal/cm?, however that is because roughly
half (49%) of its predictions underestimate the /F. This is an
improvement; however, we still do not want to underestimate
the IE that a worker could be exposed to. The mean error of the
< 5% chance, EaR prediction of the self-extinguishing method is
2.79cal/cm?, with a 0.4% chance (1/228) of underestimating /F
by more than 0.1cal/cm?. A summary of these results divided up
by arc flash PPE category is included in Table II. The maximum
power method predicts a higher category than measured in 90%
of tests. Compare that to the median self-extinguishing method
correctly predicting the PPE category in 75% of tests. The <5%
EaR self-extinguishing method still predicts the correct PPE
category in 61% of tests but reduces the rate of predicting a lower
category from 11% to 0.4%. The improved performance of the
self-extinguishing method is acute at low energy. Fig. 8 shows
the IE of each test result plotted against the prediction of each
method. Below 1.2cal/cm?, the maximum power method and
arc resistance method tend to overestimate the IE by one to two
orders of magnitude. The proposed <5% EaR self-extinguishing
method is much better at correctly identifying when a test
measures /E below this hazard threshold.

Additionally, the sensitivity of the proposed method to the
tuning parameter beta is investigated. The following test case
is used: 520 V battery, bolted fault current of 20 kA, and gap
of 12.7 mm. To estimate sensitivity, beta is increased by 1%
and the resulting change in the estimated arc time is recorded.
For the test case with an inline configuration, a 1% increase
in Beta causes a 12.97% increase in the median prediction of
Tae (1.19 s to 1.34 s), and a 2.6% increase in the < 5% chance
prediction (3.88 s to 3.98 s). For the test case with an open
parallel configuration, a 1% increase in Beta causes a 3.24%
increase in in the median prediction of T} (0.0174 st00.0180 s)
and a 6.06% increase in the < 5% chance prediction (0.0649 s to
0.0688 s). For the test case with a closed parallel configuration,
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Fig. 8. Comparison of arc flash incident energy predictions and results.

a 1% increase in Beta causes a 5.4% increase in in the median
prediction of Ty (0.300 s to 0.316 s) and a 10.9% increase in
the < 5% chance prediction (10.8 s to 12.0 s). These sensitivities
are concerning because they imply that small changes in beta,
perhaps from new experimental data being collected, could
result in large changes in energy estimates.

There are several important caveats to keep in mind when
reviewing these results. First, as previously stated the linear
model used only applies to batteries (not PV, rectifiers, dc-
generators) and only when working on or near the batteries
themselves (low inductance circuits), when at rest (not under
charge or discharge). Second, the probabilistic model does not
fully account for the effect of arc current on the likelihood of
self-extinguishing. It is understood that stronger magnetic forces
should lead higher bolted fault current batteries to interrupt arcs
more quickly. However, current has a more complex effect and
we were unable to improve the predictive model by including
current (bolted fault or initial arc current) or the resulting force
in the model. More experimental data and better models may
enable us to account for this in the future and improve our
predictions further. This method should not be extended beyond
the data used to train the beta tuning parameter. That means it is
currently limited to less than 600 V for both inline and closed
parallel configurations, and less than 1 kV for open parallel.
Further, the open parallel configuration is limited to less than
10 kA short circuit current, while inline and closed parallel
configurations are limited to less than 20 kKA.

Lastly, as a probabilistic prediction, there will be outlier cases
that have IE exposure greater than predicted by the model. For
example, in the data presented in Fig. 8, there is one case where
the <5% chance self-extinguishing model result predicted an
IE of 0.5cal/cm? when the actual test measured approximately
2cal/cm?. The source report included a surprising observation of

this test “Review of high-speed video shows the arc grow sub-
stantially towards the calorimeter placed in front of the battery
cabinet.” We analyzed the current and voltage data from this test
and determined that the higher IF measured was likely due to
the effective working distance being reduced from 45.72 cm to
roughly 30 cm. Outlier cases can and will happen and are one
reason why PPE is the least effective method in the hierarchy of
controls [3].

VI. DISCUSSION ON SELECTING A CONFIGURATION

There are several factors to consider when selecting which
configuration to use in the self-extinguishing calculation. First,
while important to include for completeness, inline electrode
configurations rarely if ever appear in battery systems. The
exception is a split bus panel, with the feed for one bus coming
from the opposite direction from the other. Every other dc
panel is wired such that if an arc forms between busses, it is
electromagnetically pushed to one end of the bus or the other
until is either blocked by an insulating barrier or allowed to
expand into open air. It is important to note that the dc loads fed
by batteries tend to have some form of overcurrent protection
that limit the duration of an arc more than self-extinguishing.

VII. CONCLUSION

Practical methods to estimate the arc flash hazard of battery
systems are critical to keeping workers safe. This paper proposes
a probabilistic, self-extinguishing arc model to predict arc dura-
tion. This method uses the battery voltage, short-circuit-current,
arc gap, and the electrode configuration as inputs. These inputs
are readily available to anyone with the battery specification
sheet and a completed design or physical system to look at.
Electrode configuration is generalized into three categories:
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inline, open parallel, and closed parallel (terminated into an
insulating barrier). For inline configurations, electrode erosion
dominates the process of self-extinguishing, so current over time
is used to predict the arc duration and final arc gap. In parallel
configurations the process of self-extinguishing is dominated
by the Lorentz forces. Terminating parallel conductors in an
insulating boundary, such as a breaker, can greatly extend the
duration of the arc and make the arc duration more random / less
predictable.

The proposed methods are both practical, and more accurate
than comparable methods. The self-extinguishing method, tuned
to a < 5% EaR, has an average prediction error of 2.79cal/cm?,
compared to 11.88cal/cm? for the maximum power method and
7.38cal/cm? for the arc resistance method. This leads the EaR
arc-extinguishing method to perform substantially better when
it is used to select arc rated PPE, especially at low energy. This
method correctly identifies the minimum category of PPE that
would protect a worker 67% of tests, with 32% overestimating
the required PPE and a <1% chance of underestimating it. This
is a substantial improvement over the maximum power method
which overestimates the required PPE in 89% of tests and the arc
resistance method that overestimates the required PPE in 87% of
tests. This improved accuracy will enable the correct selection
of PPE for battery work, keeping workers safe while avoiding
the hazards of excessive arc flash gear.

Future work will focus on improving calculation of the tuning
parameter 3. More experimental data in the closed parallel
configuration could improve both accuracy and precision of the
model.

APPENDIX
: MODEL TUNING

The tuning parameter /3 for inline configurations is calculated
as a function of battery voltage as shown in Fig. 9. Of the 74
experiments, a subset of 38 were selected to train the parameter /3
for inline configurations. The best fit line with the data available
was the sum of two power law functions as shown in (37).

Bintine = aV? + V4 (37)
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The tuning parameter S for open parallel configurations is
calculated as a function of battery voltage as shown in Fig. 10.
Of the 84 aggregated experiments, a subset of 65 were selected
to train the parameter 3 for open parallel configurations. The
best fit line with the data available was the sum of two power
law functions as shown in (38).

ﬁopen»parallel = avb + cvd (38)

The tuning parameter 3 for closed parallel configurations is
calculated as a function of battery voltage as shown in Fig. 11.
Of the 77 aggregated experiments, a subset of 22 were selected
to train the parameter S for closed parallel configurations. The
best fit line with the data available was a linear function as shown
in (39).

Bclosed—parallel =aV +b (39)

A summary of the model parameters for each configuration
is shown in Table III.
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TABLE III
BETA FUNCTION PARAMETERS FOR (37), (38), AND (39)

Median parameters 55,

a b c
Inline 46.62 -1.612 8.13E-6  0.9994
Open Parallel 13.29 -1.985 2.51E-4  0.4493
Closed Parallel 2.05E-6  7.46E-3 - -

<5% chance parameters [sq,

a b c
Inline 50 -1.527 0.00781  -3.29E-6
Open Parallel 15.35 -1.999 0.01386  -0.05654
Closed Parallel  -2.04E-5 0.02934 - -
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