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Abstract— Arc flash hazards must be considered to work safely 
on any electrical system. Microgrids can contain several types of 
electrical systems working together. These systems commonly in-
clude medium and low voltage AC, DC energy storage, and DC 
photovoltaic (PV) electrical systems. Because the arc behavior 
and considerations vary from system to system, each of these 
types of electrical systems can require different methods of esti-
mating the possible arc flash incident energy released during an 
event. Microgrids also present several challenges in performing 
arc-flash incident energy calculations, including significantly var-
ying short-circuit current levels across grid-tied and islanded op-
eration, bi-directional fault current flow, and protection complex-
ity. These challenges in microgrids can require special attention 
when analyzing arc flash incident energy levels and associated arc 
flash hazards.

This paper provides an overview of the types of electrical systems 
and sources found in a typical microgrid; what methods can be 
used to calculate incident energy in each system. A novel ap-
proach of calculating the Arc Flash energy for multiple time-var-
ying AC sources of fault current can be considered in an arc flash 
calculation by doing a piecewise integration. For the calculation, 
a single source can be represented by several resources if their 
contribution is time-varying. Although this approach has been 
applied to many recent analytical studies performed by authors,
further verification through analyses is recommended. 

Index Terms—Arc Flash, BESS, Energy Storage, Microgrids, 
Photovoltaic, PV, Protection, Safety

INTRODUCTION

All types of electrical systems operating >50 Volts are recom-
mended to be analyzed for arc flash hazards per NFPA 70E 
Electrical Safety in the Workplace [1]. This includes mi-
crogrids. A microgrid is a group of interconnected loads and 
distributed energy resources (DERs) within clearly defined 
electrical boundaries that acts as a single controllable entity 
with respect to the grid [2]. If designed to do so, a microgrid 

can connect and disconnect from the grid to enable it to operate 
in either a grid-connected mode or a standalone/islanded mode.

An example one-line of microgrid with multiple types of 
DERs can be found in Figure 1.

To determine the severity of an arc-flash hazard an incident 
energy analysis is conducted. Incident energy is defined by 
NFPA 70E [1] and IEEE Std. 1584 [3] as “the amount of ther-
mal energy impressed on a surface, a certain distance from the 
source, generated during an electrical arc event.  Incident en-
ergy is typically expressed in calories per square centimeter 
(cal/cm2).” Arc-flash incident energy levels at specific equip-
ment and working conditions vary primarily based upon two 
components; fault current, which is system topology/configura-
tion dependent, and clearing time, which depends on the design 
of the protection scheme. Arc flash incident energy levels are 
typically highest when the fault currents are the greatest in mag-
nitude and/or when time durations are the longest.  When time-
overcurrent protection schemes protect system components 
from arcing faults, the incident energy levels may be higher at 
lower fault current levels due to a longer clearing time of the 
protective devices at lower current.
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Figure 1. Sample Microgrid One-Line Diagram
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The combination of DERs in a microgrid can complicate the 
incident energy analysis of the system. For example, some 
DERs have DC systems (e.g. solar photovoltaic) and require 
different calculation methods than AC systems. Additionally, 
AC systems must account for different types of DERs produc-
ing low levels of fault current for various durations of time.
Various fault current scenarios should be considered, including 
when the system is grid-connected and when it is running in 
islanded mode, as well as the effect of multidirectional current 
flow during the arcing fault.

DC SYSTEMS

A. Battery Energy Storage Systems
Microgrids often contain battery energy storage systems 

(BESS). These systems are typically connected to the rest of the 
microgrid through bi-directional DC to AC inverters and range 
in size between one hundred kilowatts to several megawatts.
The battery DC voltage can be 500-1,000 VDC or higher. A 
BESS can contain large quantities of batteries that are charged 
and discharged as needed to manage energy in the microgrid.
Batteries that are commonly used include chemistries such as
lithium-ion (Li-ion), sodium sulfur (NaS), sodium-nickel chlo-
ride (NaNiCl2) and lead acid. These battery systems often con-
sist of series-connected batteries, to achieve the desired DC 
voltage. The series connections of batteries are then connected 
in parallel to achieve the desired storage capacity. 

When analyzing the DC side of a BESS system to calculate 
the incident energy levels in the event of an arcing fault, there 
are several methods available. Some of those methods include 
detailed modeling of the DC arc as suggested in a paper by Am-
merman et. al. [4]. Alternatively, one of the most common 
methods used to calculate incident energy from a battery source
is known as the Maximum Power Method which was originated 
by D. Doan [5] and also included in NFPA 70E [6]. This 
method is simple to calculate, but it is also considered to pro-
duce a conservative result because it is based on maximum 
power transfer into the arc, resulting in the highest possible arc 
power and incident energy. An additional multiplier is used 
when the arc occurs in an enclosure to consider the amplifica-
tion effect of the enclosure towards a person (e.g. the shape of 
the enclosure can focus the arc heat energy out towards the op-
erator). Prior to the 2018 version of NFPA 70E [1], the recom-
mended multiplier was three (3). However, in the 2018 version 
the wording was changed to “Research with ac arc flash has 
shown a multiplier of as much as 3× for arc-in-a-box [508 mm 
(20 in.) cube] versus open air. Engineering judgment is neces-
sary when reviewing the specific conditions of the equipment 
and task to be performed, including the dimensions of the en-
closure and the working distance involved.” Alternative multi-
pliers to account for the effect of enclosures on incident energy 
levels are presented in a paper by M.D. Fontaine and P. Walsh
[7] and consider the size of the enclosures as well as the distance 
of the worker to the arc to determine the multiplication factor.

Working with batteries is considered energized work since
they are not able to be put into an “Electrically Safe Work Con-
dition” per NFPA 70E [1] due to the inability to de-energize a 
battery. Thus, assembly and disassembly of the series battery 

string is a scenario that should be considered. As a string of se-
ries connected batteries is assembled, the available fault current 
remains the same, but the voltage increases as each cell or mod-
ule is added, resulting in increasing incident energy and shock 
hazard voltage. The design of some commercially available 
BESS battery modules contains an internal fuse, as shown in 
Figure 2, that offers protection from external short circuits and 
can greatly reduce the duration of arcing fault and in turn the 
available incident energy. When analyzing the BESS system for 
incident energy, the location of overcurrent protective devices
(OCPD) and the layout of the modules and equipment can sig-
nificantly affect the available incident energy. 

Figure 2. BESS Battery String Example with Fuse Locations

Regardless of OCPD locations in the BESS battery system,
the maximum available fault current is typically at 100% state
of charge (SOC) of the battery at the time of the arcing fault.
However, a battery may not be at 100% SOC at the time of an 
arcing fault and therefore could produce lower fault current. 
This lower current may lead to a longer clearing time of over 
current protection and therefore higher incident energy. Battery 
fault currents and various SOC should be available from the 
battery manufacturer. If actual fault current is not available at 
lower SOCs, a paper by K. Carr [8] provides suggested current 
reduction factors that can be applied and also considers the age 
of the batteries.

B. Control Power Battery Systems
DC control power systems with battery backup are also 

common in microgrids. These systems are useful to ensure that 
control and protection systems can operate to initiate a mi-
crogrid island if the bulk system connection is lost. Compared 
to the power reserves of a BESS, they are much smaller, and 
the voltage is often 125 VDC or lower. The same methods listed 
in the previous section for analyzing a BESS can be applied on 
DC control power or other similar systems.  

C. Photovoltaic Systems
Microgrids frequently are designed with renewable genera-

tion, such as solar photovoltaic (PV), to supplement other forms 
of generation. Solar PV systems are connected to the AC grid
through a DC to AC inverter and ranges in size from kilowatts
to megawatts. Like batteries, the output of PV modules is DC. 
Unlike batteries, PV cells’ relationship between voltage and 
current are non-linear where the current output acts as a current 
source that varies with DC system voltage. For this reason, the 
incident energy calculation methods described in previous sec-
tions do not apply and will provide unreasonably low incident 
energy levels if used. An example PV module IV curve can be 
seen in Figure 3. PV output power delivered depends upon the 
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product of voltage and current or is equal to the square of the 
current multiplied by the arc resistance (assuming all PV output 
power goes into the arc). If arc resistance is very low, the volt-
age will be low and in turn the power is low. However, if it 
happens that the arc resistance is of a value to cause operation 
near the maximum power point, the voltage will be high and the
power into the arc may be equal to the rated power of the DC 
system. This method of calculating incident energy in PV sys-
tems is explained in a technical article by Enrique [9]. An addi-
tional multiplier can be used when the arc occurs in an enclo-
sure. M.D. Fontaine and P. Walsh [7] considered the size of the 
enclosure and the distance of the worker to the arc to determine 
the multiplication factor.

Figure 3. Example PV Module IV Curve

The above methods produce a conservative incident energy 
result, assuming that the arc voltage is the same as the maxi-
mum power point. While this may not be likely to occur, how-
ever this method produces a worst-case scenario that can be 
used with confidence that the actual incident energy is less.
Testing on PV systems to determine actual arc voltages have 
been conducted (and are ongoing). This testing shows that the 
actual arc voltage can be much lower, resulting in lower avail-
able incident energy. However, more testing is needed before 
setting on a standard set of equations will be developed [10].

AC SYSTEMS

Microgrids commonly utilize an AC power distribution
backbone. This distribution system commonly includes low 
voltage (LV) and medium voltage (MV) equipment, connecting 
the distributed energy resources (DERs) and local loads. Local 
DERs can include diesel and gas generators, wind turbine gen-
erators (WTGs), BESS and PV. Performing arc flash incident 
energy analysis on a microgrid’s AC components requires 
unique considerations. Some of these considerations are de-
scribed below.

A. Arc Flash Incident Energy Analysis of Microgrid 
Components at Different Voltage Levels
Microgrids often include both low-voltage and medium-

voltage components. Calculating arc flash incident energy lev-
els at different voltages requires the use of different techniques.
OSHA indicates which methods are reasonable incident energy 

calculation methods in Table 3 of [11]. Microgrids with both 
low-voltage and medium-voltage equipment may require the 
use of different calculation methods for different voltage com-
ponents.

Arc flash incident energy levels for AC systems operating 
at or below 15 kV can be calculated using the empirical equa-
tions provided by IEEE Std 1584-2018 [3]. These equations
were developed based on the results of extensive testing. They 
consider various parameters that can affect the available inci-
dent energy including fault current levels, clearing time, arc gap 
length, electrode orientation, and enclosure size. This calcula-
tion method is commonly incorporated in commercially availa-
ble power system analysis software for ease of use. 

AC systems that are operating above 15 kV are outside the 
tested range for the empirical equations from IEEE Std 
1584-2018. Some power system analysis software tools will use
the “Lee Method” for equipment above 15 kV. The Lee Method 
is a theoretical incident energy calculation method from a paper 
by Lee [12]. This method produces a very conservative incident 
energy level estimate. Furthermore, the Lee method does not 
account for an arc occurring within an enclosure. Alternate 
physics-based calculation methods are available to calculate in-
cident energy for arcs in systems above 15 kV such as 
ARCPRO, Duke HFC, EPRI and Terzija/K as analyzed in a pa-
per by Marroquin et. al. [13]. OSHA lists ARCPRO as produc-
ing a reasonable incident energy level calculation method for 
equipment above 15 kV as well as allows for any other method 
that produces a reasonable result [11].

B. Microgrid System Fault Current Levels
Microgrid systems also have significantly different fault 

current characteristics than typical systems. Microgrid systems 
can have significantly different fault current levels during grid-
tied when compared to islanded mode of operation. Further-
more, microgrids have DERs contributing bi-directional fault 
current during an arc flash event, and fault current may vary as 
a function of time during a fault.  

Microgrids are capable of operating grid-tied, where it is in-
terconnected with the bulk system, and islanded, where the mi-
crogrid is disconnected from the bulk system. The bulk system 
typically supplies significantly more fault current than local 
DERs. Rotating machines typically supply six per-unit current 
or less, and inverter-based devices typically supply two to three
per-unit current. Thus, when the microgrid is operating is-
landed, the fault current levels can be much lower than when 
operating grid-tied. These different modes of operation can lead 
to significantly differing fault current levels, which may conse-
quently result in significantly different arc flash incident energy 
levels. IEEE 1584-2018 recommends that maximum and mini-
mum fault current levels are considered to ensure worst-case 
scenarios are considered [3].  In microgrids, additional interme-
diate fault current levels (e.g. with different DER dispatch per-
mutations) may also need to be evaluated to ensure worst-case 
scenarios are considered.

In addition to significant differences in fault current levels 
between grid-tied and islanded operation, microgrid fault cur-
rent itself has different characteristics than a typical electrical 
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power distribution systems. The use of DERs in microgrids will 
result in fault contributions from multiple sources. As seen in 
Figure 1, a fault anywhere in the AC system will result in fault 
contributions from multiple DERs and possibly the utility, if 
grid connected. Consequently, faults will require operation of 
multiple protective devices to clear all sources of fault current. 
Furthermore, DER fault current may change as a function of 
time. For example, rotating machines typically have a time-de-
pendent decrement curves, which cause fault current levels to 
change as a function of time. Figure 4 shows an example of fault 
current variation as a function of time from an example gener-
ator, based on data from generators applied by the authors in 
past projects.

Figure 4: Generator Fault Current Decrement

Inverter-based DERs’ short circuit output is affected by the 
controls and internal protection utilized at the time of the fault.
Two common controls commonly used are voltage control and 
current control. Most commercially available inverters operate 
in current control mode. In this mode the DER responds to a 
fault by producing a short spike of current (as short as 1 ms)
from inverter filter capacitor discharging, then returns to a cur-
rent output of one per-unit and continues to feed the fault. An 
example waveform of the output of an inverter-based DER in 
current control mode can be found in Figure 5 [14]. BESS and 
PV inverters both commonly operate in current control mode,
especially when the microgrid is operating grid-connected.

When a microgrid is operating in islanded mode it needs 
some resources operating as a voltage and frequency reference 
to function as a slack bus and for other DERs to follow. Some 
BESS inverters can provide this functionality. When the in-
verter is operating in voltage source mode it responds differ-
ently to a fault than when in current control mode. As can be 
seen in Figure 6 [14], with the voltage held constant the current 
output increases to feed the fault. This increased current is typ-
ically limited to a maximum of 2-3 per-unit of the inverter rat-
ings. If the impedance of the fault is low enough that is current 
is above the inverter internal protection thresholds, the inverter 
will either curtail the fault current after a few cycles [14] or 
continue operation at its maximum current output and limited 
voltage. 

Figure 5. Inverter based DER under current control mode: (top) output 
voltage and (bottom) output current for a short-circuit fault at t=0.3 s. [14]

(©2014 IEEE)

Figure 6. Inverter based DER under voltage control mode: (top) output volt-
age and (bottom) output current for a short-circuit fault at t=0.3 s. [14]

(©2014 IEEE)

Because of the reduced fault current levels while islanded 
and bi-directional fault current flow, fault detection may be 
more sophisticated than traditional overcurrent protection. To 
successfully calculate arc flash incident energy levels in AC mi-
crogrid systems, the microgrid protection scheme must be thor-
oughly reviewed and understood.

C. Calulating Incident Energy Levels for AC Microgrid 
Equipment
Multiple sources of fault current in a microgrid can be con-

sidered in an arc flash calculation by doing a piecewise integra-
tion. For example, consider a grid-tied microgrid with two op-
erating DERs. Fault current contributed by each source and the 
clearing time of the source’s protection is shown in Table I.
This can be re-arranged and calculated using the selected cal-
culation method as shown Table II. The total arc flash incident 
energy level can be calculated by summing the incident energy 
level calculated in each period based on the current and time 
parameters.
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TABLE I: EXAMPLE ARCING FAULT CONTRIBUTIONS AND CLEARING TIMES

Source Fault Current Level Clearing Time
Bulk System 𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 4,000 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑏𝑏𝑏𝑏𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.2 𝑠𝑠𝑠𝑠
DER 1 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 = 500 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 = 0.5 𝑠𝑠𝑠𝑠
DER 2 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 = 80 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 = 0.9 𝑠𝑠𝑠𝑠

TABLE II: EXAMPLE ARCING FAULT CALCULATION PARAMETERS

Time 
Period

Fault Current Level Clearing Time

1 𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 + 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2
= 4,580 𝐴𝐴𝐴𝐴

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑏𝑏𝑏𝑏𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.2 𝑠𝑠𝑠𝑠

2 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 + 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2
= 580 𝐴𝐴𝐴𝐴

𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 − 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑏𝑏𝑏𝑏𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.3 𝑠𝑠𝑠𝑠

3 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 = 80 𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 − 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 = 0.4 𝑠𝑠𝑠𝑠

This method can be generalized for n fault current sources,
assuming constant current throughout the fault, with 𝐼𝐼𝐼𝐼𝑛𝑛𝑛𝑛 repre-
senting the fault current from source n, 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛 as the clearing time 
of source n, and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝐼𝐼𝐼𝐼𝑛𝑛𝑛𝑛 , 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛) representing the incident energy 
calculated as a function of 𝐼𝐼𝐼𝐼𝑛𝑛𝑛𝑛and 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛. The sources are sorted in 
order of clearing time, such that 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,1 < 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,2 < ⋯ < 𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛.

(1)

If an individual fault current source changes current output 
significantly during the event, it can be considered as several 
sources using (1). For example, if a source initially contributes 
a fault current 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑡𝑡𝑡𝑡1 and reduces to 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑡𝑡𝑡𝑡2 at time 𝑡𝑡𝑡𝑡𝑥𝑥𝑥𝑥, it can be 
considered as two sources: one with fault current contribution 
of 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑡𝑡𝑡𝑡2, cleared at the total fault clearing time, and another 
with fault current contribution of 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑡𝑡𝑡𝑡1 − 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑡𝑡𝑡𝑡2, cleared at 
the minimum of the fault clearing time 𝑡𝑡𝑡𝑡𝑥𝑥𝑥𝑥. Common commer-
cial software tools may require supplementary calculations to 
properly calculate microgrid arc flash incident energy levels as 
described.

CONCLUSIONS

A microgrid has groups of interconnected loads and DERs
and may operate in both grid-connected or island modes. Many 
aspects of microgrids present challenges for arc flash incident 
energy calculation.

Microgrids can include DC systems such as BESS, control 
power and PV as well as low and medium voltage AC systems.  
Both DC and AC components should be analyzed to determine 
the incident energy throughout the system. The DC and AC sys-
tems included in microgrids require special considerations to 
calculate expected arc flash incident energy levels.

DC systems require the use of different calculation methods
to determent the available incident energy depending on what 
type of resource is present. Battery resources have a linear rela-
tionship between current output and voltage (operating as a 
Thevenin equivalent source), while PV resources are non-linear 
and acts as voltage-dependent current sources.

Various fault current scenarios should be considered, in-
cluding when the system is grid-connected and running in is-
landed mode with different DERs dispatched, as well as the ef-
fect of multidirectional current flow during the arcing fault. In-
cident energy calculations of AC microgrid systems must ac-
count for different types of DERs producing low levels of fault 
current for various durations of time. A novel piecewise inte-
gration approach for calculating the arc flash incident energy 
levels from several AC sources or source with time-varying
fault current contributions during an event has been presented 
in this article.  
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