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Executive Summary 
To validate the choices made in the initial design phase of the Ames Battery Energy Storage System 
(BESS), including protective device and equipment parameters, and to evaluate the safety of the 
system, we ran arc flash and short circuit studies using ETAP software. The system built in ETAP 
mirrored the one-line diagram of the system. The device parameters and cable sizes were selected 
based on the calculations from creating our one-line diagram and cable schedule. This model 
allowed us to test our system’s performance under several worst-case scenario conditions. 

Short circuit analysis examines how our system behaves during a fault, including line-to-line, line-
to-ground, and three-phase faults. It determines the fault current levels throughout the system. 
These values are used to determine proper protective equipment. The fuses and breakers must be 
sized to handle the maximum fault current to prevent damage to equipment. Based on the results 
from this analysis, we can ensure that system components, including our fuses, breakers, cables, 
and equipment, can withstand and isolate faults. 

An arc flash is a rapid release of energy due to an electrical fault, causing a high-temperature 
explosion that can severely damage equipment and pose serious safety risks to personnel. 
Compared with the short circuit study, arc flash analysis is focused on protecting personnel near 
the equipment rather than the equipment itself. It determines the arc flash boundary; the minimum 
safe distance personnel should maintain to avoid injury from an arc flash event. It also provides 
guidance on appropriate PPE for personnel working within the arc flash boundary. For a utility-scale 
BESS, this typically involves protective clothing, gloves, face shields, and other safety gear. 

The protective devices in our system must be coordinated to operate effectively. Coordination 
means the protective device closest to the fault operates first, leaving upstream devices 
unaffected. This prevents unnecessary disconnection of the entire system and minimizes 
downtime. It may also reduce arc flash incident energy because the faults can be cleared faster. 
Time current curves (TCC) are used to visualize the coordination of a system graphically by 
representing the relationship between the operating time of a protective device and the magnitude 
of current passing through it. By analyzing the positions of the curves relative to one another, we 
can ensure that the downstream devices operate faster than the upstream devices. 

The results of these tests indicate that our BESS meets the standards expected, considering the 
scope of our project. The short circuit tests show that the fault currents are well below the short 
circuit withstand ratings and the cable fault current ratings of the conductors. However, the arc 
flash tests show several parts of our system have a very high incident energy, well above 40 
cal/cm2. This is due to poor coordination of the protective devices. Due to time constraints, we did 
not go beyond a surface level analysis of the TCC curves. A more in-depth analysis of the protective 
device ratings would yield better results. Overall, while our BESS is clearly not construction-ready, 
these tests verify our design decisions and provide recommendations for future work. 
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Standards 
AC Arc Flash - IEEE 1584-2018 
This standard was used for the arc flash tests on the low voltage side of our system. 

AC Arc Fault – High Voltage 
This standard is built into the ETAP library and was used for the arc flash tests on the medium 
voltage side of our system. 

Short circuit - ANSI/IEEE-C37 & UL 489 
This standard is used for both low and medium voltage short circuit analysis. 

Methodology 

Short Circuit Analysis 
In our short circuit analysis, we focused on 3 phase faults. We faulted the medium voltage buses 
(34.5 kV), and the low voltage buses (480 V and 760V) separately. To perform a short circuit 
analysis, we sized the transformers, cables, inverters, and batteries based on the work we did last 
semester. Setting up the short circuit study in ETAP involved configuring the settings for the test 
four cases. To do this we needed to edit the study case details and update the faulted buses, 
standards used, and pre-fault voltage. Details on the parameters used can be found in Appendix A. 

We concluded whether our system passed the short circuit test cases by comparing the fault 
currents at each bus to a maximum value. Based on industry standards, the maximum allowable 
short circuit current is 25 kA for medium voltage buses and 65 kA for low voltage buses. We also 
found the maximum allowable short circuit currents for each of our medium voltage cables, 
including both home runs and the cables connecting the PCS skids. The equation for insulated 
aluminum conductors rated for 105° C continuous operation is given as follows: 

Equation 1: ( I

A
)

2
t = 0.0125 log (

T2+228

T1+228
)  

Where: 

I = short circuit current (amperes) 

A  = conductor area (circular mils) 

t  = time of short circuit (seconds) - 0.25 seconds 

T1 = maximum operating temperature - 105° C 

T2 = maximum short circuit temperature - 250° C 

This equation can be used to find the minimum conductor for a given short circuit current or the 
maximum short circuit current a given conductor can withstand. We also used this equation to 
verify our cable sizing after completing the short circuit studies. 
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Arc Flash Analysis 
To run the arc flash study, we used the fault current values from short circuit analysis as inputs. It is 
also essential to have adequately sized fuses. The current limiting fuses are particularly important 
here because of their ability to rapidly interrupt fault currents and minimize incident energy levels. 
To set up arc fault study in ETAP, we needed to set up two high voltage cases, a 95% and 105% 
load, and two low voltage cases, a 95% and 105% load. These use different standards, so they are 
evaluated differently in the ETAP software. When setting up the cases we had to set the correct 
buses, arc flash method, standards, FCT (fuse clearing time), and pre-fault voltage. Details on the 
parameters used can be found in Appendix A. 

The ETAP results include the incident energy, measured in calories per square centimeter 
(cal/cm²), and the arc flash boundary distance, the area within which PPE is required. We ran a 3-
phase fault because this typically produces the highest fault current. Additionally, running 
analyses at two different power factors makes our testing more robust. The highest current, at the 
higher power factor, does not necessarily result in the highest incident energy. This is because 
incident energy also increases with the duration of the fault and is a product of I2t, which, 
depending on the settings and coordination of the fuses and breakers, may be faster at a higher 
current. With these four tests, we can ensure that we are analyzing the worst-case arc flash 
scenario. 

Time Current Curve (TCC) Graph Analysis 
These graphs display the amount of time it takes to activate a protective device depending on the 
amount of current flowing through them. They also show similar curves for the time and current 
that cables and equipment can withstand before being damaged. By selecting several devices in 
series on the ETAP model, we can generate a graph containing all their time current curves.  

To evaluate the coordination of our equipment using these graphs, we compared the positions of 
the curves for the protective devices relative to the damage curves for equipment they protect. The 
graphs axes are on a logarithmic scale and are read from bottom to top and left to right. The curves 
of the protective devices should be to the left of and below the curves of the equipment they 
protect to ensure they are activated before the equipment is damaged by the fault. 

System Data 
The input data for our system in ETAP was obtained from 

• One line diagram (Appendix D) 
• Cable schedule (Appendix E) 
• Short circuit results from ETAP (Appendix B) 
• Arc flash results from ETAP (Appendix C) 
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Assumptions 
Protective device libraries: used to choose the types of fuses and breakers 

Utility data: the power and voltage levels at the point of interconnection was assumed to be 

Parameters 
Utility Max Contribution 

(Case 1) 
Utility Min Contribution N-1 

(Case 2) 

3Φ Fault (kA) 20.874 20.874 

3Φ X/R (kA) 7.97 7.97 

SLG Fault (kA) 21.878 21.878 

SLG X/R (kA) 8.99 8.99 

%R 0.49904 0.49904 

%X 3.97734 3.97734 

MPT Impedance 8% 13% 

Human reaction time: 2 seconds according to IEEE 1584 

Study Cases 
For both the arc flash and short circuit studies, we ran four separate cases. We did this to 
supersede the maximum and minimum voltages and simulate all worst-case scenarios. This was 
necessary because when voltage is higher there is more energy in the system, which can cause 
damage to equipment or people. When the voltage is low there is a slower tripping time for fuses, 
leaving more time for the fault to go unnoticed and cause damage to equipment or people. 

MV 1.05: performed on the 34.5 kV buses and uses the high voltage AC arc fault and ANSI/IEEE-
C37 & UL 489 standards 

MV 0.95: performed on the 34.5 kV buses and uses the high voltage AC arc fault and ANSI/IEEE-
C37 & UL 489 standards 

LV 1.05: performed on the 480 and 760 V buses and uses the IEEE 1584-2018 and ANSI/IEEE-C37 & 
UL 489 standards 

LV 0.95: performed on the 480 and 760 V buses and uses the IEEE 1584-2018 and ANSI/IEEE-C37 & 
UL 489 standards  
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Results 

Short Circuit Studies 
Table 1 shows the three phase, line-to-ground, and line-to-line fault currents and the short circuit 
withstand ratings for each category of bus in our system. Table 2 shows the worst-case fault 
current withstand ratings for the medium voltage cables in our system. The cable fault current 
withstand rating was calculated using equation 1. Detailed results can be found in Appendix B. 

Table 1: Worst Case Short Circuit Current Value for AC Terminals 

Equipment (1.05 PF) 3-Phase (kA) L-G (kA) L-L-G (kA) 
SC Withstand 
Ratings (kA) 

Home Run Bus (34.5 kV) 5.744 5.897 5.061 25 

PCS Skid High Side Terminals (34.5 kV) 5.682 5.797 4.986 25 

PCS Skid Low Side Terminals (760 V) 47.071 49.715 41.256 65 

Aux Power System High Side Terminal (34.5 kV) 5.662 5.784 4.979 25 

Aux Power System Low Side Terminal (480 V) 28.604 28.995 24.772 65 

Table 2: Short Circuit Withstand of Aluminum Conductors 

Worst case MV 
Cable ID 

Conductor Size 
Clearing Time 

(cycles) 

Calculated Cable 
Fault Current 

Rating (kA) 

System 3P Fault 
(kA) 

Homerun  
(Cable ID:4) 

350 KCMil 15 31.01 5.74 

PCS 1-2  
(Cable ID: 2) 

1/0 AWG 15 9.39 5.67 

The results from the short circuit studies indicate that our system is properly protected in the event 
of a fault. The short circuit current values for buses in our system are below the industry standard 
withstand ratings, as seen in table 1 above. The medium voltage bus fault currents were around 5-6 
kA, compared to the maximum rating of 25kA. The 760 V bus fault currents were at most 49.7 kA, 
and the 480 V bus currents were at most 28.9 kA. Both of these values are lower that the maximum 
rating of 65 kA as well.  

The results were also below the calculated cable fault current ratings, as seen in table 2. The three 
phase fault current in the 350 KCMil home run cable was 5.74 kA, below the fault current rating of 
31.01 kA. Additionally, the smallest cable connecting the PCS skids, at 1/0 AWG, had a three-
phase fault current of 5.67 kA, below its fault current rating of 9.39 kA. 
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Arc Flash Studies 
Table 3 and 4 show the duration of the arc faults, the incident energy, and the recommended 
working distance for the worst case of each bus voltage in our system. Detailed results for every 
bus in our system can be found in Appendix C. 

Table 3: Worst Case 3-Phase AC Arc Flash Results at 1.05 PF 

Arc Flash Fault 
Locations (1.05 PF) 

Voltage Bus 𝐈𝐚 (kA) 
Duration 
(cycles) 

Working 
Distance (in) 

Incident Energy 
(𝐜𝐚𝐥/𝐜𝐦𝟐) 

MV Buses 1.05 PF 34.5 kV 5.738 kA 120* 15 220.6 

LV Buses 1.05 PF 760 V 47.071 120* 18 38 

LV Buses 1.05 PF 480 V 26.945 1.8 18 1.3 

 

Table 3: Worst Case 3-Phase AC Arc Flash Results at 0.95 PF 

Arc Flash Fault 
Locations (0.95 PF) 

Voltage Bus 𝐈𝐚 (kA) 
Duration 
(cycles) 

Working 
Distance (in) 

Incident Energy 
(𝐜𝐚𝐥/𝐜𝐦𝟐) 

MV Buses 0.95 PF 34.5 kV 5.16 120* 15 197.5 

LV Buses 0.95 PF 760 V 38.2 120* 18 42.8 

LV Buses 0.95 PF 480 V 22.8 1.8 18 13.5 

*Arc flash durations over the human reaction time of 2 seconds (120 cycles) are not considered as 
in IEEE 1584 

The results from the arc flash studies reveal very high incident energies, greater than 40 cal/cm2, in 
some parts of the system. This means that these sections must be de-energized before performing 
maintenance on them. The buses with the highest incident energies (MV Buses 1.05 PF) are the 
points where our PCS skids connect on the medium voltage side.  

The AUX power system low voltage buses have incident energy ratings well below 40 cal/cm2, 
meaning they are safe to work on while energized, with proper PPE and safety precautions. 
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TCC Graph Analysis 
These graphs show the time current curves for fuses, breakers, cables, transformers, and other 
devices with current on the x-axis and time on the y-axis. Both axes are logarithmically scaled. 
More details on these graphs can be found in Appendix F. 

 
Figure 1: HR to PCS TCC Graph 
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Figure 2: AUX Pad TCC Graph 

The graphs show the limits breakers and fuses as thick lines because they take time to fully trigger. 
The thin curves correspond to the equipment that needs to be protected. In a well coordinated 
system, these lines should be fully above and to the right of the thicker lines corresponding to the 
protective devices. 

Initially, the TCC graphs revealed several weaknesses in our system. Resizing certain fuses and 
breakers based on which curves were right of the equipment curves improved coordination. 
However, there are still some contingencies that our system is not prepared for. This can be seen in 
the top left part of both graphs, where the damage curves for the AUX transformer (figure 2) and 
PCS transformer (figure 1) are left of the fuse and breaker curves. However, further analysis of the 
graphs was out of the scope of our project.   
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Recommendations 
Further work is needed related to the device coordination and arc flash studies for this battery 
energy storage system. This work should consist of a more in death analysis of the TTCs of the 
fuses and breakers, and then performing additional arc flash studies. Additionally, a load flow 
study should be performed to analyze the voltage drop and current flow profile. This study would 
also confirm whether our system meets power requirements at the POI. 

Conclusion 
The tests described in this report simulated worst-case real-world scenarios to evaluate the safety 
and reliability of the BESS. The results of our tests indicate that our system meets the standards 
expected, considering the scope of our project.  

The short circuit tests show that the fault currents are well below the short circuit withstand ratings 
and the cable fault current ratings of the conductors. However, the arc flash tests show several 
parts of our system have a very high incident energy, well above 40 cal/cm2. The parts of our 
system with an incident energy greater than 40 cal/cm2 need to be completely deenergized before 
performing maintenance on them, according to IEEE 1584. This is not ideal for the reliability of our 
BESS. The results from the TCC graphs show poor coordination of the protective devices. Due to 
time constraints, we did not go beyond a surface level analysis of the TCC curves. A more in-depth 
analysis of the protective device ratings would improve device coordination and decrease incident 
energies.  
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Appendix 

Appendix A: Study Cases Settings:  
Arc Flash Study ETAP Settings 

Arc Flash Low Voltage 95% 
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Arc Flash Low Voltage 105% 
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Arc Flash Medium Voltage 95% 
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Arc Flash Medium voltage 105% 
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Short Circuit Study ETAP Setting 

Short Circuit Low Voltage 95% 
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Short Circuit LV 105% 
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Short Circuit MV 95% 
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Short Circuit Medium Voltage 105% 
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Appendix B: Short circuit results 
Low Voltage 95% Power Factor Test Case 
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Low Voltage 105% Power Factor 
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Medium Voltage 95% Power Factor 
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Medium Voltage 105% 
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Appendix C: Arc Flash Results 
Low Voltage 95% Power Factor 
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 Low Voltage 105% Power Factor
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Medium Voltage 95% Power Factor 
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Medium Voltage 105% Power Factor 

 

 

 

 

 

 

 

 

Appendix D: One-line diagram from AutoCAD 
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Appendix E: Input Data  

Gamesa Electric Proteus Inverter Datasheet 
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BYD MC Cube Battery Datasheet 

 



   
 

  43 
 

Cable Schedule 
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Appendix F: TCC Graphs  
Phase and ground for aux and feeder 

AUX Pad 
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Feeder to PCS Skid 
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