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Abstract: The aim of this work is to analyze and stabilize the power system when connecting an
energy storage system (ESS) to replace the traditional power reserve of a power plant. Thus, it is
necessary to validate and simulate the power facility protection system using a relay coordination
approach. The input feasibility of the generator for the frequency regulation (FR) of the operational
ESS is also validated through detailed analysis studies including power flow, short circuit and relay
coordination analysis. The case scenarios for ESS installation are categorized based on its operation
mode and location in the power system. These studies are carried out on the power system at the
peak load condition specified for both grids. With the electrical transient analyzer program (ETAP),
an analysis is performed to study the implementation of the ESS in a large, integrated power system
to determine which location best fits the installation of ESS considering the load flow, short circuit
and relay coordination results in each case scenario. Cost evaluation was performed for the choice of
locations under study.

Keywords: ESS location; ESS operation; short circuit; load flow; ESS; relay coordination; ETAP

1. Introduction

Energy storage systems (ESSs) offer technical, economic and environmental benefits in power
systems; thus, their implementation in distribution networks has increased. These benefits include
power quality improvement, frequency regulation, the mitigation of voltage deviation, the facilitation
of renewable energy source (RES) integration, power network expansion and overall cost reduction,
among others. In [1,2], the author highlighted the technical benefits of ESS usage, including reduced
power losses, utility system reliability for energy sustainability, improved power and voltage quality
and reduced distribution congestion. In a power system, energy storage can be used in three different
modes: charge, store and discharge. In each of these modes, a balance between power and energy
must be maintained. Thus, the energy storage needs to have an appropriate rated power and energy
capacity [3]. Thus, this represents essential equipment that provides an attractive means of restoring
the balance between power demand and supply. Energy storage has played a major role in reducing
electricity costs by storing electricity obtained in off-peak periods for use at peak times instead of
incurring higher costs [4,5]. In order to improve the reliability of the power supply, an ESS supports
users when power network failures occur due to natural disasters. It also serves the role of improving
and maintaining power quality frequency and voltage [6,7]. ESS has been described as the most
powerful advantage for the simultaneous control of active and reactive power [8]. It has been shown
that renewable energy integration, alternating current (AC) and direct current (DC) bus microgrids are
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application fields of ESS [9]. Thus, this key technology has attracted a great deal of attention in power
system research.

Consumers’ locations are often far from power-generating facilities, which sometimes leads to a
higher chance of interruption in the power supply. Therefore, the power flow in transmission grids is
determined by the supply and demand of electricity, which necessitates the establishment of an ESS at
appropriate sites. In order to maximize the benefits from an ESS operation, it is important to determine
the optimal ESS location in a power network. An ESS may be installed at different voltage levels
and/or locations in a power system. It may be installed close to a generation unit or at the consumers’
end, depending on the size and application; for instance, installation can be completed close to the
consumer in load leveling or power backup, and installation can be completed close to the generator to
level the generated power by renewable energy sources [10].

An important assessment to be made to balance technical and economic factors is the optimal
sizing of an ESS. The appropriate sizing of an ESS facility is important for its economic operations.
An oversized ESS is not economical due to the excess capital costs which may be incurred, while an
undersized ESS does not meet storage capacity requirements [10,11].

In this paper, the modeling of an ESS is required to investigate the installation of an ESS based
on its operation mode and location in the power system. ESS models consist of power electronic
converters which behave as positive/negative constant power loads (CPLs). A typical example of
a CPL is a DC/AC inverter. In CPLs, the input voltage increases/decreases when the input current
decreases/increases [12]. Power system analysis studies are performed for each case scenario to achieve
the best position for the installation of the ESS.

A protection system is essential for a power system in order to minimize damage and ensure that
supply is in an economically and continuously safe condition; thus, a reliable and efficient protection
scheme must be provided [13]. Relay coordination study helps to determine the proper settings for
overcurrent protective devices in the power system. To determine these settings, overcurrent relays
(OCRs) are plotted on time—current curve (TCC) graphs [14]. When existing equipment is replaced
with higher rated equipment or an existing power system is modified by installing new loads, it is
necessary to conduct a coordination study [15].

In this paper, we propose a software approach for the investigation of ESS installation positions
by considering the ESS’s capacity size and the power grid under peak load conditions. Using the
proposed method, the modeling of the power plant can be achieved while the implementation of the
software provides a comprehensive analysis of the result in report formats. The alert function of the
load flow and short circuit modules of the electrical transient analyzer program (ETAP) represent a
convenient way to size protective devices at the facility.

2. System Description

2.1. On-Site Power System Modeling

The power system is designed using the electrical transient analyzer program (ETAP) software
(ETAP: version 19, OTI, Irvine, CA, USA). The power is provided to the system by two independent
sources—the 345 kV Power Grid A and 154 kV sub-station—each with a peak load condition of
40 GVAsc short circuit capacity, X/R (10) and 8149.58 MVAsc short circuit capacity, X/R (30.91141),
respectively. There are two units—unit A and unit B—at the 345 kV side of the power system,
each consisting of a main transformer (345 kV/22 kV), generator (612 MVA) and auxiliary transformer
(53.5/26.65/26.65 (FA) MVA). The 154 kV sub-station consists of a start-up transformer (40/20/20 MVA).
Protective devices—mainly overcurrent relays (OCRs), current transformer (CTs), potential transformer
(PTs) and circuit breakers (CBs)—are connected according to design specifications. The loads, which are
mainly induction machines, are connected to the low-voltage bus level (6.9 kV) with a load sum of
25 MW installed capacity. The power factors (PFs) considered for these induction machines vary with
loads, which are specified as 100% (full) load, 75% load and 50% load with no load conditions. The PFs
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range from 0.82~0.93 at full load, 0.80~0.92 at 75% load and 0.688~0.875 at 50% load. The efficiency
of these machines are also specified in terms of 100%, 75%, 50% load and no load. In order to avoid
analysis error in the modeling, the start-up transformer’s circuit breakers in the 154 kV unit system
should be in an open state. The entire power system model one-line diagram is shown in Figure 1.
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Figure 1. Power system model one-line diagram.
2.2. Load Flow and Short Circuit Studies

Load flows, which are necessary for the planning, operation, economic scheduling and exchange
of power between utilities [16,17], are performed for the power system (Figure 1) as designed and
simulated using ETAP. This is done to ensure that the bus voltages are near the rated values, that the
generators operate within their operating limits and that the transmission lines with associated
transformers are not overloaded [18].

An unbalanced system is the result of the occurrence of a fault [19]. Thus, the maximum and
minimum available fault currents need to be calculated for all busses to ensure that each component
rating is adequate to withstand or interrupt the fault current. In this work, the system analysis of
the power system is carried out considering the state of circuit breakers CB5, CB6, CB7, CB8, CB9
and CB10 in an open state. Circuit breakers CB5, CB7 and CB8 are located on the upper and lower
part of Bus 2, while CB6, CB9 and C10 are located on the upper and lower part of Bus 3 in the 154 kV
grid, as shown in Figure 1. Thus, data are used to evaluate the correct sizing of protective relays and
detection equipment [20].

2.3. Overcurrent Relay Coordination

OCRs are the most common protective devices employed to counteract abnormal currents in power
systems. The coordination between protection devices is established to isolate only faulty sections,
meaning that the healthy section is kept energized [21]. Thus, to determine the proper setting of the
overcurrent relays (OCR 151 and 151G) in the system, we plot these on the time—current characteristics
curve (TCCs) graph. The coordination is performed from the 6.9 kV (downstream) voltage level to the
345 kV and 154 kV (upstream) voltage levels. The protective device setting parameters implemented
in this work are summarized in Tables 1 and 2 below.

2.4. ESS Modeling

The ESS model in this work can be characterized as an equivalent impedance model in which
the impedances of the ESS’s internal cells, converters and transformers were considered. The total
internal cells’” impedance varies considerably with the state of charge (SOC), which can be related
to a phase transformation. The charging and discharging of an ESS is determined by the voltage
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difference between the DC voltage source and voltage over the capacitor in the converter section.
Additionally, transient reactance for fault current analysis, which is the ratio of the internal generated
voltage to transient current, is considered, and heat capacity was considered for the system analysis
in both the maximum charge and discharge modes. In this paper, the implemented ESS uses a
positive/negative constant power load (CPL). A constant power load is designed to dynamically adjust
the load current inversely to the load voltage so that the load power is constant. This means that the
output voltage drops when small variations occur in the current value (increasing current amount);
thus, when neglecting the power dissipated into the circuit, the output power and the input power are
equal [22]. In order to maintain constant power even when the voltage drops, a CPL leads to stability
problems due to its tendency to increase the current [23]. Load modeling has been proven to improve
the accuracy of power system analysis, which thus can be classified into static and dynamic load
models. The former does not vary with time and expresses the active power (P) and reactive power (Q)
as either polynomials or exponentials of voltage and frequency [23]. In this paper, a dynamic model is
developed and used to verify the control method of the power system grid. The structure of the ESS is
shown in Figure 2.

Table 1. Protective device parameters (overcurrent relays (OCRs)).

Protective Base Pick-up . . Relay Operating .o
Device Current (A)  Current (A) Time Dial Time (sec) Plug Setting (%) Curve Type
OCR 151 2230 2787.5 0.35 0.9 125 IEC Extremely Inverse
OCR 151G 1000 200 0.3 1.0 20 IEC Very Inverse
Table 2. Protective device parameters.
Protective Device Current Rating Voltage Rating
Current transformer (ratio) 3000/5 A
Power transformer (ratio) 7200/120 V

o Continuous current: 3000 A
Circuit breakers Max interrupting capability: 40 kA 7.2 kV Max Voltage

3-Phase inverter bridge Battery

l
e —C§ 4§ f} - oy
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Figure 2. The structure of the energy storage system (ESS) [24].

2.5. Load Model

The dynamic load model implemented in this work is the (ZIP) model that is commonly used
for both dynamic and steady-state studies and represents the relationship between the power and
voltage magnitude in a polynomial equation that includes constant impedance (Z), current (I) and
power (P). This study does not focus on the dynamics but on the feasibility of the application of an
ESS based on static analysis, sub-transient and transient short circuit analysis and relay coordination.
The sub-transient (maximum) short circuit current determines the equipment rating, while the transient
(minimum) currents dictate protective device settings. A load—typically a motor—is modeled by
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its positive, negative and zero sequence sub-transient and transient reactance for sub-transient and
transient analysis, respectively.

2.6. ESS Installation Scenario

The scenarios that have been examined regarding the effect of the position of the ESS on the grid
capabilities include cases with or without an ESS. In this paper, the feasibility studies are carried out for
five cases which are based on the classification of the ESS by location and operating mode. Considering
the capacity of the transformers, the case study is limited to two locations (positions 1 and 2) as shown
in Figure 3. These two positions are distinguished by their respective voltage levels. Positions 1 and 2
have 6.9 kV and 22 kV bus voltage levels, respectively.

Power Grid A
40GVAsc

Position 3
612 : :
MVA(22KV) tevecccccdecs v Apa P
Main Tr A Y

3452210 ,610.AIVA

Position 2

AuxTrA
22/6.9kV
53.5/26.6526.6MVA

Total Load = 250 W

Figure 3. ESS installation case scenarios.

However, when a cost evaluation is performed for the three sites (positions 1, 2 and 3), as shown
in Figure 3, position 3 can be excluded from the ESS integration to perform system analysis on the
power plant. If an ESS is installed at the 345 kV stage, the current flows directly to the higher-voltage
level, which is the location that has the least impact on the power plant. This necessitates an
additional ultra-high-voltage substation facility. The detailed cost analysis is described in Section 3.4.
The misallocation of ESSs in power networks can degrade power quality and reduce reliability as well
as load control, while also affecting voltage and frequency regulation. An ESS installed at position 1,
which is close to the load, has the advantage of eliminating the need to upgrade a transmission line by
providing power to the end user (consumer).

ESS operating modes are classified as maximum charging (1) and maximum discharging (2).
Therefore, the cases study scenarios are defined as follows:

Case 0: Without an ESS;

Case 1-1: Maximum charging operation at position 1;
Case 1-2: Maximum discharging operation at position 1;
Case 2-1: Maximum charging operation at position 2;
Case 2-2: Maximum discharging operation at position 2.

2.7. ESS Allocation Algorithm

The feasibility study of an FR-ESS based on the proposed methodologies for determining the ESS
allocation in the power system is described in Section 2 in detail. As shown in Figure 4, to allocate
ESS, the data of the power grid load conditions under peak conditions (e.g., the short-circuit capacity
(SCC), Thevenin impedance (Zth) and reactance/resistance ratio (X/R)) as well as the generator, load
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and bus have to be initialized for cases with/without an ESS. Based on this data, an ESS can be
allocated following the ESS scenario described in Section 2.6. This is updated to conduct load flow,
short circuit and relay coordination analyses. Given a specific ESS operation mode and location,
firstly, load flow can be solved by using the accelerated gauss—seidel method. The criteria under
which a condition is flagged can be provided by using a load flow study case editor, where the bus
voltage (overvoltage/undervoltage) and loading of equipment (bus, transformer, generator, protective
device, etc.) can be determined. If load flow is run successfully, the output is generated and analyzed;
otherwise, the ESS mode data need to be verified. A three-phase fault is then applied at each bus,
which generates output data when both sub-transient and transient short circuits are run. Marginal
(i.e., the value is exceeded but still in a permissible state) and critical (i.e., the limit is exceeded and
needs to be resolved) limits are set to flag any device which exceeds them. If the short circuit analysis
is not performed, the ESS operation mode needs to be verified and updated. Under this phase fault
condition, relay coordination is conducted with a star view function to verify the circuit breakers’
sequence of operation. The coordinated curves (normalized TCC graph for the OCR) can be verified
and set. This procedure is carried out for the power system network without an ESS and generated the
results shown below.

Input system data
(Load , Generator, »> With ESS
Bus, Power)

Without ESS

A

| Conduct load flow |

analysis Allocate ESS on the

system network

I Generate Result | Design the ESS Operation

Mode (Max Charging, Max
Discharging)

Conduct short circuit
analysis Update the ESS
Operation Mode

Update the location of
ESS(Low voltage. High
voltage level)

Generate Result for
sub-transient and
transient fault current

Conduct load flow
analysis

Conduct relay
coordination

Generate Result for
the sequence of
operation

Generate result to determine flow || Generate result to determine
violation (overload (>100%) , voltage violation (limit
without overload (under 100%)) 90%~110%)

Conduct short circuit analysis ‘

\y
I

Generate Result for
sub-transient and
transient fault current

Conduct relay
coordination

Generate Result for
the sequence of
operation

Figure 4. Flow chart of the proposed method.
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3. Simulation Result and Discussion

3.1. Load Flow Study Result

The load flow analysis simulation in ETAP gives the result for the total power flow generation
(MW), the total load (MW) and the active losses (MW) in each ESS installation case scenario. The total
generation is the summation of the total load and the active losses. The load flow values for the
summation when the power system is simulated for units A and B with the circuit breakers associated
with the auxiliary transformer of the 154 kV unit in an open state is depicted in Figure 5. As shown
in Figure 5a, the total generation and load for cases 1-1 and 2-1 were highest at about 100 MW and
99 MW, respectively, due to the addition of a constant load at the maximum charging operation of
the ESS, while in cases 1-2 and 2-2, the generation and load were lowest at about 53 MW and 50 MW,
respectively, at the maximum discharge operation of the ESS. However, the power system without an
ESS installed showed about 55.5 MW and 50 MW of generation and load, respectively. The percentage
losses against the total generation are plotted as shown in Figure 5b, where the lowest percentage loss
was recorded for case 2-1, at about 0.022, and the highest loss in percentage was the same for case 1-2
and 2-2, at 0.051. Without an ESS, the loss was high relative to case 1-1, at about 0.047.

System generation and percentage Loss
Load flow generation, load and loss 120 T T T T

[ Generation
Generation (MW) Percentage Loss|

120 | Load (MW)

o
=3
>

Loss (MW) 100 — o [ 005
! 9
100 M s @ 004>
= 173
o
80 e 3
S 60 0.03 &,
g g
@ c
60 g :
3 002 §
40 o

20 0.01

2
0 0 T : 0.00
T T T T T
Case0  Casel-!  Casel2  Case21  Case2-2 Case0  Case1-1 Casel-2 Case21 Case2-2
Case Number Case Number
(@) (b)

Figure 5. Summation of unit A and B load flow result. (a) Generation, load and loss in scenarios with
an ESS, (b) comparison of system generation with percentage loss.

The load flow data with overload (over 100%) and without overload (under 100%) are clearly
depicted in Figure 6, showing the effect of the ESS operation mode to the power system. The studies
show that the auxiliary transformer (tertiary winding) is overloaded for case 1-1 (maximum charging
mode on 6.9 kV) at 117.5% loading, while in other case scenarios, there is no load flow violation with a
transformer winding load percentage ranging from 27.4% to 73.4%, as shown in Figure 6.

Load flow violation

120 []Aux Trans R (% Loading)
|| Aux Trans S (% Loading)
Aux Trans T (% Loading)

100

80
60
40

l DN (T (B

Case O Case 1-1 Case 1-2 Case 2-1 Case 2-2
Case Number

Figure 6. Load flow violation result.
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The voltage range is investigated for a possible overvoltage or undervoltage violation between
the ranges of 90%~110% of the nominal voltage. After employing the load flow analyzer of ETAP,
the result shows that each ESS case scenario does not violate the voltage range, as depicted in Figure 7.
It can be seen in Figure 7 that the percentage voltage magnitude in each case scenario has a range
within 93.372% to 94.985%. The percentage magnitude of the voltage at bus 1 for the cases is about
94.985%, which is the highest, while bus 4 has a magnitude of about 93.7% and bus 5 of about 93.372%.

Voltage violation
[ 1Bus 1 (% Mag)

[ 1Bus 4 (% Mag)
Bus 5 (% Mag)

100

80
60
40

20

T T T T T
Case O Case 1-1 Case 1-2 Case 2-1 Case 2-2
Case Number

Figure 7. Voltage violation result.
3.2. Short Circuit Study Result

The power system is simulated for short circuit currents when a three-phase fault occurs on any
of the busses considering each case scenario. The maximum and minimum available fault current for
each bus is calculated according to the results shown in Table 3. The maximum short circuit currents
are the sub-transient three-phase fault values in root-mean-square (RMS), while the minimum is the
steady state transient fault current. Short circuit analysis for case 1-2 when a three-phase fault occurs at
bus 5 (the bus to which the 26.65 MVA auxiliary transformer tertiary side is connected) shows that the
maximum fault current of 46.836 kA has exceeded the circuit breaker’s capacity of 40 kA. There is no
device capacity that is exceeded in other case scenarios. When comparing the maximum and minimum

fault currents in each of the busses investigated with respect to the cases, no great differences can
be found.

Table 3. Short circuit analysis result.

Case 0 Case 1-1 Case 1-2 Case 2-1 Case 2-2
Bus ID Max Min Max Min Max Min Max Min Max Min
(rms kA) (rms kA) (rms kA) (rms kA) (rms kA) (rms kA) (rms kA) (rms kA) (rms kA) (rms kA)
Bus 4 34.627 30.092 34.630 30.092 36.643 30.116 34.631 30.092 34.654 30.121
Bus 5 35.292 30.118 37.038 30.118 46.836 37.957 35.296 30.118 35.319 30.147
Bus 6 31.327 26.871 31.327 26.871 31.327 26.871 31.327 26.871 31.327 26.871
Bus 8 32.051 26.953 32.051 26.953 32.051 26.953 32.051 26.953 32.051 26.953
Bus 1 196.950 156.084 197.345 156.084 199.034 158.059 197.497 156.084 200.569 158.542
Bus 7 196.922 156.089 196.922 156.089 196.922 156.089 196.922 156.089 196.922 156.089

3.3. Relay Coordination Study Result

The overcurrent relays (OCRs) coordinated under phase fault conditions were analyzed using the
ETAP’s star view [25]. With the proper relay settings, the circuit breakers near to the primary fault
trip off first to ensure its selectivity characteristic. The sequence of operation (SoP) for the relays was
simulated when a three-phase fault occurred at bus 4, bus 5 and bus 1. Table 4 shows the SoP events in
each case scenario. From the table, in case 1-2, the SoP when a three-phase fault occurs at bus 4 can be
seen not to conform to the sequence in other cases. This was as a result of the case having the highest
maximum fault current of 36.643 kA with bus 5 at the highest maximum fault current of 46.836 kA
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(refer to Table 3). The corresponding circuit breaker with a maximum interrupting capability (40 kA)
is low at bus 5. Thus, CB3 needs to be changed to a much higher value to accommodate for a fault
when it occurs. CB2 and CB3 are the circuit breaker identification names. The assignment of the circuit
breakers trip order is summarized in Table 5.

Table 4. Sequence of operation events.

Bus ID Case 0 Case 1-1 Case 1-2 Case 2-1 Case 2-2
Bus 4 A A C A A
Bus 5 B B B B B
Bus 1 C C C C C

Table 5. Circuit breaker trip order assignment.

Circuit Breaker Trip Sequence A B C
First Trip CB2 CB3 CB2
Second Trip CB2 CB3 CB3
Third Trip CB3 CB2 CB2

The one-line diagrams for the SoPS of each fault location for bus 4, bus 5 and bus 1, respectively,
are shown in Figures 8-10.
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Figure 8. Fault at bus 4.
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Figure 9. Fault at bus 5.
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Figure 10. Fault at bus 1.

With ETAP software’s star view, the circuit breakers’ operating sequence reports can be obtained.
In this paper, a sample of the report when a symmetrical three-phase fault occurs at bus 4 is obtained,
as shown in Figure 8. This sequence of operation event report in Table 6 clearly indicates the time
at which the fault occurred, the fault current and the relay which senses the signal and causes the
circuit breaker to trip off. The auxiliary transformer (high voltage) is denoted (Aux Tr_HV) and the
transmission line is denoted (LN).

Table 6. Sequence of operation reports for faults at bus 4.

Symmetrical Three-Phase Fault at Bus 4

Time (ms) ID Fault Current (kA) T1 (ms) Condition

7.2 350/351 (Aux TR_HV)B 9.047 2.6 Phase-OC1-50

20.0 151(LN1) 29.041 <20.0 Phase-OC1-51

82.7 151N(LNT1) 29.041 <827 Phase-OC1-51

101 350/351 (Aux TR_HV)B 9.047 101 Phase-OC1-51

103 CB2 83.3 Tripped by 151(LN1) Phase-OC1-51
166 CB2 83.3 Tripped by 151N(LN1) Phase-OC1-51
217 151N(LN2) 0.197 217 Phase-OC1-51

300 CB3 83.3 Tripped by 151N(LN2) Phase-OC1-51
572 151(LN2) 0.197 572 Phase-OC1-51

655 CB3 83.3 Tripped by 151(LN2) Phase-OC1-51

The coordinated curves for phase faults according to the overcurrent relay (151 and 151N) settings
are shown in Figure 11a. The normalized TCC graph for a fault at bus 4 is shown in Figure 11b,
indicating that the fault current at this instant is 29.041 kA.

3.4. Cost Estimate Evaluation

The cost evaluation for an additional substation facility with ultra-high voltage was performed to
compare the ESS locations in the power plant. Substation cost estimates were evaluated for equipment,
protection and control at 69 kV, 230 kV and 345 kV voltage levels. It can be verified from Table 7 that
the cost of an additional substation at the 345 kV section will incur an estimate cost of about $1,018,168
for the selected equipment. Thus, there is a huge difference when comparing the cost estimates for
22 kV and 6.9 kV, which are low voltage, to 69 kV, with an estimate cost of $299,689. Therefore, position
3 was excluded in the feasibility analysis of ESS integration.
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Table 7. Substation cost estimate evaluation [26].

Voltage Circuit Voltage Current Bus & Power Transformer  Relay Panel Total Cost
Level Breakers ($) Transformer ($) Transformer ($) Fittings ($) ($/MVA) ) $)

69 kV 67,116 65,022 85,266 21,312 4720 56,250 299,686
230 kV 134,680 112,327 170,979 38,764 7110 109,500 573,360
345 kV 388,928 141,663 282,463 50,194 8670 146,250 1,018,168
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4. Conclusions

In this paper, a method of carrying out a feasibility study for the installation of an ESS in a power
system based on the case scenarios is proposed. To verify the proposed method, the ESS and load
were modeled, and an analysis simulation was performed. The estimated cost of the selected ESS
locations was evaluated, and the 345 kV voltage level was excluded from the analysis. The result
from the load flow studies for each case scenario showed that the overloading of equipment (auxiliary
transformer) occurred at bus 5 with a percentage loading of 117.5% when the load ESS was installed at
the lower-voltage (6.9 kV) level (case 1-1) in the power system, which could damage the equipment.
The study also revealed that no voltage violation occurred in all cases as the rated nominal was within
the operating range of 90%~100%, as expected. Short circuit analysis results showed that, expect for
case 1-2, in which the maximum fault current exceeded the device capacity at fault on bus 5, there were
no great differences for both sub-transient and steady state fault currents in other cases. The relay
coordination study, however, showed a similar sequence of operation events of the circuit breaker
tipping in all cases except for case 1-2, which was due to the short circuit fault current exceeding the
device. Thus, the results obtained from the feasibility studies of the power system showed that the
most appropriate location to install the ESS was on the upper voltage level of 22 kV (Case 2-1 and 2-2),
which had neither a load flow, voltage violation nor fault current that exceeded the device capacity in
these cases.

Based on this study, it is expected that the proposed method necessitates technological development,
whereby a plant facility with a high level of safety could be ensured when an ESS is integrated. Our work
also validates the Gen-FR of an ESS through system analysis.
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