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Abstract – This paper proposes a method to utilize an energy storage system (ESS) based on the 
assessment of an area of severity (AOS) to voltage sag. The AOS is defined as a set of the fault 
positions that can cause voltage sags at many buses simultaneously. The assessment of AOS helps to 
determine an optimal location of ESS installation to minimize the expected sag frequency (ESF) at 
concerned buses. The ESS has the ability not only to play traditionally known roles but also to mitigate 
voltage sag impact on renewable energy sources (RES) in the islanded microgrid. Accordingly, using 
the proposed method the ESS has additional features to prevent the operation failure of RESs and 
improve the stability of the microgrid. In order to verify the presented method, a case study was 
conducted on the sample microgrid system that is modified from an IEEE 57-bus system. 
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1. Introduction 
 
Increased power demand requires the expansion of power 

generation, transmission, and distribution facilities. It 
can lead to huge losses, a high short circuit capacity and 
increased operational complexity. Accordingly, the applica-
tion of small and independent power systems which are 
electrically separated is being considered more often to solve 
such problems. The configuration of a system is defined as a 
microgrid [1, 2]. In the microgrid, it is important to apply 
energy storage systems which is able to provide a reference 
voltage and frequency [3]. In addition, the energy storage 
system (ESS) is being widely utilized for the purposes of 
load levelling, power quality enhancement, power levelling 
of intermittent renewable energy sources (RES), peak 
shaving, and arbitrage in electricity market, among others. 

In an islanded microgrid, inverter-based power sources 
involving intermittent renewable energy are more dominant 
than conventional synchronous generator which has high 
inertia [4]. In this situation voltage sags can cause severe 
impacts on the grid-connected operation of the power 
sources. The operation failures of the power sources lead to 
power shortages and possibly a system blackout. Voltage 
sag is a sudden voltage decrease phenomenon and mainly 
caused by faults on transmission/distribution lines. In order 
to achieve the stable operation of an islanded microgrid, 
effective countermeasures for reducing voltage sags at 

inverter-based power sources are needed. In general, ESS 
is connected to the microgrid through the voltage source 
inverter adopting grid-forming control [2]. The ESS has 
the ability to supply real and reactive power within its 
rating to maintain a reference voltage and frequency during 
system disturbances such as voltage sags. Therefore, the 
power source failures in the microgrid can be reduced by 
optimally placing and applying the ESS.  

Recently, a few studies have focused on the optimal 
placement of the ESS with RES. [5] proposed a market-
based probabilistic optimal power flow (POPF) with energy 
storage integration and wind generation to minimize 
hourly social cost and maximize wind power utilization. 
[6] proposed a vulnerability assessment and found the 
optimal locations and capacities of ESSs for power system 
vulnerability mitigation.  

This paper presents a novel utilization of ESS considering 
optimal placement for increasing system reliability and 
voltage quality. The optimal placement of ESS is identified 
based on an area of severity (AOS) and expected sag 
frequency (ESF) assessment. The AOS is the region of the 
system where the occurrence of faults will simultaneously 
lead to voltage sags at the concerned power sources. The 
ESF is an expected frequency of voltage sags at the power 
sources. It can be assessed by using the concept of AOS and 
fault statistics. The ESS model for AOS assessment reflects 
the probability for the operation state. The proposed method 
was applied to the modified IEEE-57 test bus system.  

 
 
2. Distributed Energy Resources in Microgrid  
 

2.1 DERs based on power electronic interface 
 
The microgrid is defined as a small power system 
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isolated from an upper level power system and can be 
operated in island modes [1-3]. New technical developments 
in ESS and RES enable the microgrid to autonomously 
operate and continuously supply electric power to loads 
without the utility power system. Several microgrids that 
have different power quality and frequency can be connected 
with hierarchical structure by a DC system [7]. The 
microgrid consists of various types of distributed energy 
resources (DER). Generally, DER systems use RESs such 
as solar, wind, geothermal, and biomass power. Also, ESS 
is included in DER. Most RESs are not suitable for direct 
connection to the electrical network due to the irregular 
characteristics of the energy they produce. Therefore, 
power electronic interfaces such as a voltage source 
inverter (VSI) are required. The control type of the VSI 
can be classified as grid-forming control or grid-following 
control according to the characteristics of the energy 
source [2]. For this reason, the analysis of the power system 
including DERs is more dependent on characteristics of 
the VSI control type than characteristics of the input energy 
source. 

The grid-forming VSI regulates output voltages to provide 
the reference voltage and frequency to the electrical network. 
In order to maintain the reference voltage and frequency, 
grid-forming VSI requires rapid responses like stiff DC-
link voltage of ESS. The ESS with grid-forming VSI can 
contribute to fault currents within the marginal capacity to 
maintain the reference voltage and frequency during power 
system disturbances such as voltage sags. Normally, a 
droop control method that has the same characteristics as 
a conventional synchronous machine is adopted. The grid-
forming VSI based on the droop control method provides 
the steady-state voltage and frequency as follows [1, 8]: 

 
 ( )*

0( ) ( )Pt k P P tw w= - -  (1) 

 ( )*
0( ) ( )QV t V k Q Q t= - -   (2) 

 ( )min 0 max/Pk Pw w= - , 0Pk <   (3) 

 ( )min 0 max/Qk V V Q= - , 0Qk <   (4) 
 

where ω(t) is the common operation frequency, V(t) is the 
terminal voltage of the VSI, ω0 and V0 are the rating 
frequency and voltage of the VSI respectively, P* and Q* 
are real and reactive power set-points of the VSI, P(t) and 
Q(t) are real and reactive power outputs of the VSI, and kP 
and kQ represent the static droop gains. 

The grid-following VSI provides the relative voltage and 
frequency compared to the grid voltage and frequency. 
Typically, the grid-following VSI adopts decoupled current 
control including PI controllers as shown in Eq. (5)-(7) [2, 
3]. The grid-following VSI limits output currents for 
protecting VSI during system disturbances. Therefore, it 
cannot contribute to fault currents. 

 
 * * *

d qv jv= +v   (5) 
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è ø
  (7) 

 
where v* is the vector of output voltage reference of the 
VSI, vd

* and vq
* are the reference of d- and q-axes output 

voltages of the VSI, vd(t) and vq(t) are the d- and q-axes 
grid voltages of the VSI, id

* and iq
* are the reference of d- 

and q-axes output currents of the VSI, id(t) and iq(t) are the 
d- and q-axes output currents of the VSI, KPi and KIi are the 
proportional and integral gains of PI controller, and L is the 
interface inductor between the VSI and the electric network. 

In the case of DC energy resources such as photovoltaic 
(PV) power generation or DC generation with a rectifier, a 
DC to DC converter injects the current into DC-link and 
increases the DC-link voltage corresponding to the electric 
power produced. Therefore, the reference of d-axis current 
is determined to provide electric power by using a DC-link 
voltage regulator in Eq. (8) for power balance at DC-link. 

 

 ( )* * ( )Ivdc
d Pvdc dc dc

K
i K v v t

s
æ ö= - + -ç ÷
è ø

  (8) 

 
where vdc

* is the reference of DC-link voltage, vdc(t) is the 
DC-link voltage, and KPvdc and KIvdc are the proportional 
and integral gains of PI controller. 

Because of the limit of output current, the grid-following 
VSI is unable to provide power under voltage sag condi-
tions. When a voltage sag below a certain level occurs, an 
anti-islanding function can disconnect the grid-following 
VSI from the grid. According to the IEEE-1547 standard, 
the grid interconnection of VSI is not allowed under 
abnormal voltage conditions especially voltage sags below 
50% of nominal. Therefore, grid-following VSI is one of 
the sensitive equipment to voltage sag. The grid-following 
VSI is usually applied to fluctuating energy sources such as 
PV and wind power. 

 
2.2 Operation failure of DER in microgrid 

 
In order for the microgrid to operate in island mode 

separated from the upper level power system, the reference 
voltage and frequency must be provided by grid forming 
VSI [3, 9]. The ESS with rapid response characteristics is a 
power source equipment based on grid-forming control. It 
can provide reference voltage and frequency within its 
marginal capacity even during power system disturbances. 
As previously described, however, the operation of power 
sources based on grid-following control such as intermittent 
renewable energy sources and HVDC can be failed by 
power quality problems such as voltage sags. Generally, 
unpredicted faults in the islanded microgrid can cause 
severe voltage sags. The voltage sag not only causes 
operation failure of the major sensitive equipment but also 
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leads to disconnection of the grid-following power sources. 
Because of such a sudden disconnection of power sources, 
the rest of power sources which have to provide reference 
voltage and frequency can be overloaded and sequentially 
shut down. This situation can lead to severe power shortage 
and blackout. Therefore effective countermeasures for 
preventing the operation failures of the grid-following 
power sources during voltage sags are needed. In particular, 
it is important to reduce the occurrence of severe voltage 
sags at grid-following power sources, simultaneously.  

 
 
3. Voltage Sag Assessment and Area of Severity 
 
By determining the AOS, the fault region, at which can 

simultaneously lead to voltage sags below the threshold 
for normal operation of concerned power sources, can be 
identified. The AOS is determined from an area of 
vulnerability (AOV) for each power source. The AOV is 
the region where the occurrence of faults will lead to 
voltage sags at a single point [10, 11]. Therefore, the 
AOS can be determined by overlapping the AOVs for the 
concerned source points [12]. Diagrammatically, the AOS 
is the intersection region of different AOVs. The AOS 
shows critical region which requires countermeasures for 
preventing the operation failures of multiple power sources 
during voltage sags. The methods to determine AOV and 
AOS have been addressed in [10] and [12], respectively. 
The AOV and AOS should be separately determined for 
each fault type and phase, because the characteristics of 
voltage sags vary according to fault types and phases 
differently [10]. If there are n concerned points and AOVs, 
then the AOS has n different levels. The total number of 
AOS can be expressed as ∑ 1

n
i= nCi.  

Fig. 1 shows an example of the AOS for three power 
source points A, B and C. The AOSs are defined as the 
intersection regions of AOV(A), AOV(B) and AOV(C). 

The AOS3(A+B+C) (i.e. the AOS of level 3) is the area 
where the occurrence of faults will simultaneously lead to 
voltage sags at all three source points. The AOS2(A+B) (i.e. 
the AOS of level 2) can be determined by excluding AOS3 
(A+B+C) from the overlapped AOS1(A) and AOS1 (B). The 
fault occurrences in the AOS2(A+B) will simultaneously 
lead to voltage sags at the power sources A and B. In the 
same way, AOS1(A) is determined by excluding AOS2 
(A+B), AOS2(B+C), AOS2(A+C), and AOS3(A+B+C) from 
AOV(A). Faults in AOS1(A) lead to voltage sags at the 
power source A only. 

The ESF at concerned RESs can be estimated by using 
the concept of AOS and voltage sag assessment. The number 
of voltage sags to cause operation failures of concerned 
RESs simultaneously is calculated in terms of multiplying 
the fault rates of the buses and lines by the number of 
buses and the total length of the lines inside the AOS. 
Accordingly, the ESF for severity level i and set j of 
concerned power sources can be calculated as follows [12] 

 

 
AOSij AOSij

ij B L L
B B L L

ESF I BFR I l LFR= +å å
∈ ∈

 (9) 

 
where i is the severity level, j is the set of concerned power 
sources in vector vi (e.g. v1 ∈ [A, B,…, Z], v2 ∈ [AB, 
BC,…,YZ], v3∈[ABC, BCD,…,XYZ],…, vn∈[ABCD…, 
…WXYZ]), AOSij is the AOS according to a severity level 
i and set j of concerned power sources, B and L are the 
system bus and line respectively, BAOSij is the set of all 
buses inside the AOSij, LAOSij is the set of all lines partially 
or completely inside the AOSij, IB and IL is conditional sign 
(1 for the bus and line inside the AOSij, 0 for the bus and 
line completely outside the AOSij), lL is the length of line L 
inside the AOSij, and BFR and LFR are the bus and line 
fault rate for each fault type, respectively. 

The total ESF for all AOS levels is calculated as 
 

 
1 1

n m

ij
i j

TESF i ESF
= =

= ´åå   (10) 

 
where TESF is the total ESF, n is the number of concerned 
power sources, m is the number of combination 
corresponding to AOS severity level i. Also ESF to range 
in severity from s to n can be calculated using 

 

 
1

n m

s n ij
i s j

CESF i ESF-
= =

= ´åå   (11) 

 
where CESF is the cumulative ESF for severity range, and 
s is the severity level. 

 
 
4. ESS Utilization Based on AOS Assessment 

 
ESS is a power source with energy storage such as a 

 
Fig. 1. Concept of AOS for three different source points 

(A, B, and C) 
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flywheel or battery. The most mature and economic 
stationary battery to be adopted to ESS is a valve regulated 
lead-acid (VRLA) battery [13]. The ESS with VRLA battery 
has three operating states: discharge, charge, and end of 
charge [14]. ESS is operated as a load for the charging 
state and a generator for the discharging state. In the end 
of the charge state, a float charge, equalizing charge and 
idle operation can be included. The battery with high 
temperature during the charge operation is cooled for the 
end of charge state. The end of charge state prevents the 
reduction of battery life by discharging at an elevated 
temperature [15]. ESS has the scheduling of charge and 
discharge according to the purpose and usage. In islanded 
microgrid, the AOS and ESF mainly depend on the 
location and operating state of the ESS. Thus, the AOS and 
ESF should be determined for each operating state. Then 
the final ESF can be estimated by reflecting the probabilities 
of the operating states. The probabilities can be obtained 
from average operating time of each state according to the 
ESS scheduling. Therefore, considering the probabilities of 
operating states, CESF is calculated by 

 

 
3

1 1

( )
n m

s n k k ij
k i s j

CESF P P i ESF-
= = =

= ´ ´ååå   (12) 

 
where k is the operating state (1: discharge, 2:charge, 3:end 
of charge), Pk is the ESS probability of operation state. 

The proposed utilization method involves optimal 
placement of ESS for minimizing CESF. The minimal 
CESF means that the simultaneous failures of the grid-
following power sources by voltage sags can be expected 

to be minimal. The procedure for determining ESS place-
ment is summarized in Fig. 2. 

The power sources sensitive to voltage sags and concerned 
severity level are determined. The concerned severity level 
is defined as the AOS level expected to cause unstable 
system operation or power failure. The steady-state operating 
point and probability of each operating state of ESS are 
designated from average operating times and scheduling of 
ESS. Then, the AOV and AOS for sensitive power sources 
are determined for each operating state. For all points 
expected to connect ESS, CESF(Pk ) is calculated and 
sorted. Then optimal place of ESS is determined at the 
point of minimal CESF(Pk ) as 

 

 
( )

( )N
s n k

Minimize f N
CESF P= -

 (13) 

 
where N is the number of the bus where ESS is installed. 

 
 

5. Case Study 
 

5.1 Sample microgrid test system and simulation 
scenario 

 
In the case study, the IEEE 57-bus test system was 

assumed as an islanded microgrid as shown in Fig. 3. The 
system was modified to properly verify the performance of 
the proposed scheme. Generators of buses 2, 6 and 9 
supplying few reactive power to the system is removed and 
four RESs were placed at buses 19, 31, 42 and 47. The 
modified system was considered as an islanded microgrid. 
It was assumed that if four RESs is failed, the entire system 
is collapsed. 

The total real and reactive power consumed at all loads 
is 1250.8[MW], 336.3[MVAr]. The RESs supply only real 
power through the grid-following VSI with a unity power 
factor. Average output real power of each RES is 20[MW] 

 

 
Fig. 2. Procedure for the proposed ESS placement 

 
Fig. 3. Modified IEEE 57-bus test system 
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respectively and total of the real power is 80[MW]. In this 
study, the voltage threshold of four RESs was assumed to 
be 55[%] (0.55[p.u.]) and the duration of voltage sag was 
not considered. The rest of the parameters for the IEEE 57-
bus system is available from [16]. Historical fault rates 
for the buses and lines are 0.1 (event/year) and 4.2 
(event/100km/year) respectively [12]. Assuming that the 
fault-type distribution is to be 80% (SLGF), 5% (LLF), 
11% (DLGF) and 4% (3PF), respectively, the detail fault 
statics is given Table 1. 

Two cases of RES failure due to voltage sags were taken 
into account in the study. In the first case, ESS placement 
was determined to prevent simultaneous failures of three 
among the four RESs. In the second case, the simultaneous 
failures of all four RESs was considered. Each case 
assumes the situation when a power shortage problem is 
occurred by simultaneous failures of RESs in the islanded 
microgrid. If the microgrid does not respond immediately 
to the power shortage, the system would become unstable.  

 
5.2 ESF Assessment  

 
The AOVs for the RESs were determined for each 

fault type and phase. Then the AOS is also identified by 
overlapping the AOVs. Fig. 4 shows the AOS due to 3PF 

for the RESs. The ESFs at the RESs were estimated from 
the determined AOVs and the fault statistics. The ESFs 
according to the severity levels of the AOSs are reported 
in Table 2. Total ESF at four RESs is 35.70 (event/year), 
and the ESF for AOS4(A+B+C+D) which all RESs can 
simultaneously experience voltage sags below the threshold 
is 2.95 (event/year). This means that the RESs can be 
simultaneously shutdown about three times per year. If 
other power sources do not respond immediately to the 
sudden lack of power, the system would become unstable 
and could be faced with a blackout. 

 
5.3 ESS placement 

 
When a fault causing voltage sag occurs, the grid-

forming type of ESS can contribute fault current to the 
system and support system voltages within its capacity. 
Hence, the shutdown of RESs caused by voltage sags can 
be reduced by operating ESS. The probability of an 
operation state and the steady-state operating point of the 
ESS are given in Table 3. In order to place the ESS, each of 
the cases requires a different severity level of AOS. In the 
first case, the operation failure of three or more RESs must 
be prevented. Therefore, the ESS site reducing CESF3-4(Pk) 
for more AOS3 severity level should be determined. In the 
second case, the operation failure of all four RESs must be 
prevented. Therefore, the ESS site reducing CESF4(Pk) for 
more AOS4 severity level should be determined. 

In this study, 10 buses were selected as the proposed 
points for installing ESS. Then, CESF was calculated for 
the points (see Table 4). In the first case that the simultaneous 
failures of three or more grid-following power sources are 
concern, CESF3-4(Pk) for the AOS3-4 (AOS3+AOS4) is 

 
Table 1. System fault statistics for lines 

Type of Fault Bus Fault Rate 
(event/year) 

Line Fault Rate 
(Event/100km/year) 

SLGF 0.080 3.360 
LLF 0.005 0.210 

DLGF 0.011 0.462 
3PF 0.004 0.168 

 

 
Fig. 4. Area of severity (AOS) due to 3PFs for given test 

system 

Table 2. ESFs (event/year) according to severity levels  

AOS1-4 AOS3-4 AOS4 Severity  
Level TOTAL (AOS3+AOS4) (A+B+C+D) 

Event/year 35.70 3.668 2.950 
AOS3 Severity  

Level (A+B+C) (A+B+D) (A+C+D) (B+C+D) 
Event/year 0.170 0.328 0.000 0.220 

AOS2 Severity  
Level (A+B) (A+C) (A+D) (B+C) 

Event/year 0.363 0.000 0.003 0.516 
AOS2 Severity  

Level (B+D) (C+D) 
Event/year 1.792 0.000 

 

AOS1 Severity  
Level (A) (B) (C) (D) 

Event/year 2.863 6.077 5.012 2.445 
 

Table 3. Parameters of the energy storage system 

 Discharge Charge End of charge 
P*[MW] 20.0 -20.0 0.0 

Q*[MVAr]  5.0 0.0 0.0 
Probability 0.4 0.4 0.2 
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required. From the results, the point showing the minimal 
CESF3-4(Pk) is identified as bus 36. When the ESS was 
placed at bus 36, it is observed the CESF3-4(Pk) was 
reduced from 3.668(event/year) to 1.558 (event/year) and 
its reduced rate is 57.52% comparing before ESS place-
ment. In the second case that the simultaneous failure of 
four grid-following power sources is concern, CESF4(Pk) 
for the AOS4 is required. The point showing the minimal 

CESF4(Pk) is identified as bus 25. When the ESS was 
placed at bus 25, the CESF4(Pk) was reduced from 
2.950(event/year) to 0.070 (event/year) and its reduced rate 
is 97.63% comparing before ESS placement. While the 
ESS operates as generator for discharging state at bus 25, 
AOS assessment due to the 3PF for four grid-following 
power sources and threshold voltage in the test system is 
shown as Fig. 5. Comparing Fig. 5 with Fig. 4 before 
ESS is placed, the optimal place of ESS considering the 
CESF(Pk) reduces voltage sag for the whole system. Also, 
the optimal place reduces the simultaneous failure rate of 
four grid-following power sources by voltage sags.  

 
 

6. Conclusion 
 
This paper presented a novel approach to ESS utilization 

for preventing operation failures of grid-following type of 
RESs in an islanded microgrid. Even a single voltage sag 
can cause shutdown of RESs and lead to blackout. The 
ESS has the ability to contribute fault current and maintain 
system voltage. Thus, an ESS with high capacity can ensure 
stable operation even under disturbance conditions like 
the voltage sag phenomenon. The proposed method can 
be used to prevent the simultaneous failure of grid-
following RESs. 

The effective placement of ESS can be determined 
basically by assessing the AOS and ESF. The fault regions 
expected to simultaneously lead to voltage sags at RES 
points can be identified by AOS assessment. In addition, 
the number of voltage sags at the RESs can be estimated 
by using the AOS and system fault statistics. The ESS 
placement is determined as the point at which the least 
voltage sags are expected to occur at the concerned RESs. 
The ESS utilization based on the proposed method would 
help with the mitigation of voltage sags and stable 
operation of a microgrid involving a large number of RESs 
without the functions of FRT and LVRT. 
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