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Abstract: Penetration of variable energy resource (VER) is limited by voltage constraints in distribution
systems. Hence, distributed energy storage systems (ESS) have been considered to be a promising
solution owing to their fast and flexible control capability. This paper proposes a voltage control
algorithm of the distributed ESS based on the varying operating conditions of the distribution systems.
In the proposed algorithm, the required responses of the distributed ESS are controlled for regulating
the monitored voltage on the distribution system by using the matched Jacobian element derived
from the operating conditions as its control gain. In addition, each required response is readjusted by
allocating the violated voltage to distributed ESS respectively based on the portion of its Jacobian
element and its available state of charge (SoC). The effectiveness of the proposed algorithm is verified
through time-series simulation by employing one of the actual distribution systems with a high
penetration of VER in Korea.

Keywords: distributed energy storage system; variable energy resources; operating condition; voltage
sensitivity; voltage control

1. Introduction

Recently, distribution systems have been increasingly utilizing variable energy resource (VER)
as an alternative to pressure to reduce greenhouse gas emissions and depletion of fossil energy [1].
Moreover, the reduced generation cost of the VER due to technology development is expected to
further increase its penetration into distribution systems in the future [2]. A small number of VERs
have a negligible impact on the distribution system as their generation is smaller than the load demand
of the system. However, with an increasing level of VER penetration into the system, when the
generation from VER is high, it can cause various impacts ranging from voltage, loading, power quality,
and malfunction of protection and control [3–5]. The impact is unique to the individual system, but the
main challenge that limits the VER integration is overvoltage during peak generation [6,7].

Various solutions have been proposed to deal with the overvoltage of the distribution system.
The most practical method is to mitigate the overvoltage by changing the set point of the tap on
the secondary winding of the main transformer through on-load tap changer (OLTC), which is
used to control the system voltage. However, this method has a few minutes of time delay and is
limited to controlling the rapid voltage fluctuation caused by the variability and intermittency of
VER generation [8–10]. Other methods include curtailment of VER generation during the overvoltage
periods, reactive power compensation by the inverter, and increasing conductor capacity. These
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methods either decrease the generation efficiency of VER or are difficult to continuously reinforce
according to the rapidly increasing VER integration capacity in the distribution system.

However, distributed ESS have emerged as an alternative measure to control the voltage of the
distribution system as its technology has advanced and costs have decreased [11–14]. This mitigates
overvoltage by charging control during peak generation of VER. In particular, because of its fast and
flexible response capability, it is possible to respond to the voltage change that varies rapidly due to the
VER generation. In addition, the stored energy of the distributed is discharged back into the system
and hence, it does not reduce the capacity factor of the VER generation.

Various control algorithms of distributed ESS have been proposed to mitigate the overvoltage
of the distribution system with a high penetration of VER. The droop-based control to calculate the
required response of the distributed ESS for voltage regulation of distribution has been proposed in
references [15,16]. In references [17,18], coordinated control for voltage regulation, which includes
both distributed and localized controls, is proposed for distributed ESS installed in the distribution
system. Those algorithms had limitations such as a fixed control gain [15], absence of the coordinated
control [16], and balancing between distributed ESS without considering the operating condition
of the distribution system [17,18]. However, the relationship between the charging power and the
voltage reduction would continually change according to the operating conditions of the distribution
system [19]. Therefore, a voltage control algorithm should be able to consider the operating conditions
of the distribution system for the efficient use of the distributed ESS with the limited energy capacity
to counter an overvoltage in a long-term operation. Further, state of charge (SoC) balancing is required
to maintain the availability of distributed ESS which is changed by the SoC.

This paper proposes a voltage control algorithm of distributed ESS based on the varying operating
conditions of the distribution systems. In the proposed algorithm, the required responses of the
distributed ESS are controlled for regulating the monitored voltage on the distribution system by
using the matched Jacobian element derived from the operating conditions as its control gain. In
addition, each required response is readjusted by allocating the violated voltage to distributed ESS
respectively based on the portion of its Jacobian element and its available SoC. By applying the
proposed control algorithm of distributed ESS, the required responses of the distributed ESS can be
determined considering the operating conditions of the distribution system and its availability can be
maximized by balancing those charging powers and SoC. The effectiveness of the proposed algorithm
is verified through a time-series simulation by employing one of the actual distribution systems with a
high penetration of VER in Korea.

2. Application of Distributed ESS on the VER Integrated Distributed System

2.1. Voltage Constraint in the VER Integrated Distribution System

Among the various impacts of VER on the distribution system, overvoltage, thermal overloading,
electrical power loss, power quality, and protection problem are the factors that affect the distribution
system operation [4]. The main challenge is that the overvoltage caused by the VER generation can
limit its integrated capacity in the distribution system [6]. A typical distribution system consists of
multiple buses, as illustrated in Figure 1, and its voltage profile depends on both the magnitude and
direction of the power flow.
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In a distribution system without VER, the load demand is met by the power supplied from
substations to customers. The power flow is generally unidirectional. Because of this feature, the
voltage profile has a decreasing trend caused by the line impedance and load demand from the
substation to the ends of the feeder. To manage the distribution system with this decreasing voltage
profile trend, most systems have been operated considering voltage drop at the end of the feeder by
using OLTC. Nevertheless, after integrating the VER into the distribution system, the VER generation
(PVER) compensates the supplied power to the substation and counters the voltage drop. When the
integrated VERs increase in the distribution system, PVER can exceed the load demand and it can
induce reverse power flow. As a result, the voltage in the distribution system can be further increased,
which can lead to overvoltage.

Overvoltage is considered one of the important factors for operating the distribution system with
VER in Korea. Korea Electric Power Corporation (KEPCO) stipulates that evaluating the impact of the
system on the voltage is necessary to integrate the VER into the distribution system. Figure 2 shows
the evaluation flow chart for integrating VER in a distribution system [20].
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Figure 2. Voltage evaluation for integrating the variable energy resource (VER) into the
distribution system.

In this voltage evaluation procedure, several data of the distribution system need to be set for the
power flow calculation, including load demand, secondary voltage of the main transformer, and VER
generation, based on previous operation data. The load demand and the VER generation are set to the
average of the lower 5% of the operation data and rated power, respectively, and the secondary voltage
of the main transformer is set to the average of the operation data. Based on these assumed conditions,
the power flow of the system is calculated. Through this procedure, the integration of VER is only
acceptable when the voltage (VD/L) does not exceed its upper limit (Vmax). For example, Figure 3
shows the result of voltage evaluation on the distribution system with high VER penetration in Korea.

As a result of the voltage evaluation of this distribution system, as the distance from the main
transformer increases, each node and VER has higher voltage and the end of feeder exhibits maximum
voltage. Violation of the voltage limit starts from the middle of the feeder, which means that the voltage
problem could become severe and the VERs could be saturated from that point. This overvoltage
should be mitigated for integrating the VER into the distribution system.



Electronics 2020, 9, 211 4 of 16Electronics 2020, 9, 211 4 of 16 

 

 

Figure 3. Voltage profile on one of the feeders in the Korea distribution system. 

2.2. Considerations in Distributed ESS Application 

One of the various solutions for voltage control is that the distributed ESS can effectively 
contribute to the operation of the distribution system with high penetration of the VER by using its 
fast and flexible control capability. From these characteristics, this paper assumed the type of the 
distributed ESS as the lithium-ion based battery energy storage system (BESS), which is widely used 
for frequency regulation and voltage control in Korea. The overvoltage of the distribution system can 
be mitigated by absorbing the VER generation with the distributed ESS. However, the effectiveness 
of mitigated voltage from distributed ESS can be different depending on operating conditions such 
as load demand, VER generation, and connection point. Figure 4 shows the voltage sensitivity of 
active power from each bus to the voltage at the end of the feeder in the simulation operating system 
from Figure 1. It is derived from the reduced voltage by charging the active power of the unit capacity 
on each bus by a single distributed ESS. 

 
Figure 4. Voltage sensitivity to the end of the feeder for each bus. 

This voltage sensitivity is significantly affected by system operating conditions, such as the load 
demand and VER generation. Because these system operating conditions are changed depending on 
the time, the voltage sensitivity is different at each hour. Furthermore, the level of voltage sensitivity 
is determined by the connection point of the distributed ESS. Therefore, absorbing more power 
would be required by a distributed ESS with low voltage sensitivity to reduce the same amount of 
voltage at the end of the feeder. As a result of this control, the SoC of distributed ESS could be 
managed differently depending on the connection points. Further, the duration time of the 
distributed ESS for voltage control can also be different. Figure 5 shows the charging power for each 

Figure 3. Voltage profile on one of the feeders in the Korea distribution system.

2.2. Considerations in Distributed ESS Application

One of the various solutions for voltage control is that the distributed ESS can effectively contribute
to the operation of the distribution system with high penetration of the VER by using its fast and
flexible control capability. From these characteristics, this paper assumed the type of the distributed
ESS as the lithium-ion based battery energy storage system (BESS), which is widely used for frequency
regulation and voltage control in Korea. The overvoltage of the distribution system can be mitigated
by absorbing the VER generation with the distributed ESS. However, the effectiveness of mitigated
voltage from distributed ESS can be different depending on operating conditions such as load demand,
VER generation, and connection point. Figure 4 shows the voltage sensitivity of active power from
each bus to the voltage at the end of the feeder in the simulation operating system from Figure 1. It is
derived from the reduced voltage by charging the active power of the unit capacity on each bus by a
single distributed ESS.
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This voltage sensitivity is significantly affected by system operating conditions, such as the load
demand and VER generation. Because these system operating conditions are changed depending on
the time, the voltage sensitivity is different at each hour. Furthermore, the level of voltage sensitivity is
determined by the connection point of the distributed ESS. Therefore, absorbing more power would be
required by a distributed ESS with low voltage sensitivity to reduce the same amount of voltage at the
end of the feeder. As a result of this control, the SoC of distributed ESS could be managed differently
depending on the connection points. Further, the duration time of the distributed ESS for voltage
control can also be different. Figure 5 shows the charging power for each ESS estimated based on the
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voltage sensitivity to mitigate 1 V per hour at the end of the feeder in the simulation operating system
from Figure 1. At this time, the same energy constraint is considered for all distributed ESS.
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Although the distributed ESS at each connection point control the identical voltage at the end of
the feeder, their charging powers are different according to those voltage sensitivities. More charging
power is required for the distributed ESS at the connection point with low voltage sensitivity. As a
result, the SoC of that distributed ESS can be saturated early and excluded from the voltage control to
decrease the availability of distributed ESS.

Thus, this paper proposes the determining control requirement of the distributed ESS by applying
voltage sensitivity considering the operating conditions of the distribution system. Furthermore, this
paper also considers the weighting coefficients of the distributed ESS to maximize their availability.

3. Control Algorithm of the Distributed ESS

The objective of this paper is to propose a voltage control algorithm for distributed ESS based on
the operating conditions of the distribution system for overvoltage mitigation. The voltage control
algorithm should possess a central controller for calculating the control requirement to the distributed
ESS with the distribution system information. There must be realistic constraints for implementing the
proposed control algorithm, but this paper is focused on developing the algorithm for controlling the
distributed ESS. Those constraints could be relieved if the effectiveness of the proposed algorithm is
verified. In addition, in this paper, only the minimum set of the data is assumed to be available from
the distribution system. The control structure assumed for voltage control with the distributed ESS is
shown in Figure 6. It is assumed that reactive power control is not used in the control scheme.

The central controller acquires the operation information
(
Pt, Qt,

∣∣∣Vt
∣∣∣,θt

)
of buses on the

distribution system in real-time. Here, Pt is the active power, Qt is the reactive power,
∣∣∣Vt

∣∣∣ is
the voltage magnitude, and θt is the voltage angle at t hour. When the voltage exceeds the upper limit
at the j bus, the violated voltage is calculated by Equation (1):

Vt
violated, j = Vt

j −Vthrc , (1)

where Vt
violated, j is the violated voltage of the j bus, Vt

j is the voltage of the j bus, and Vthrc is the charging
control threshold voltage.

This Vt
violated, j would be mitigated through the charging control of the distributed ESS for securing

the voltage of the system within the operating range. In the control algorithm, Vt
violated, j is allocated

to the individual distributed ESS considering its constraints. To mitigate this allocated value (Vt
ji),

the control gain (kt
i) is applied to calculate the charging power (Pt

ch,i) of the distributed ESS at i bus.
The time response of the distributed ESS is within 200 ms even if communication delays are included.
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Because this time response is very small compared to the simulation time step of one hour, this study
did not consider the time response. Further, in a radial distribution system, it is typical to have the
highest or lowest voltage on the end of the feeder depending on the operating condition. Therefore, if
the voltage at the end of the feeder is within the operating range, the whole distribution system could
meet the voltage criteria. Hence, in this study, the bus on the end of the feeder is monitored to control
the voltages using the distributed ESS.
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3.1. Control Gain Based on Jacobian Matrix

In the proposed algorithm, the required response of the distributed ESS for controlling the voltage
on the remote bus is calculated using the Jacobian matrix, which is a classical approach to calculate
the voltage sensitivity [21,22]. The Jacobian inverse matrix (J−1) is composed of the sensitivities of a
system at a given operating point as shown in Equation (2).

J−1 =

 ∂θ
∂P

∂θ
∂Q

∂|V|
∂P

∂|V|
∂Q

 (2)

However, the above method requires real-time information on all buses of the distribution
system to be considered for its time-varying operating conditions. Hence, numerous measurements
and communication infrastructures are necessary, but the requirements are highly expensive [23,24].
To obtain voltage sensitivity under the limited measurements, this study proposes a system reduction
as shown in Figure 7.

The purpose of the reduction is to calculate the Jacobian Matrix from the minimum bus information
necessary to derive the voltage sensitivity of the bus that is connected to the distributed ESS to the
end of the feeder. Therefore, the distribution system could be reduced to simplify the model of
the secondary side of the main transformer, the end of the feeder, and the connection points of the
distributed ESS as an equivalent circuit. In addition, the voltage sensitivities of the distributed ESS
are assumed to be calculated based on the system operating conditions before the one-time step
considering the communication time delay of the controller.
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Therefore, the required response for distributed ESS can be calculated by using Equation (3) to
mitigate the overvoltage of the distribution system.

Pt
ch,i =

1
st−1

ji

×Vt
ji (3)

where Pt
ch,i is the required response of the distributed ESS at the i bus, st−1

ji is a part of the ∂|V|
∂P in the

Jacobian Matrix, and is the voltage sensitivity of the active power on i bus to the voltage on j bus based
on the operating conditions just before the one-time step, and Vt

ji is the voltage to be controlled on
j bus.

3.2. Charging Power Balancing of the Distributed ESS

For coordinating the responses of the distributed ESS, the violation of the voltage on the monitored
bus is allocated to each ESS. Moreover, the required responses of the distributed ESS are balanced for
maximizing the availability by allocating the voltage violation to the distributed ESS proportional to
the voltage sensitivity. As the weighting coefficient (εt

i) is defined to consider the voltage sensitivity of
the distributed ESS, εt

i and Vt
ji can be calculated by Equations (4) and (5), respectively:

εt
i = st−1

ji (4)

Vt
ji =

εt
i∑n

i=1 ε
t
i

×Vt
violated, j (5)

where εt
i is the weighting coefficient at time t. Vt

ji is then determined by the normalized εt
i and the

required responses from the distribute ESS calculated by Equation (3) are balanced.

3.3. SoC Balancing of the Distributed ESS

To ensure the availability of distributed ESS for voltage control, it is also necessary to balance their
SoC. In this voltage control algorithm, the SoC of the distributed ESS is balanced by readjusting the
required responses proportionally to the available SoC. To consider the available SoC of the distributed
ESS, an additional weighting coefficient (µt

i) based on SoC dispersion is defined that can be calculated
by Equations (6) and (7):

SoCt
avg =

∑n
i=1 SoCt

i
n

(6)

µt
i =

 1 + a×
SoCt

avg−SoCt
i

100 , SoCt
i < SoCmax

0, SoCt
i ≥ SoCmax

(7)
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where a is a constant value which affects the convergence speed and control accuracy. It is assumed to
be 10 in this study. It should be noted that if an SoC of one of the specific distributed ESS is saturated,
the distributed ESS will be removed from the voltage control process by assigning the µt

i to be 0.
Finally, the Vt

ji are calculated by the normalized product of two weighting coefficients for the
required responses that are balanced by the voltage sensitivity to be readjusted.

Vt
ji =

εt
i × µ

t
i∑n

i=1 (ε
t
i × µ

t
i)
×Vt

violated, j (8)

3.4. Availability Recovery Control

As the distributed ESS are usually charged to resolve the overvoltage occurring on the VER
integrated distribution system, the availability needs to be secured by discharging them whenever
appropriate. However, any impact of this discharging on the operation of the distributed system
should be minimized.

In the proposed algorithm, as the VER integrated into the distribution system is assumed to be
photovoltaic (PV) (these are mostly installed in Korea), the distributed ESS are discharged evenly
during the night. Moreover, the discharging power of each ESS is controlled to minimize its impact on
the distribution system by discharging distributed ESS using the maximum time allowed. Equation (9)
represents the discharging power of distributed ESS,

Pdis,i =
SoCi − SoCmin,i

tdis/Crate,i
(9)

where tdis is discharging time duration and it is set to be 8 h from 22:00 h to 06:00 h on the next day.
Crate,i is C-rate of the ESS connected to i bus.

4. Case Study

4.1. Distribution System Data and Description

The verification of voltage control can be based on the voltage being managed below the voltage
limit despite the high VER penetration in the distribution system. Hence, a simulation is conducted to
evaluate the performance of the proposed voltage control from distributed ESS by using OpenDSS
(Open Distribution System Simulator) from EPRI (Knoxville, Tennessee, USA), which is a widely used
simulation tool in distribution system analysis. Moreover, Matlab is used as the application program
interface (API) with OpenDSS. In this study, the specific distribution system model which has the
highest penetration of VER in Korea is applied as observed in Figure 8.

The distribution system supplies the peak demand of 6.5 MW by 45-kVA, 154/22.9 kV transformer.
The power factor of the demand is assumed to be 0.9, which is used by the KEPCO for the analysis of
the distribution system. In addition, it is composed of three types of cables as described in Table 1 with
a total length of 30 km.

Table 1. Cable data used for the distribution system.

Conductor Resistance (Ω/km) Reactance (Ω/km)

CNCV-W325 0.075 0.125
AWOC-160 0.304 0.441
AWOC-95 0.182 0.391

In the case of VERs in this system model, 72 sites of VERs with a total capacity of 25 MW are
integrated and they are operated with a unity power factor. In addition, the profile of load demands
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and VERs generation are considered using 2017 historical data of this system model to verify the
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It is observed from Figure 9 that the load demand and VERs generation show continuous
fluctuation every hour, which can lead to voltage problems in the distribution system. When the VERs
generation exceeds the load demand in the distribution system, overvoltage is induced. To prevent
these constraints, five of the distributed ESS are modelized in this distribution system with specifications
described in Figure 5 and 10%~90% of the SoC operating range.

In this study, the upper voltage limit is set to 1.02 p.u. as per the guideline of KEPCO for
integrating VER into the distribution system. In addition, it is necessary to set a specific threshold
voltage for triggering the control to secure the voltage within the operating limit. Therefore, in the
proposed control algorithm, the upper threshold voltage is set to 1.018 p.u., which is 10% stronger than
the voltage limit required in the system.

4.2. Verification of Proposed Voltage Sensitivity Derivation Method

To verify the proposed voltage sensitivity derivation method, the derived voltage sensitivity
is analyzed by comparing the voltage sensitivity obtained by charging from distributed ESS
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through annual time-series simulation. Figure 10 shows the annual voltage sensitivity based on
the proposed method.
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The voltage sensitivity of each ESS is altered every hour depending on the operating condition in
the distribution system; the level of which is different for each connection point. The minimum voltage
sensitivity (16 V/MW) and the maximum voltage sensitivity (150 V/MW) are experienced at ESS 1 and
ESS 5, respectively. This implies that the voltage sensitivity is different up to 134 V/MW depending
on the operating conditions of the distribution system; therefore, the control gain of distributed ESS
should be set based on the operating conditions.

Therefore, the accurate estimation of voltage sensitivity is important to set the effective control
gain for determining the required responses. Further, the accuracy of the voltage sensitivity from the
proposed method is verified as the deviation of the voltage sensitivities, as demonstrated in Figure 11
and Table 2.
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Table 2. 3-Sigma value of voltage sensitivity deviation depending on the connection point of ESS.

Voltage Sensitivity ESS 1 (V/MW) ESS 2 (V/MW) ESS 3 (V/MW) ESS 4 (V/MW) ESS 5 (V/MW)

Avg. 0.74 0.35 0.72 1.79 3.29
−3σ −6.67 −12.43 −15.73 −17.91 −17.71
+3σ 8.15 13.14 17.17 21.48 24.28

Figure 11 shows that the distributions of the voltage sensitivity deviation vary depending on the
connection points of distributed ESS but that the average values are similar. As observed in Table 2,
the average of the voltage sensitivity deviation is lower than 4 V/MW in all connection points and the
maximum value belonging to the ±3σ interval is 24.28 V/MW, which is a very small value compared to
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the 13.22 kV of rated voltage. Thus, the accuracy of the proposed voltage sensitivity derivation method
is verified from the results.

4.3. Verification of the Voltage Control Algorithm of Distributed ESS

Verifying the effectiveness of the voltage control algorithm considering operating conditions is
important when the distributed ESS are operated in the distribution system to maximize its availability.
The proposed voltage control algorithm is verified with the daily data of the highest VERs generation
as shown in Figure 12.
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Initially, when the VERs generation is higher than the load demand, the distribution system
experiences overvoltage for 8 h from 10:00 h to 16:00 h. As mentioned earlier, the voltage sensitivity of
each ESS changes depending on the system operating conditions.

To mitigate the overvoltage during high VERs generation, the proposed voltage control algorithm
is applied to distributed ESS based on the operating conditions of the system. To verify the effectiveness
of the proposed voltage control algorithm, the voltage control results from identical Vt

ji are considered
before considering the weighting coefficients as shown in Figure 13.

Figure 13a shows the voltage profile in the distribution system and the power of distributed ESS.
Before the occurrence of overvoltage, the charging power from distributed ESS is idle for 9 h. After
the voltage of the distribution system exceeds the charging threshold voltage, distributed ESS are
activated to provide the charging control between 10:00 and 17:00 h. The voltage is then mitigated
to be lower than the upper voltage limit. Because the weighting coefficients are not considered, Vt

ji
is identically allocated to each ESS when the SoC is sufficient for voltage control. For example, at
10:00 h, Vt

ji from ESS 1 to ESS 5 were identical at 5.63 V and at 11:00 h, Vt
ji from ESS 2 to ESS 5 were

identical at 22.83 V. However, as the voltage sensitivity is different depending on the connection point,
the charging power is different even if Vt

ji are identical as observed in Figure 13a,b. As a result, the
available power capacity for voltage control decreases rapidly to 1027 kW as shown in Figure 13c. This
drawback can be improved by allocating the voltage violation to the distributed ESS proportional to
the voltage sensitivity as shown in Figure 14.

The primary goal of this control is to balance the required response for all distributed ESS during
the operation time. In this simulation, the Vt

ji is allocated proportionally to the voltage sensitivity
under the same conditions as in the previous simulation, i.e., the larger the voltage sensitivity of
the distributed ESS, the more Vt

ji is allocated in voltage control as shown in Figure 14b. Here, if
the available SoC is sufficient, the required responses of distributed ESS are identical as shown in
Figure 14a. As a result, the minimum available power capacity for voltage control is increased to
1108 kW.



Electronics 2020, 9, 211 12 of 16
Electronics 2020, 9, 211 12 of 16 

 

 
(a) 

 
(b) 

 
(c) 

Figure 13. Voltage control results without ε, μ: (a) Voltage profile and power of the distributed ESS; 
(b) 𝑉௝௜௧; (c) SoC profile. 

Figure 13a shows the voltage profile in the distribution system and the power of distributed ESS. 
Before the occurrence of overvoltage, the charging power from distributed ESS is idle for 9 h. After 
the voltage of the distribution system exceeds the charging threshold voltage, distributed ESS are 
activated to provide the charging control between 10:00 and 17:00 h. The voltage is then mitigated to 
be lower than the upper voltage limit. Because the weighting coefficients are not considered, 𝑉௝௜௧ is 
identically allocated to each ESS when the SoC is sufficient for voltage control. For example, at 10:00 
h, 𝑉௝௜௧ from ESS 1 to ESS 5 were identical at 5.63 V and at 11:00 h, 𝑉௝௜௧ from ESS 2 to ESS 5 were 
identical at 22.83 V. However, as the voltage sensitivity is different depending on the connection 
point, the charging power is different even if 𝑉௝௜௧ are identical as observed in Figure 13a,b. As a result, 
the available power capacity for voltage control decreases rapidly to 1,027 kW as shown in Figure 
13c. This drawback can be improved by allocating the voltage violation to the distributed ESS 
proportional to the voltage sensitivity as shown in Figure 14. 

 
(a) 

 
(b) 

Figure 13. Voltage control results without ε,µ: (a) Voltage profile and power of the distributed ESS; (b)
Vt

ji; (c) SoC profile.

Electronics 2020, 9, 211 12 of 16 

 

 
(a) 

 
(b) 

 
(c) 

Figure 13. Voltage control results without ε, μ: (a) Voltage profile and power of the distributed ESS; 
(b) 𝑉௝௜௧; (c) SoC profile. 

Figure 13a shows the voltage profile in the distribution system and the power of distributed ESS. 
Before the occurrence of overvoltage, the charging power from distributed ESS is idle for 9 h. After 
the voltage of the distribution system exceeds the charging threshold voltage, distributed ESS are 
activated to provide the charging control between 10:00 and 17:00 h. The voltage is then mitigated to 
be lower than the upper voltage limit. Because the weighting coefficients are not considered, 𝑉௝௜௧ is 
identically allocated to each ESS when the SoC is sufficient for voltage control. For example, at 10:00 
h, 𝑉௝௜௧ from ESS 1 to ESS 5 were identical at 5.63 V and at 11:00 h, 𝑉௝௜௧ from ESS 2 to ESS 5 were 
identical at 22.83 V. However, as the voltage sensitivity is different depending on the connection 
point, the charging power is different even if 𝑉௝௜௧ are identical as observed in Figure 13a,b. As a result, 
the available power capacity for voltage control decreases rapidly to 1,027 kW as shown in Figure 
13c. This drawback can be improved by allocating the voltage violation to the distributed ESS 
proportional to the voltage sensitivity as shown in Figure 14. 

 
(a) 

 
(b) 

Electronics 2020, 9, 211 13 of 16 

 

 
(c) 

Figure 14. Voltage control results with ε: (a) Voltage profile and power of the distributed ESS; (b) 𝑉௝௜௧; 
(c) SoC profile. 

The primary goal of this control is to balance the required response for all distributed ESS during 
the operation time. In this simulation, the 𝑉௝௜௧ is allocated proportionally to the voltage sensitivity 
under the same conditions as in the previous simulation, i.e., the larger the voltage sensitivity of the 
distributed ESS, the more 𝑉௝௜௧  is allocated in voltage control as shown in Figure 14b. Here, if the 
available SoC is sufficient, the required responses of distributed ESS are identical as shown in Figure 
14a. As a result, the minimum available power capacity for voltage control is increased to 1108 kW. 

To further ensure the availability of the distributed ESS, SoC is balanced by readjusting the 
required responses proportionally to the available SoC as shown in Figure 15. 

 
(a) 

 
(b) 

 
(c) 

Figure 15. Voltage control results with ε, μ: (a) Voltage profile and power of the distributed ESS; (b) 𝑉௝௜௧; (c) SoC profile. 

In this control, μ௜௧ is applied to SoC balancing of the distributed ESS. Figure 15a,b show the 
power and 𝑉௝௜௧ of the distributed ESS, respectively. In comparison to Figure 14a,b, the larger SoC of 
the distributed ESS, more 𝑉௝௜௧ is allocated and more charging power is provided in voltage control. 
For example, the charging power of the distributed ESS at 11:00 h is identical when considering only 
the ε௜௧, but additional consideration of the μ௜௧ shows that the charging power is increased in the order 

Figure 14. Voltage control results with ε: (a) Voltage profile and power of the distributed ESS; (b) Vt
ji;

(c) SoC profile.



Electronics 2020, 9, 211 13 of 16

To further ensure the availability of the distributed ESS, SoC is balanced by readjusting the
required responses proportionally to the available SoC as shown in Figure 15.
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In this control, µt
i is applied to SoC balancing of the distributed ESS. Figure 15a,b show the power

and Vt
ji of the distributed ESS, respectively. In comparison to Figure 14a,b, the larger SoC of the

distributed ESS, more Vt
ji is allocated and more charging power is provided in voltage control. For

example, the charging power of the distributed ESS at 11:00 h is identical when considering only the εt
i ,

but additional consideration of the µt
i shows that the charging power is increased in the order of the

distributed ESS with more available SoC. The SoC profile and available power capacity for voltage
control are shown in Figure 15c. It is observed that the minimum available power capacity for voltage
control is increased to 1409 kW after SoC balancing. As a result, the minimum power capacity for
voltage control is increased by 37%, i.e., from 1027 kW to 1409 kW.

4.4. Effect of the Voltage Control Algorithm of the Distributed ESS

The effect of the above voltage control algorithm and the results of the annual simulations are
presented in Figure 16.

In the annual simulation results, overvoltage is observed through a maximum voltage of 1.03
p.u. for 546 h. Further, the overvoltage is mitigated within the operating range through the voltage
control from the distributed ESS as observed in Figure 16a. Here, the control gain of the distributed
ESS changes, as shown in Figure 16b. It is observed that the control gain of the distributed ESS is set
appropriately with the use of voltage sensitivity. In addition, considering the weighting coefficients, a
saturation of a specific distributed ESS with low voltage sensitivity is prevented by charging power
balancing control and SoC balancing control. This resulted in an increase of the available power
capacity for voltage control as observed in Figure 16c,d.
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p.u. for 546 h. Further, the overvoltage is mitigated within the operating range through the voltage 
control from the distributed ESS as observed in Figure 16a. Here, the control gain of the distributed 
ESS changes, as shown in Figure 16b. It is observed that the control gain of the distributed ESS is set 
appropriately with the use of voltage sensitivity. In addition, considering the weighting coefficients, 
a saturation of a specific distributed ESS with low voltage sensitivity is prevented by charging power 
balancing control and SoC balancing control. This resulted in an increase of the available power 
capacity for voltage control as observed in Figure 16c,d. 
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This paper proposed a voltage control algorithm of the distributed ESS based on the varying 
operating conditions of the distribution systems with high VER penetration. The proposed algorithm 
maximizes the availability of the distributed ESS and supports the hosting capacity of the distribution 
system for integrating VER. The proposed algorithm calculates the voltage sensitivity of each ESS to 
the monitored voltage using the matched Jacobian element from the operating conditions of the 
distribution system. The required responses of the distributed ESS are calculated by allocating any 
voltage violation using its voltage sensitivity. The required responses are readjusted based on each 
state of charge (SoC) so that the power outputs and SoCs of distributed ESS are balanced to maximize 

Figure 16. Annual simulation results: (a) Voltage profile; (b) Control gain of distributed ESS; (c) SoC
profiles; (d) Available power of the distributed ESS.

5. Conclusions

This paper proposed a voltage control algorithm of the distributed ESS based on the varying
operating conditions of the distribution systems with high VER penetration. The proposed algorithm
maximizes the availability of the distributed ESS and supports the hosting capacity of the distribution
system for integrating VER. The proposed algorithm calculates the voltage sensitivity of each ESS
to the monitored voltage using the matched Jacobian element from the operating conditions of the
distribution system. The required responses of the distributed ESS are calculated by allocating any
voltage violation using its voltage sensitivity. The required responses are readjusted based on each state
of charge (SoC) so that the power outputs and SoCs of distributed ESS are balanced to maximize the
availability. The algorithm’s effectiveness is verified through time-series simulation by employing one
of the actual distribution systems with a high penetration of VER in Korea. Through the case studies it
could be found that the proposed algorithm regulates the voltage of the distribution system within
operating range and, moreover, prevents the saturation of the SoC despite the varying specifications of
the distributed ESS. It is expected that the hosting capacity of the distribution system for integrating
VER can be increased by applying distributed ESS with the proposed algorithm in Korea. Moreover,
as the configuration of the distribution system assumed to be radial in this paper seems likely to
change in the future, the application of the proposed algorithm needs to be considered on more general
distribution systems in future study. A demonstration project is prepared for testing the algorithm’s
effectiveness in a real operation.
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