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Coordinated Control of Distributed Energy Storage
Systems for Voltage Regulation in Distribution
Networks

Y. Wang, Student Member, IEEE, K. T. Tan, Member, IEEE, X. Y. Peng, Student Member, IEEE, and
P. L. So, Senior Member, IEEE

Abstract—In this paper, distributed energy storage systems
(ESSs) are proposed to solve the voltage rise/drop issues in low-
voltage (LV) distribution networks with high penetration of
rooftop photovoltaics (PVs). During peak PV generation period,
the voltages are mitigated by charging the ESSs, and the stored
energy is discharged for voltage support during peak load period.
The impact of storage device integrated with PV source on feeder
voltages is investigated in detail. A coordinated control method
which includes both distributed and localized controls is proposed
for distributed ESSs. The distributed control using consensus
algorithm regulates the feeder voltages within the required limits,
while the localized control regulates the state of charge (SoC) of
each ESS within desired SoC range. The entire control structure
ensures voltage regulation while effectively utilizes storage
capacity under various operation conditions. The proposed
control method is evaluated in LV distribution networks and the
simulation results validate the effectiveness of this method.

Index Terms—Distributed energy storage systems, coordinated
control, voltage regulation, distribution networks.

I. INTRODUCTION

HE penetration of photovoltaics (PVs) into existing

distribution networks is rapidly increasing around the
world. In Singapore, government has planned to increase PV
generation to 350 MWp by 2020 [1]. Except the voltage drop
issue caused by peak load demand in distribution networks, the
high penetration of PVs will also lead to voltage rise issue
during peak PV generation period [2], [3]. So there is a
possibility of voltage limits violation during both peak load
and peak PV generation periods, which may lead to poor
power quality and even equipment failure.

Many techniques have been proposed for voltage regulation
in distribution networks. These methods can be employed by
the utility grid and its customers. From the utility point of
view, the methods include increasing the conductor size [4],
installing voltage regulator [5] and changing the set points of
secondary transformer tap [6]. However, the fast increasing
capacity of PV generation could lead to frequently upgrading
of these utility grid facilities, which results in high costs. The
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other way of solution is by proper control of distributed
generation (DG) units at customer end. The methods include
curtailing the power of PV generation [7], allowing reactive
power compensation of PV inverters [8], [9] and utilizing
energy storage systems (ESSs) [10]-[14]. The disadvantage of
PV curtailment is that this method reduces the efficiency of PV
generation. The R/X ratio in distribution networks is much
larger than that in transmission networks, which makes
reactive power compensation less effective. As the cost of
adding batteries to residential PV systems has continued
dropping in recent years, ESSs become a promising solution
for voltage regulation in distribution networks [15].
Distributed EESs have been proposed for mitigating voltage
rise issue in [10], [11]. In this paper, the idea of using
distributed ESSs is pursued for voltage regulation in low-
voltage (LV) distribution networks. Thus far, the main
challenge is to develop an effective control method to
coordinate the operation of distributed ESSs in distribution
networks. To mitigate the impacts of rooftop solar PVs, a
charging/discharging strategy has been developed in [11] for
energy storage devices that are integrated with PV systems. In
[12], the reactive capacity of PV inverters combined with a
droop-based EES system has been proposed to improve the
voltage profiles. These control methods are employed in a
decentralized structure, thus the coordination of distributed
ESSs is difficult to achieve. If the state of charge (SoC) of an
ESS at a particular bus reaches the limits, reactive power
compensation or PV power curtailment is inevitable. On the
contrary, in [13], the authors have proposed a coordinated
control of distributed ESSs with traditional voltage regulators
to solve the voltage rise problem. A centralized controller has
been developed to  broadcast the  coordination
charging/discharging signal to the distributed SoC controller.
In [14], a centralized LV controller has been developed to
coordinate inverter-interfaced generators for voltage control.
However, the centralized control requires fast and reliable
communication links, and the reliability of the control system
is highly dependent on the performance of the centralized
controller. The distributed control structure which can avoid
some drawbacks of centralized and decentralized control is
suitable for DG control in smart grid [16]. However, when the
distributed control is applied to distributed EESs in



distribution networks, further research that considers the actual
PV and load profiles, different SoC conditions of ESSs and
various topologies of distribution networks still needs to be
done.

This paper addresses how to coordinate distributed ESSs in
LV distribution networks for voltage regulation. The capacity
and SoC of each ESS are taken into account to accommodate
daily operation. A coordinated control method which includes
both distributed and localized controls is proposed for ESSs.
For the distributed control, a consensus algorithm is proposed
to regulate the feeder voltages. If the voltages at certain buses
violate voltage limits, the consensus algorithm will estimate
the power outputs of ESSs to eliminate the voltage violation.
For localized control, a SoC control strategy is proposed to
regulate the SoC of each ESS. The SoC control avoids
depletion or saturation of ESSs for different operation
conditions. The entire control method ensures voltage
regulation while effectively utilizes all available capacities of
ESSs in the system. The ESS is modeled as vanadium redox
battery (VRB) whose SoC is estimated for the SoC control.
Various case studies are implemented to verify the
performance of the proposed method.

The rest of the paper is organized as follows. The
description and analysis of voltage rise/drop issues are
presented in Section II. In Section III, the VRB model and
proposed control method are introduced. Simulation results on
a 6-bus distribution feeder are illustrated in detail in Section
IV. Section V presents a case study on a 13-bus distribution
network. Finally, Section VI gives the conclusion.

II. PROBLEM DESCRIPTION AND ANALYSIS

A typical radial distribution feeder with multiple buses as
shown in Fig. 1 is used to illustrate the voltage rise/drop
issues. Each bus comprises a PV source, an ESS and a local
load, which is viewed as a customer. The integration of ESS
into PV source forms a dispatchable distributed generation
(DG) unit, which is convenient to control for both grid-
connected and islanded operations [17].

Generally, the imbalance between PV generation and load
demand will cause power flow along the feeder. Depending on
the direction and amount of the power flow, voltages along the
feeder will rise/drop to some extent. Especially at the end of
the feeder, the voltage may exceed the limits during peak PV
generation or peak load period. Distribution networks are
usually allowed a maximum voltage deviation of 5%-10%
(depend on national standards) from the secondary of the
transformer to the customer located at the end of the feeder
[7]. The method that reduces the power imbalance between PV
generation and load demand can mitigate the voltage rise/drop
issues. This can be achieved by utilizing distributed ESSs at
customer side.

Fig. 2 shows the voltage profiles along radial distribution
feeder. The voltage rise along the feeder during peak PV
generation period is shown in Fig. 2(a). The voltage drop
along the feeder during peak load period is shown in Fig. 2(b).

Radial distribution feeder

22/0.4 kV

Fig. 1. Radial distribution feeder with multiple buses.
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Fig. 2. Voltage profiles along radial distribution feeder. (a) Voltage rise. (b)
Voltage drop.

The solid line shows the voltage along the feeder with only PV
penetration and the voltage at the end of the feeder exceeds the
voltage limits. With proper utilization of ESSs, the power
imbalance between PV and load will be reduced. The voltages
along the feeder will be regulated to the dashed lines which are
within the limits. This problem is further illustrated as follows.

Considering the radial feeder shown in Fig. 1, from the
perspective of power injection, the complex power injected at
ith bus §; is composed of PV power, ESS power and load
power. The voltage relationship and current flow between (i-
1)th bus and ith bus in vector form can be expressed by using
power flow analysis as follows:
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where V, and V; are the voltage and its conjugate at ith bus,
1
current and impedance between (i-1)th bus and ith bus.

The voltage deviation between two adjacent buses can be
expressed using the real part in (3) as
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Thus the voltage deviation between the transformer bus V,
and the last bus Vyy can be derived as
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where P and Q are the real and reactive power injected at each
bus respectively.

According to (4) and (5), both real and reactive power can
be utilized to reduce the voltage deviation. However, for
typical distribution networks with large R/X ratio, real power
is more effective to compensate the voltage deviation
compared to reactive power. Large amount of reactive power
requires higher power rating inverters and leads to higher
losses as well as lower power factors along the LV distribution
feeder [18]. In the meanwhile, compared with PV curtailment
method proposed in [7], the utilization of ESSs improves the
efficiency of PV generation. In this paper, the functions of
ESSs are to reduce the real power injection at each bus during
the peak PV generation period and reduce the real power
absorption at each bus during the peak load demand period.
Therefore, the current flow in the distribution feeder will be
reduced so that the voltage rise/drop along the feeder can be
mitigated.

III. PROPOSED CONTROL METHOD

The structure of proposed control method for customer at
ith bus is shown in Fig. 3, in which the solid lines show the
power flow and the dotted lines show the control signal flow.
For each customer, PV panels and storage devices are fed to
the dc link through the boost converter and the bidirectional
converter respectively. The power is transferred between the
dc link and the ac grid through the dc/ac inverter.

As mentioned before, the objective of this paper is to
coordinate distributed ESSs for voltage regulation while
effectively utilizes the available storage capacity under various
operation conditions. The proposed control method includes
both distributed and localized control to achieve this goal. As
shown in Fig. 3, the distributed control signal utilization ratio
u; is generated by a consensus algorithm which is used to
regulate the feeder voltages with distributed ESSs. The
localized control signal availability ratio ¢; is provided by SoC
control which is used to regulate the SoC of each ESS within
the desired SoC range. Finally, the power output of the ESS is
determined by multiplying u; and ¢; with its rated power. A
Vanadium redox battery (VRB) model is implemented for grid
application, and the SoC is estimated for localized SoC
control. The details of the VRB model and the proposed
control method are explained in the following subsections.

A. Vanadium Redox Battery

Due to the high efficiency, high scalability, fast response, long
time duration and low maintenance requirements, VRB is well
suitable for grid-scale applications [19]. In this paper, a
residential VRB system rated 5 kW/20 kWh is implemented
for energy storage purpose. The VRB is modeled based on the
data presented in [19], [20]. The open-circuit voltage
(OCV)/SoC characteristic curve of a single VRB cell is shown
in Fig. 4. The VRB should be operated in the linear operating
region which ranges between 15%-85% of SoC. Each VRB
consists of 38 cells connected in series. The parameters for the
VRB are shown in Table I.

PV .| Boost £ .| DC/AC AP:')(J'J | Feeder
panels converter 7| inverter [ bus
7 T Ap
e
e MPPT P load
Batte Bidirectional i
banl:y = 1001;?,(;;(0;& ESS lf_‘_ Consensus -
— power algorithm “u
P Iy i+l
i SoC SOC;___ SoC &;
Lo el @StiMAtor 7| control

Fig. 3. The structure of proposed control method for customer at ith bus.
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Fig. 4. The OCV/SoC characteristic curve of a single VRB cell.

TABLEI
PARAMETERS OF VRB
Cell Configuration 38 Series Cell Stack
Rated Power 5 kW
Rated Capacity 20 kWh
Operation Voltage 42-57V
SoC Region (SoC™™" SoC™™) 15%, 85%

The SoC of the VRB is calculated using the ampere-hour
counting method as follows:

SoC(t) = SoC(t — At)+ ASoC 6)
P At V. I At
ASOC — bat — bat ~ bat (7)
CB CB

where Cjyis the total energy capacity of the VRB, Af is the
time interval, V,,, and I, are the output voltage and current of
the VRB respectively.

B. Distributed Control Method

The first objective of the proposed control method is to
coordinate distributed ESSs for voltage regulation. A
distributed control using consensus algorithm is applied for
ESSs to regulate the feeder voltages within the voltage limits.
Consensus algorithm is achieved by sharing variable of
interest, called the information state among all available units.
The initial information state is determined by the virtual leader
which measures the information of the critical point [16], [21].
In this paper, the information state of each ESS is represented
by utilization ratio u.

For radial distribution feeder with multiple buses as shown
in Fig. 1, the last bus is the critical bus which has the
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Fig. 5. The control scheme of proposed distributed control.

highest/lowest voltage in the system. Thus the last bus is
chosen as the virtual leader to initiate the ESSs coordination.
The utilization ratio of the leader is determined by measuring
the voltage of the last bus. The utilization ratio of the leader is
then shared to available ESSs through communication links to
determine the utilization ratio of each ESS to realize the
desired voltage regulation objective. The control scheme of
proposed distributed control is shown in Fig. 5.

To avoid overvoltage and undervoltage, the voltage upper
and lower references (V¥ and V') are chosen within the
voltage limits (V™ and V™) for the consensus algorithm.
During both peak PV generation and peak load periods, for
arbitrary bus voltage V; in distribution feeder, the condition
given by (8) will be met with the proposed consensus
algorithm:

V<Vt <V 8)

4

The utilization ratio of the leader " is updated at discrete
time steps. During peak PV generation period, if the voltage of
the last bus Vyy goes beyond upper voltage reference V', u'“
will be increased. During peak load period, if the voltage of
the last bus goes below lower voltage reference V', u' will
be reduced. During other periods, u¥ will be equal to the
former value. In general, the utilization ratio of the leader will
be updated as follows:

u (t—t)+kV,&)-V") if

w? () ={u (t-t) if
Wt —t)+k,(Vy () =V'™)

V() >V?”
V<V () <V*?

if  Vy(@)<v™
)

where Vy is the voltage of the last bus, V' and V" are the
upper and lower voltage references respectively. Parameters k;
and k, are the control gains, which affect the convergence
speed and control accuracy of the distributed control. ¢, is the
sampling interval. For daily operation, it should pay attention
that the initial value of «“ is 0. u"’ will be back to 0 when the
control changes from charging mode to discharge mode, and
vice versa.

The utilization ratio provided by the leader is then
communicated to available ESSs through communication
links. The instantaneous communication topology can be
represented by the following matrix:

s,@)  s,(@) sy (@)
S®=SﬁDS40 %%O (10)
Sy () sy, (1) Sy (1)

1/2 1/3 1/3
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Fig. 6. Communication graph for N-bus radial distribution feeder.

where s; denotes the communication link between the ith and
Jjth customers. s; =1 for all i, s;= 1 if the utilization ratio of
the jth bus is received by the ith bus at time ¢, and s; = 0 if
otherwise. In this paper, it is assumed that customers can only
communicate with their neighbours, which means all s;;.;)= 1
and s;;+;)= 1 for radial feeder shown in Fig.1.

The utilization ratio for the ith customer is updated as
follows:

u,.(r):Ni%(r)u,(t—ts)+diN(t)u"’f(t—ts) (11)

where d(1) is the (i, j) entry of a row stochastic matrix (i.e.,
row sum of 1) D(f) which can be found in each discrete time
data exchange by
w.s.(t—t
dy(t)z S U '1( S)
Za)[ksik (t_ts)
k=1

12)

where the weights w; are set to 1 in this paper to share the
required real power equally among distributed ESSs and s;; are
the entries of communication matrix, given in (10). The ith
customer will know the ith row of matrix D(¢) to perform the
consensus operation. The communication graph for the N-bus
radial feeder can be presented using state transitions diagram
as shown in Fig. 6.

Although the proposed algorithm is derived under radial
distribution feeder with one lateral, it is also applicable for
distribution networks with multiple laterals. In such condition,
the last bus at each lateral is the critical bus which has the
highest/lowest voltage in that lateral. So the last bus of each
lateral will be chosen as a virtual leader. If the last bus of this
lateral is regulated within the voltage limits, the voltages along
this lateral will be within the limits. The utilization ratios of
available ESSs are still updated by (11) according to the
communication matrices S(¢) and D(¢). This condition will be
further illustrated in Section V.

C. Localized Control Method

The proposed distributed control will regulate the feeder
voltages and determine the utilization ratio of each ESS.
However, due to different SoCs of ESSs and unpredictable
weather/load conditions, the ESSs may get fully
charged/discharged when they are needed. The second
objective is to effectively utilize the available storage capacity
in the network for voltage regulation. Therefore, for each ESS,
a localized control based on local SoC information is
implemented to adjust the charging/discharging speed.

The localized SoC control proposed in this paper regulates
the SoC of each ESS within a desired range of its predefined



reference SoC. The estimated SoC SoC(¢) is compared with the
reference SoC SoC'™“(r) to determine the availability ratio &.
The reference SoC is a function of ¢, which donates expected
SoC change of each ESS during daily operation. For the ESS
charging mode of SoC control, ¢ is defined by the following
equation:

0 if SoC(t)— SoC™ (t) > a
&(t) ={1-k,(SoC(t)— SoC™ (1)) if b<SoC(t)—SoC' (t)<a
1 if SoC(t)—SoC™ ()< b
(13)

where parameters a and b are thresholds of SoC control, which
define the allowable SoC deviation range from reference SoC.
Parameter k; is equal to 1/(a-b). If SoC(¢) of the ESS is larger
than SoC™(r)+a, the availability ratio becomes 0 to stop the
charging of the ESS. If SoC(¢) of the ESS is within the range
[SoC™(1)+b, SoC™(1)+a), the availability ratio is between 0
and 1 to slow down the charging of the ESS. If SoC(¢) of the
ESS is smaller than SoC™(r)+b, the availability ratio becomes
1 to make full use of the ESS. The condition for the ESS
discharging mode of SoC control is similar, which is not
further illustrated here.

Finally, the required power output of ith ESS can be
determined by

PO = 1,0 6,0 % P (14)

—l<u,®)<L;0<¢g (@) <1 (15)

rated
where Py,

is the rated power output of ESS at ith bus.

It is noted that the operation of the ESS should also take
into account power and energy constraints. The power limits
and SoC limits of the ESS during operation can be described

by (16) and (17) respectively

P S Buys (6 < P (16)

SoC™ < SoC(t) < SoC™™ an

When the proposed control method is applied for daily
operation, there are several points should be considered. First,
based on historical PV and load data, the total storage capacity
should be enough to deal with voltage rise/drop issues in the
network. Next, although ESSs are installed for voltage
regulation purpose, it is expected that the storage capacity is
fully used for 24-h operation. Besides, the control method has
charging and discharging modes to accommodate daily
operation. There will be mode changes at specific time during
the operation. Finally, the parameters of the proposed control
method should be properly chosen. The upper and lower
voltage references define how much power to be
charged/discharged by ESSs with distributed control. The
reference  SoC defines how fast the ESS should be
charged/discharged during the operation. In this paper, the
upper and lower references are chosen that the ESSs will get

6-Bus Residential Feeder PV and ESS
0 1 2 3 4 5 Integrated DG
RO ‘
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22/0.4 kV
Fig. 7. Single-line diagram of 6-bus test feeder.

TABLE II
PARAMETERS OF PROPOSED CONTROL METHOD
Parameter Value

Voltage Reference (V°", V'7) 0.96 p.u., 1.05 p.u.

Distributed Control (k;, k2) 0.001, 0.001

SoC Control Charging Mode

(a, b, k3) 0.05, 0, 20

SoC Control Discharging Mode

(@, b’ ks) -0.05, 0, -20
TABLE III

PARAMETERS OF SIMULATION SYSTEM
Feeder Length 500 m
Bus to Bus Distance 100 m

Conductor Size 0.549 +j0.072 Q/km

MV/LV Transformer Size 100 kVA, 22/0.4 kV
PV Size 9 kWp

VRB Rating 20 kWh/S kW
Maximum Voltage Deviation 6%

fully charged/discharged under normal weather conditions
(sunny and cloudy PV profiles in this paper) with only
distributed control. The reference SoC, parameters a and b for
localized SoC control should cooperate with distributed
control, which regulate the power output of the ESS if the SoC
exceeds the desired SoC range during the operation. The
parameters of the proposed control method are presented in
Table II.

IV. CASE STUDY: 6-BUS DISTRIBUTION FEEDER

In this section, a distribution feeder consisting of six buses
is implemented in Matlab/Simulink to investigate the
performance of the proposed control method. The residential
feeder supplies electricity to five customers by a 100 kVA,
22/0.4 kV transformer. The distance between each bus is 100
m. The single-line diagram of the 6-bus test feeder is shown in
Fig. 7. The PV system at the residential households is operated
at unity power factor and has the capacity of 9 kWp. A VRB
rated at 20 kWh/5 kW is integrated with the rooftop PV
system of each customer which is a typical size for residential
rooftop PV applications [22]. The voltage at the secondary of
the transformer is set at 230 V (1.0 p.u.). This paper allows a
maximum 6% voltage deviation in distribution networks. The
voltage upper reference (1.05 p.u.) and lower reference (0.96
p.u.) are chosen within this limit. The parameters of the
simulation system are presented in Table III.

To test the developed methodology in a realistic
environment, two solar PVs output profiles and a residential
load profile are used. The PV data is measured using GL130
PV module. It was measured in the summer of the year 2014 at
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Fig. 9. Power injection with/without ESSs for test case 1.
Clean Energy Research Laboratory, Nanyang Technological
University, Singapore. 5-min PV data is used as input data for
the PV systems. Customer loads are aggregated into a typical
residential load profile, which is presented in [23]. The PV and
load data are scaled up for this application. The simulation
sampling interval is 0.4 s. To cope with the simulation speed,
the PV and load data holds the same value for every 5 minutes.
Besides, this study focuses on distribution networks in a
community scaled residential area. So it is assumed that
customers present identical PV and load profiles in this paper.

A. Test Case 1

The first test case demonstrates the performance of the
proposed control method under sunny weather condition with
identical initial SoC of each ESS. The initial SoC of each ESS
is 20%. The PV power generation, the load demand, the ESS
power of the last bus (bus 5) of the radial test feeder is shown
in Fig. 8. The corresponding power injection at bus 5
with/without ESSs is shown in Fig. 9. As PV generation, load
demand and initial ESS condition is identical for each bus,
ESSs at buses 1, 2, 3 and 4 have the same power outputs and
SoC profiles as the ESS at bus 5, which are not shown here.

As shown in Figs. 8 and 9, from 8:30 h to 17:10 h, there is
more power generated by the PVs than consumed by the loads.
Thus the feeder will export real power to the grid which results
in voltage rise along the feeder. However, during the other
periods, there is no energy produced by PVs so that the load
demand is larger than the PV generation. The feeder will
import real power from the grid which results in voltage drop.
If ESS is installed at each bus, it will start charging at 9:45 h
when the voltage at bus 5 exceeds the upper voltage reference
(1.05 p.u.). The control changes to discharging mode at 17:00
h. The ESSs will start discharging at 17:50 h when the voltage
at bus 5 below the lower voltage reference (0.96 p.u.). In Fig.
9, due to the operation of ESSs at each bus, the power
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Fig. 10. 24-h voltage profiles without ESSs for a sunny day.
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Fig. 12. SoC profiles for test case 1.

injection/absorption at bus 5 with ESSs (solid line) is smaller
than the power without ESSs (dotted line). The energy stored
during the daytime is utilized for voltage support during the
evening.

Figs. 10 and 11 present the corresponding voltage profiles
of each bus without and with ESSs respectively. In Fig. 10, the
maximum voltage (1.093 p.u.) occurs at noon and the
minimum voltage (0.912 p.u.) occurs at evening both in bus 5.
The voltage exceeds the upper voltage limit (1.06 p.u.) from
10:00 h to 15:45 h. Buses 3, 4 and 5 experience overvoltage
for at least a small period of time during the daytime. The
voltage drops below the lower voltage limit (0.94 p.u.) from
18:20 h to 23:00 h. Buses 3, 4 and 5 experience undervoltage
for at least a small period of time during the evening. As
shown in Fig. 11, with ESSs installed at each bus and proposed
control method, the voltage is regulated below V* (1.05 p.u.)
for overvoltage period, and the voltage is regulated above V**
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Fig. 13. PV generation and residential load demand for test case 2.

(0.96 p.u.) for undervoltage period.

The corresponding SoC profiles of the ESS at bus 5 are
shown in Fig. 12. The SoC changing speed is corresponding to
the power output of the ESS. The SoC reference curve used in
this test case for the SoC control is also shown in Fig. 12. As
shown in Fig. 12, the SoC increases to 84.5% at the end of
charging process and reduces to 19.8% at the end of
discharging process. At the first part of charging process, the
SoC profile is lower than the SoC reference, which means the
ESS is fully available during this period and the availability
ratio e=1. At the second part of the charging process, the SoC
profile is higher than the SoC reference, which means that the
ESS is partly available and the availability ratio ¢ is between 0
and 1 to restrict the overcharging of the ESS. During most
time of discharging process, the ESS is fully available for
discharging. It is also seen from Fig. 12 that the SoC profile
without the SoC control (dotted line) will exceed the SoC
operation range of the VRB at the end of charging process.

B. Test Case 2

The second test case further demonstrates the performance
of the proposed control method under cloudy weather
condition with different initial SoC of each ESS. In this test
case, the initial SoCs of ESSs at buses 1, 2, 3, 4 and 5 are 50%,
35%, 30%, 25% and 20% respectively. ESS at bus 1 is
plugged out at 12:00 h, and plugged back into the feeder at
13:00 h. Fig. 13 shows the PV output and the load demand in
this condition. In Fig. 13, as there are several large variations
of solar irradiation during the daytime, the total PV generation
is smaller than in test case 1.

Figs. 14 and 15 present the voltage profiles of each bus
without and with ESSs respectively in test case 2. In Fig. 14,
due to the variations of solar irradiation, overvoltage time is
from 10:50 h to 12:10 h and 13:05 h to 14:45 h, which is
shorter than in Fig. 10. Buses 3, 4, and 5 still experience
overvoltage and undervoltage for some period of time. As
shown in Fig. 15, with ESSs installed at each bus and proposed
control method, voltages along the feeder are regulated within
the voltage references.

The corresponding power outputs and SoC profiles of ESSs
are shown in Figs. 16 and 17 respectively. The time sequences
of the operation are explained as follows:

1) At 10:50 h, the voltage of bus 5 exceeds the upper

voltage reference. ESSs 2, 3, 4, and 5 start to charge
while the power output of ESS 1 remains O until 11:30
h. The reason is that the initial SoC of ESS 1 is 50%,
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Fig. 14. 24-h voltage profiles without ESSs for a cloudy day.

1.10

—— Bus | Voltage rise reduction  Upper reference ¥
Bus 2
~1.05 Bus3 | . .. '*.'**.,_._,_‘_\_._,_
TR Bus 4
— Bus5

Voltage (p.u

E R e I =

0.95 " - Jrhe
Lower reference Voltage drop support
0.90
0 6 12 18 24
Time (h)
Fig. 15. 24-h voltage profiles with ESSs and proposed method for a cloudy
day.
® — EsS|1
- ESS2
2 | ESS 3

ESS 4
— ESS 5

Power (kW)
o

'
o8]

4! i
8 12 16 20 24

Time (h)

Fig. 16. Power outputs of ESSs for test case 2
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Fig. 17. SoC profiles of ESSs for test case 2.
which is out of the desired SoC range (larger than
(SoC™(1)+0.05)) of SoC control. The availability ratio
¢ of ESS1 keeps 0 to prevent the charging of ESS1.

2) From 11:30 h to 12:00 h, the charging power of ESS 1
is smaller than the charging power of ESSs 2, 3, 4, and
5. The availability ratio ¢ of ESS 1 is between 0 and 1
but still smaller than 1.



3) From 12:00 h to 13:00 h, ESS 1 is plugged out while
ESSs 2, 3, 4 and 5 are still operated normally in the
distribution feeder. The SoC of ESS 1 keeps the same
value for an hour.

4) From 13:00 h to 15:10 h, all ESSs are fully available
(e=1) for distributed control.

5) From 15:10 h to 17:00 h, the charging speed of each
ESS starts to slow down. The availability ratio ¢ of
each ESS drops between 0 and 1 to reduce the charging
power of each ESS.

6) At 17:00 h, the SoC control changes from changing
mode to discharging mode.

7) From 17:00 h to 24:00 h, each ESS starts to discharge
when the voltage of bus 5 drops below lower voltage
reference at 17:50 h. The SoC of each ESS reduces
during the discharging process.

C. Comparison with Droop Based Method

In this part, a comparison with droop based method
proposed in [7] and [11] is made to further illustrate the
features of the proposed method. The droop based method is a
typical voltage regulation method which was first applied to
curtail PV power in [7] and then applied in [11] to achieve
decentralized control of distributed ESSs. This method uses
local voltage to define how much power should be curtailed
from PV inverters or stored in ESSs. The comparison is
implemented with the same condition as in Test Case 1. Fig.
18 shows the voltage profiles with droop based method. Fig.
19 shows the power curtailed with constant droop based
method during the daytime. As shown in Fig. 19, the PV
energy curtailed at buses 3, 4 and 5 are about 7 kWh, 18.1
kWh and 23.3 kWh respectively. While the total energy
generation for the sunny PV condition is about 58.6 kWh. This
means that 11.9%, 30.9% and 39.8% of total PV production
are curtailed at buses 3, 4 and 5 respectively.

Even though the curtailed energy can be stored in ESSs as
proposed in [11], there are still several limitations of this
method. ESSs are usually randomly deployed in the system
other than well planned. However, as shown in Fig. 19, the
requirement of storage capacity with constant droop method
increases along the feeder. In the meanwhile, variable droop
method allows random deployment of ESSs, but this method
requires specific calculation of droop parameters according to
system condition. In practical situation, parameters of the
system are always changing. Real-time estimation of droop
parameters make this method difficult to realize. Besides,
ESSs in distribution networks usually have plug and play
ability, which leads to different SoC of each ESS. The ESS at
certain bus may be fully charged/discharged when it is needed.
In order to regulate voltage at this particular bus, PV
curtailment and reactive compensation is inevitable. Compared
with droop based method, the proposed method allows
arbitrary deployment of distributed ESSs as long as the total
storage capacity is enough for voltage regulation. All available
storage capacity in the system can be effectively utilized for
voltage regulation.
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Fig. 18. Voltage profiles with droop based method.
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Fig. 19. Power curtailed with constant droop based method.
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Fig. 21. Communication graph for the 13-bus distribution feeder.

V. CASE STUDY: 13-BUS DISTRIBUTION NETWORK

In this section, the performance of the proposed control
method is demonstrated in a residential distribution network
with multiple laterals. The configuration of the test system is a
13-bus distribution network which is a part of IEEE 34-bus
system [24] as shown in Fig. 20. The residential feeder
supplies electricity to twelve customers by a 22/0.4kV
transformer, with seven households installed PV and storage
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Fig. 23. 24-h voltage profiles with ESSs and proposed method.

integrated DG units. The distance between each bus is 50m.
The PV profile is the same as that in Fig. 13. The load demand
profile is 50% of that in Fig. 13. The initial SoCs of ESSs at
buses 2, 3, 6 and 7 are 20%, and the initial SoCs of ESSs at
buses 4, 10 and 12 are 30%, 40% and 50% respectively.

As shown in Fig. 20, the distribution network has three
laterals. Buses 4, 10 and 12 are at the end of each lateral and
have the highest/lowest voltage in each lateral. So they are
chosen as virtual leaders for distributed control. It is also
assumed that each bus can communicate with its adjacent
buses. The communication graph for the 13-bus distribution
network is presented using state transitions diagram as shown
in Fig. 21. Figs. 22 and 23 show the voltage profiles of each
bus without and with ESSs respectively in this case study. In
Fig. 22, the overvoltage and undervoltage are even severe than
in Fig. 14. The voltages at most bus will violate the voltage
limits during peak PV generation/load periods. Bus 10 has the
longest distance to the secondary of the transformer, so the
voltage at bus 10 is the highest/lowest in the network. As
shown in Fig. 23, with the proposed control method adopted
by ESSs, voltages in the network are regulated within the
voltage references.

The corresponding power outputs and SoC profiles of ESSs
are shown in Figs. 24 and 25 respectively. ESSs 2, 3, 6 and 7
have the same power outputs and SoC profiles, so only the
profiles of ESS 7 are shown here. The time sequences of the
operation are detailed as follows:

1) At 9:30 h, ESSs 2, 3, 6 and 7 start to charge. The

power output of ESS 10 remains O until 10:30 h and
the power output of ESS 12 remains O until 11:30 h.
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Fig. 24. Power outputs of ESSs 4, 7, 10 and 12.
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Fig. 25. SoC profiles of ESSs 4, 7, 10 and 12.

2) At 12:10 h, due to the large variation of solar
irradiation, there is a sudden drop of charging power of
each ESS.

3) From 13:10 h to 15:30 h, ESSs 2, 3, 6 and 7 have more
charging power than ESSs 4, 10 and 12.

4) From 15:30 h to 17:00 h, the charging speed of each
ESS slows down quickly.

5) At 17:00 h, the SoC control changes from changing
mode to discharging mode.

6) From 17:00 h to 24:00 h, each ESS starts to discharge
at 17:30 h. The SoC of each ESS reduces during the
discharging process.

VI. CONCLUSION

In this paper, distributed ESSs have been utilized to
regulate the voltages in LV distribution networks with high PV
penetration. The impact of ESS integrated with PV source on
feeder voltages has been investigated. A coordinated control
method has been proposed for voltage regulation while
effectively utilizing storage capacities of ESSs during daily
operation. The power outputs of ESSs are determined by both
distributed control and localized SoC control. Real-time SoC
of each ESS is estimated for the proposed control method.

A simulation platform has been implemented in
Matlab/Simulink to validate the performance of the proposed
control method under various operation conditions. The
simulation results have demonstrated that the proposed control
method ensures the voltages in the networks within the voltage
limits during the daily operation. Based on the SoC condition
of each ESS, the power sharing among each ESS for voltage
regulation is automatically determined. So the SoC of each
ESS is regulated within desired SoC range during the



operation. Besides, the proposed method can be implemented
to distribution networks with multiple laterals.
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