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Abstract 

Voltage imbalance (VI) is caused by the difference in connected single-phase load or generation in a low voltage 
distribution network (DN).VI increase in a smart distribution grid is due to the current practice of increasing single-
phase distributed generators such as photovoltaic (PV) systems. This paper proposes a decentralized control method 
to mitigate VI using distributed batteries included in smart grid interfaced residential PV systems. To mitigate VI using 
the batteries in this way, five challenges must be overcome, i.e., equalizing all battery stress currents within the DN, 
mitigating VI in abnormal conditions such as signal loss among bus controllers, being immune from the distorted 
feedback measurements, minimizing the steady-state error at different loads, and overcoming the insufficient number 
or capacity of the distributed batteries at the same bus. Three fuzzy logic controllers (FLC) are proposed at each bus 
to overcome these five tasks based on a decentralized control scheme. The proposed decentralized control based on 
FLC is compared with centralized control based on a PI controller. The proposed control method is tested and verified 
using simulations in the MATLAB/Simulink software, and the results validate the ability of the scheme to alleviate VI on 
a smart distribution network under both normal and abnormal conditions.
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1  Introduction
Distributed generators (DGs), especially single-phase PV 
systems, have been widely installed in low-voltage smart 
grids. Consequently, the non-symmetry of the power 
flow among the three phases in the distribution network 
(DN) causes high voltage imbalance (VI) and high over-
voltage problems. Unbalanced DN is exposed to higher 

overvoltage and neutral current than a balanced DN, 
while high VI causes many problems, such as high line 
power losses, instability, and high neutral voltage. These 
affect the sensitive loads in the DN [1–3]. Also, the ability 
to carry the load of the DN decreases with the increase 
in unbalanced PVs and/or loads [4]. Therefore, suppress-
ing VI can reduce many negative impacts on the DN. 
Several strategies have been used to decrease VI in DN, 
such as re-phasing loads, on-load tap changer (OLTC) 
and Demand Response (DR), active power curtailment 
(APC), reactive power, and energy storage systems 
[5–17].

In the re-phasing load strategy, the loads are transferred 
from the overloaded phases to other phases by calculat-
ing the different power and/or current. VI along the DN 
can be minimized using an optimization method such 
as bacterial foraging [5], while smart meters can provide 
the necessary measurements. The studied control system 
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boosts the hosting capacity of the DN and suppresses VI 
to be less than 1%. In this method, the installation cost of 
the re- phasing switches is relatively small in comparison 
to the reconfiguration of the DN. In [6], a modified parti-
cle swarm optimization algorithm controls the independ-
ent OLTC and DR to mitigate both overvoltage and VI. 
The optima of both switched residential loads and OLTC 
taps are determined. Although this strategy is effective, it 
requires large communication signals. In addition, both 
strategies in [5, 6] are vulnerable to communication fail-
ure and distorted signals.

A modified droop control method mitigates both over-
voltage and VI based on voltage droop and a damping 
control strategy. This method depends on local meas-
urements only and requires lower inverter capacities 
than conventional droop control systems [7]. A two-level 
control strategy is proposed in [8] based on a centralized 
control scheme. The first level mitigates both overvoltage 
and VI based on the droop curve and damping conduct-
ance matrix, while the second level is an overlay control 
consisting of OLTC control and fair power-sharing to 
minimize the overall APC and to appropriately re-share 
the curtailed power based on the location of the DG.

A coordinating method for reactive power from PV 
inverter, OLTC, and shunt capacitor switching is intro-
duced in [9]. The control method minimizes the tap-
ping in both OLTC and capacitor switches by using an 
enhanced genetic algorithm on the Fuzzy Logic Control-
ler (FLC). The results showed that both power loss and 
VI are reduced, although VI values are different along the 
DN, resulting in some PV inverters injecting more reac-
tive power than others.

Many control strategies have recently been developed 
based on energy storage systems (ESS) [10–17]. Refer-
ence [10] uses groups of ESS in different zone areas to 
regulate node voltages in DN with PV plants. After deter-
mining the valid ESSs, the ESS groups inject active power 
based on both the voltage sensitivity matrix and the 
ESS zone area. The studied system is tested on the IEEE 
33-bus medium voltage DN. In [11], batteries in rooftop 
PV systems are exploited to suppress overvoltage in the 
DN. With restricted communication links, both the local 
and distributed control schemes coordinate the required 
power at the suitable time and coping with the short-
age of battery capacities. However, in [10, 11], the valid-
ity of both control systems under unbalanced DN is not 
checked.

A smart charging control method for Electric Vehi-
cles (EV) is presented in [12]. An optimization method 
is used to minimize two objective functions: charg-
ing cost and load variance in the DN. Fuzzy control 
is applied to minimize either load variance or heavy 
load. In [13], EVs minimize VI in the DN, but despite 

promising results, the control method is complex 
because of high communication requirements in the 
coordinated control. Reference [14] uses day-ahead 
scheduling active and reactive power in the microgrid 
to fulfil multi-objective functions such as minimizing 
VI, line power loss, peak shaving, energy cost, and volt-
age deviations, while maximizing the security margin.

In [15], a particle swarm optimization technique 
manages the energy storage in the unbalanced DN to 
perform four objective functions: VI, voltage deviation, 
power curtailment, and line power loss. The results 
show that residential storage is the most efficient in 
alleviating both VI and voltage deviation. However, the 
VI value is close to 0% rather than the standard limit 
value, and thus it causes over-stress on batteries.

In [16], distributed battery inverters in the phases are 
controlled to suppress VI by FLC. Based on the state of 
charge (SoC) status and phase voltage values, a phase 
selector guides the FLC to compute reference current 
of the battery inverter at a certain phase. However, the 
control system does not apply in the multi-bus network. 
In [17], VI is mitigated in the DN by using two PI con-
trollers, whose outputs are the ratio of the battery cur-
rents for VI mitigation and the unified value of battery 
stresses along the DN. In addition, there is an optimiza-
tion algorithm to determine the battery shares based on 
the SoC of the batteries at the same bus. However, this 
system requires complex calculations and many com-
munication links. In addition, it is not immune to the 
loss of signals and noises accompanying the measure-
ment signals. Both systems of [16, 17] are of a central 
control scheme type so any failure in the communica-
tion link can cause maloperation of the whole system.

The deficiencies in [17] are the many communication 
links in the control system. These make it impossible in 
large DN to solve noise and loss in the feedback signals. 
It is difficult to tune PI-controllers’ parameters in large 
DN, and there is high computation cost in determining 
the optimal stress on each battery at the same bus. This 
paper proposes a control system that avoids the above 
weaknesses.

The main contribution of this paper is to mitigate VI 
in the three-phase four-wire radial DN with distributed 
PV systems using batteries. The proposed control sys-
tem, based on three FLCs, is used to solve the following 
five challenges:

–	 Equalizing all battery stress currents in the DN. 
As the last bus is prone to high VI in comparison 
to others, so the batteries at the last bus inject the 
highest currents while batteries at the first bus 
inject low currents.
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–	 Avoiding the impact of temporary signal loss among 
buses, loss which can lead to system failure.

–	 Solving the insufficient capacity problem of the dis-
tributed batteries at the same bus.

–	 Avoiding the impact of noise in the feedback meas-
urements.

–	 Minimizing the steady-state error at different load 
values.

The rest of the paper is organized as follows. Section 2 
explores the control system in the DN, while in Sect. 3, 
the control scheme based on a decentralized system 
is proposed. Section  4 describes the system and Sect.  5 
illustrates the results and discussions. The conclusion is 
presented in Sect. 6.

2 � Control system scheme of DN
A communication system is essential in a smart grid to 
transmit signals among controllers. There is no stand-
ard form for the communication/network frame in a 
smart grid and each smart grid has its own communi-
cation strategy [18]. There are two types of communi-
cation methods: wired and wireless. The wired method 
is the most secure and reliable [19, 20], while wireless 
techniques have advantages in both cost and for future 
expansion [21].

2.1 � The applied control scheme types in the smart grid
In a smart grid, the control system can be classified into 
local, centralized, decentralized, and distributed control 
schemes. The local controller is dedicated to a certain 
small system while neglecting the interaction with the 
others, such as the end-user controller in a residential 
PV system. The centralized control scheme depends on 
a main controller for the whole network, so this system is 
prone to collapse because of long communication delays, 
failures in communication links, and high computational 
burden. In contrast, the decentralized control scheme 
depends on each grid’s subsystem controller commu-
nicating with its neighbors, whereas in the distributed 
control scheme, both the subsystem controller and local 
controller of the grid communicate with their neighbors 
[19, 22].

The control scheme is supported by three communica-
tion tiers: Home Area Networks (HAN), Neighborhood 
Area Networks (NAN), and Wide Area Networks (WAN) 
[23]. Distributed generators, loads, and battery systems 
communicate through HAN in residential loads. In the 
case of NAN, smart meters can communicate with the 
central controller to provide their measurements such as 
voltages, currents, and SOC of batteries. The controllers 
send their data to the utility operators through WAN.

2.2 � Internet of Things (IoT) in smart grid
HAN, WAN, and NAN may not be required in a smart 
grid which is applying IoT. IoT is internet-connected 
devices where sensors and actuators are interacting 
with each other. It allows the control and monitoring 
of numerous things in the smart grid, so IoT is the best 
choice to deal with a huge amount of data in the smart 
grid [24]. Both smart inverters and smart meters can be 
connected through the internet and controlled by IoT, 
and thus, they can be exploited to perform several func-
tions in a smart grid such as consumer energy efficiency, 
smart grid management, and power quality improvement 
[25]. Reference [26] presents a smart meter connected 
to the IoT with a harmonic analyzer. For accurate meas-
urement, voltage, current, and power must be identified 
and then sent without harmonic distortion to the cloud. 
Based on accurate data, energy management in the smart 
grid is enhanced. Also, the IoT is the best option for 
sending a huge amount of collected measurement data 
for optimum energy management [27]. However, the IoT 
is still underdeveloped in the smart grid. In 2019, the per-
centages using IoT in smart homes and smart utility sec-
tors are only 14% and 4%, respectively.

2.3 � Proposed control scheme
We adopt the decentralized control system because of 
its small number of communication links. Consequently, 
fewer errors are possible among controllers.

The last bus may violate the VI limit while other buses 
are within the VI limits, so battery systems at the last bus 
have the highest stress [28]. To ensure all buses operate 
together and share the same stress based on the last bus, 
two types of reference signals of decentralized control 
systems are investigated, i.e., cascade and common. The 
first scheme is based on each bus following its neigh-
bor as presented in Fig.  1a. For the second scheme, it 
requests all buses to follow the leader bus as presented in 
Fig. 1b, in which the leader controller is implemented on 
the bus prone to the highest VI while the other buses are 
controlled by the follower controllers.

VI violation has long duration, and thus, high data rate 
is not a merit in this application [29]. The selection of 
communication technology is beyond the scope of this 
paper.

3 � Proposed control scheme based 
on the decentralized scheme

The proposed control scheme consists of bus controllers 
that receive the measurements from the smart meters 
in each house. Smart meters have the ability to measure 
both consumers’ voltages and currents, and communi-
cate with other devices [30, 31]. Therefore, they can be 
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exploited to suppress voltage violations in the smart grid. 
Figure 2 illustrates the bus control scheme at the jth bus. 
Each house in the distribution system involves a PV gen-
eration unit, load consumption, and battery system. The 
integrated battery with the PV system has bidirectional 
power flow to fulfill self-consumption. As well as the 
main function of the battery system, the bus controller 
can manage the injected battery current to mitigate VI in 
the case of high VI value.

The output of the controller is the ratio of the compen-
sating battery current at each bus. Unlike a PI control-
ler, FLC has high effectiveness in dealing with imperfect 
signals and requires fewer communication links [32]. In 
addition, FLC has an extra degree of flexibility in com-
parison with the conventional PI controller, and it deals 
effectively with muti-inputs/outputs and nonlinear sys-
tems [33]. Therefore, FLCs are the backbone of this paper.

In the proposed controller, the bus controller consists 
of three FLCs to mitigate VI, guarantee the same stress 
as other buses, and consider the SoC status of batteries 
in each phase. Figure 3 presents the schematic block dia-
gram of the bus controllers at the jth bus.

FLC (1) is used to mitigate VI at the jth bus and its out-
put is the ratio of the bus compensating currents. FLC (2) 
is used to ensure all buses share the same value of the bat-
tery stress current, and FLC (3) is for re-sharing the stress 
on batteries at the same bus at different phases based on 
their SoC status. The output of the bus controller is the 

battery stress current of each phase. Each bus controller 
will be discussed in detail in the following subsections.

Based on the EN 50,160 standard, VI must not exceed 
2% [29]. To ensure compliance, the phase reference cur-
rents of the AC coupling battery systems at the jth bus 
are expressed by:

where Iref ,a,j , Iref ,b,j and Iref ,c,j are the battery refer-
ence currents for phases a, b, and c, respectively. δj is 
the required ratio of bus compensating battery currents 
at the jth bus for mitigating VI. λa,j, λb,j, and λc,j are the 
respective sharing coefficients at the jth bus for phases 
a, b, and c for distributing battery currents based on the 
SoC status of each battery. In,j is the injected neutral cur-
rent percentage at the jth bus.

3.1 � First controller FLC (1)
FLC (1) determines the required ratio of battery phase 
reference currents δj at the jth bus for implementing two 
functions: mitigating VI at the buses and ensuring the 
same stress currents among all buses. FLC (1) is designed 

(1)Iref ,a,j = �a,j × δj × In,j

(2)Iref ,b,j = �b,j × δj × In,j

(3)Iref ,c,j = �c,j × δj × In,j

Fig.1  Reference’s signal type; a cascaded, b common
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to operate as a PI controller, and there are two types of 
FLC (1), i.e., FLC (1-Leader) on the leader bus and FLC 
(1-Follower) on the rest of the DN buses. They depend on 
Mamdani fuzzy inference systems and the defuzzification 
method is the centroid.

3.1.1 � FLC (1‑Leader)
FLC (1-Leader) is applied at the last bus in the radial 
DN because its VI has the highest value. As presented in 
Fig. 4, FLC (1-Leader) has two inputs, i.e., the error e(k) 
and the change of error Δe(k) at the sample k, and one out-
put of δ(k) at the sample k. The output of FLC (1-Leader) 
is the ratio of the compensating battery currents δj at the 
last bus in the DN for restricting VI according to the EN 
50,160 standard limit. The FLC (1) input e(k) is the differ-
ence between the measured and reference VI values, i.e.:

The limiter before the VIref block is to ensure that the 
FLC (1) input becomes zero when VImeas,j is below the 
standard as depicted in Fig. 3. The discrete output of the 
FLC, �δ , is the rate change of the ratio of bus compensat-
ing battery currents and can be expressed as:

(4)e(k) = VUmeas.,j(k)− VUref .(k)

where �e(k) is the rate of change of difference VI at inter-
val k. KP and KI are the proportional and integral gains, 
respectively. The ratio of bus compensating battery cur-
rents is the summation of the previous sample value and 
the rate of change of the output, i.e.:

Figure 5 illustrates five input and five output member-
ship functions of FLC (1- Leader) while the rules of FLC 
(1-Leader) are illustrated in Table 3 in the Appendix.

3.1.2 � FLC (1‑Follower)
VI at the feeder end is much larger than that at the feeder 
beginning. Consequently, the batteries on the bus with 
the highest VI inject high current values in comparison 
to their counterparts on other buses. Therefore, it is nec-
essary to guarantee that all batteries on all buses have 
the same compensating currents. FLC (1-follower) is 
designed and applied in the rest of the buses for this pur-
pose. They operate like FLC (1- Leader) and the output is 
the ratio of the battery compensating currents for miti-
gating VI at the jth bus. The batteries’ current stress Istress,j 
at the jth bus can be expressed by [17]:

(5)�δ(k) = KP�e(k)+ KIe(k)

(6)δ(k) = �δ(k)+ δ(k − 1)

Fig. 2  The control scheme at any jth bus
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The schematic block diagram of FLC (1-Follower) is 
shown in Fig. 6. It has three inputs: the error e(k), the 
change of error Δe(k), and the change of battery current 
stress at the jth bus. The output is δ(k) at the interval 
k. The input and output membership functions of FLC 
(1-Follower) are presented in Fig. 7. The 5 input mem-
bership functions are: negative large (NL), negative 
small (NS), zero (Z), positive small (PS), and positive 
large (PL). There are 13 output membership functions 
designed for this controller.

(7)Istress,j = Iref ,a,j
2
+ Iref ,b,j

2
+ Iref ,c,j

2 Fuzzy sets {a, b, c, d, e, and f } are the negative value 
orders while Fuzzy sets {h, i, j, k, l, and m} are the positive 
value orders. The fuzzy set {g} is the zero-membership 
function as illustrated in Fig. 7. The rules of FLC (1-Fol-
lower) are presented in Table 4 in the Appendix, and the 
parameters of the FLC are presented in the DN in Table 4 
in the Appendix.

3.2 � Second controller FLC (2)
The third input of FLC (1-Follower) is the change of 
the stress currents needed to ensure the same battery 
stress current in all buses. It is the ratio of the difference 

Fig. 3  Schematic block diagram of the bus controller at the jth bus

Fig. 4  Schematic block diagram of FLC (1- Leader) for the leader bus
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between the reference and actual battery stress currents 
at the jth bus to the reference battery stress current as

However, in the case of signal loss, the reference stress 
current becomes zero and (8) becomes infinite. In that 
case, the FLC (1-follower) operates inappropriately, and 
therefore, FLC (2) is used instead. As presented in Fig. 3, 
the two inputs of FLC (2) are the reference battery stress 
current and battery stress current at any bus, while the 
output of FLC (2) is the change of the stress current. 
Figure  8 presents the input and output membership 
functions of FLC (2). As seen in Fig. 8a, b, there are 16 

(8)�Istress =

(

Istress,ref − Istress
)

Istress,ref input membership functions and 13 output membership 
functions.

The first input function {A} has a very small value (ε) 
and represents the signal loss or no battery stress current 
is required. Based on the FLC (2) rules, if the reference 
battery stress current suddenly belongs to fuzzy set {A}, 
it refers to a signal loss so the battery stress current at 
any bus should keep its value until the signal is restored. 
Therefore, the output membership function is {Z}. How-
ever, there are two exceptions. The first exception occurs 

Fig. 5  Membership functions of FLC (1- Leader): a for the inputs; b for 
the outputs

Fig. 6  Schematic block diagram of FLC (1-Follower) for the follower buses

Fig. 7  Membership functions of FLC (1- Follower): a for the inputs; b 
for the outputs
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when the first input belongs to {A} while the second 
input is {B}. It indicates that the reference battery stress 
current is small and decreases so the output membership 
function is {N2}. The second exception happens when the 
second input is {P}, which indicates that the battery stress 
current has an extreme value which should be decreased 
immediately as illustrated in Fig. 18 in the Appendix.

3.3 � Third controller, FLC (3)
The injected stress current should be shared based on the 
available battery capacities in the different phases at the 
same bus. However, the battery SoC values in the phase 
at the same bus are likely to be unequal. Consequently, 
certain batteries are prone to reach their SoC limits 
quicker than others. The battery sharing coefficients can 
be expressed as:

(at adequate capacities of one or more batteries)

(at non-adequate capacities of all batteries)
The remainder SoC (ΔSoC) of the battery at each phase 

is the subtraction of the SoC from the maximum limit 
(SoCmax), i.e.:

(9)�a,j + �b,j + �c,j = 1

(10)�a,j + �b,j + �c,j = 0

(11)�SoCj = SoCmax − SoCj

Therefore, the battery sharing coefficients can be calcu-
lated as:

FLC (3) is designed to determine the battery sharing 
coefficients at the jth bus based on the battery SoC sta-
tus in each phase. The permissible range of SoC is from 
20 to 90% for Lithium-ion batteries [34].

For easy computation in FLC(3), the minimum SoC 
(SoCmin) is considered as 0% and the maximum SoC 
(SoCmax) is 100%. Thus, the three SOC inputs of FLC(3) 
in Fig.  3 are the modified SoCs (SoCmod) which is 
expressed based on the Lithium-ion battery SoC limits, 
as:

The five input membership functions based on the 
modified SoC values are illustrated in Fig. 9.

FLC (3) is designed based on Takagi–Sugeno fuzzy 
inference systems. It is more suitable for this task 
because of its computational accuracy. Unlike Mam-
dani fuzzy systems, the output membership function 
can be a linear equation or a constant [35, 36]. Based 
on the five input membership functions and (12)-(15), 
there are 24 output constant values. The output func-
tion of FLC (3) is a zero-grade Sugeno fuzzy inference, 
with constant values, as presented in Table  6 in the 
Appendix.

(12)�a,j =
�SoCa,j

(

�SoCa,j +�SoCb,j +�SoCc,j

)

(13)�b,j =
�SoCb,j

(

�SoCa,j +�SoCb,j +�SoCc,j

)

(14)�c,j =
�SoCc,j

(�SoCa,j +�SoCb,j +�SoCc,j)

(15)SoC mod = (10/7)SoCact − (200/7)

Fig. 8  Membership functions of FLC (2): a for the two inputs; b for 
the output

Fig. 9  Five inputs membership functions of FLC (3)
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4 � System Under Study
The studied system is a three-phase, four-wire radial dis-
tribution feeder with eight buses, as shown in Fig.  10. 
The designed feeder type is four-core copper conductors 
with a 50 mm2 cross-sectional area and 0.5 km long. The 
feeder phase impedance is 0.4940 + j 0.0735 Ω/km. Each 
bus feeds three single-phase loads with PV and battery 
systems.

Because of the rapid change of PV generation, four sce-
narios of PV power values in four sequential periods with 
fixed load powers (presented in Table  1) are applied in 
this study.

To examine the proposed controllers during a severe 
VI, it assumes that all buses have the same active and 
reactive power, although the power of the phases are dif-
ferent, according to Table 1.

To check the validity of the proposed method with 
various SoC, one normal case and three extreme cases 
of SoC of the distributed batteries illustrated in Table 2 
are applied. Case 1 is the normal case, in which all batter-
ies have medium SoC values so have sufficient capacities 
to charge or discharge. Abnormal cases are Cases 2, 3, 
and 4, in which one or more batteries have reached their 

maximum limits and there is insufficient SoC for certain 
batteries.

5 � Results and Discussions
A sudden change in power flow is the most severe dis-
turbance that occurs in a DN. Thus, the four studied 
scenarios in Table  1 are applied in sequence to test the 
effectiveness of the proposed control system. The pro-
posed control system is implemented using MATLAB/
SIMULINK. In the following subsections, the following 
case studies are performed:

	(i)	 determine the VI values in the DN without using 
any mitigation method;

	(ii)	 apply the proposed control system based on FLC to 
determine VI and battery currents, and then com-
pare the results with the control system based on 
PI controllers in [17];

	(iii)	 investigate the effectiveness of the proposed con-
trol system in the case of signal loss between buses 
and noise in the feedback measurements; and

	(iv)	 evaluate the impact of different SoC on battery 
stress values.

5.1 � Base case without control
Without applying the proposed VI mitigation technique, 
the bus VI values are presented in Fig. 11. The four sce-
narios are selected to cause four levels of VI to examine 
the response of the system.

In Scenario #1, the VI values at buses 4, 6, 7, and 8 
are 2.17%, 2.26%, 2.49%, and 2.63%, respectively, which 
exceed the EN 50,160 standard limits. Scenario #2 has 
more buses that violate the standard limits than Scenario 
#1 with VI values at buses 3–8 being between 2.32% to 
3.65%. The system must shut down when all buses have 
VI values beneath the standard. Therefore, Scenario #3 
which has low VI values is applied between Scenario 
#2 and Scenario #4 to test the proposed control system 
validity. Scenario #4 has the highest VI values, where the 
VI values at buses 2–8 are between 2.07% and 5.51%.

5.2 � Applying the proposed control system
By applying the proposed control system, the VI values 
should be restricted based on the EN 50,160 standard 

Fig. 10  Schematic diagram of the system under study (radial 
distribution feeder)

Table 1  Active and reactive power of the loads and PV 
generations in four scenarios (kW)

Scenarios #1 #2 #3 #4

A PPV 0.33 0.66 2.00 0

PL 2.66 2.66 2.66 2.66

QL 1.33 1.33 1.33 1.33

B PPV 0.66 1.33 2.00 0

PL 2.66 2.66 2.66 2.66

QL 0 0 0 0

C PPV 1.00 2.00 1.00 1.50

PL 1.33 1.33 1.33 1.33

QL 0.43 0.43 0.43 0.43

Table 2  Four cases of SoC (%)

Phase Case 1 Case 2 Case 3 Case 4

A 50 20 100 0

B 50 70 100 100

C 50 100 0 0
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Fig. 11  Bus VI values without applying the VI mitigation control

Fig. 12  VI values: a cascade bus reference; b last bus reference; and c conventional PI controllers
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with a reference of 2%. As depicted in Fig. 1, two kinds 
of reference battery stress currents are applied. Fig-
ure 12a, b present the VI values by applying the cascade 
reference and the last bus as a common reference. It 
assumes that all batteries have the same value as illus-
trated in Case 1 in Table  2. Thus, the battery sharing 
coefficients in Case 2 are 0.333, 0.333, and 0.333 for 
phases a, b, and c, respectively.

As illustrated in Fig.  12a and b, the reference types 
do not affect the VI results. The largest sudden change 
occurs when transmitted from the lowest power flow 
Scenario #3 to the highest power flow Scenario #4. 
Therefore, it has the highest overshoot value of VI 
with 3.5%. In contrast, the results of Fig. 12c are from 
conventional PI controllers in the centralized control 
scheme in [17], which shows an overshoot of 2.1%. By 

using the proposed FLC, the steady-state error is zero 
in all scenarios. The battery stress currents in each bus 
to mitigate VI in the case of cascade bus reference and 
last bus common reference are presented in Fig. 13a, b, 
respectively.

As depicted in Fig. 13a–c, the battery stress currents 
at all buses have been adjusted to be the same. The 
steady-state stress current values of FLC are more accu-
rate than conventional PI controllers. Whether using 
cascade or common references, the corrected stress 
currents are 2.6 A, 4.46 A, 0 A, and 6.2 A for Scenar-
ios #1–4, respectively. In contrast, the stress currents 
of the conventional PI-controller are 3 A, 4.6 A, 0 A, 
and 6.3 A for Scenarios #1–4, respectively. The conse-
quence of these excessive stress currents and VI values 
are less than 2% in both Scenarios #1 and 2 as shown in 

Fig. 13  Stress current: a cascade; b last bus common references; and c conventional PI controllers
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Fig. 12c. The merit of the conventional PI controllers is 
that it has the fastest response.

5.3 � Response to signal loss
To test the proposed control system validity, it assumes 
that all signals among buses have been lost. The signal 
loss duration occurs at the steady state of Scenario #1 and 
continues until the power flow is changed in Scenario #2. 
The signal loss duration is from 0.2 s to 0.4 s, and consists 
of two periods. The first period occurs in the steady-state 
of Scenario #1 from 0.2 s to 0.3 s while the second period 
occurs in the transient time of Scenario #2 from 0.3 s to 
0.4 s. The shared battery stress currents among buses and 

the actual injected battery stress currents in each bus to 
mitigate VI are presented in Fig. 14a–c.

In case of signal loss in the first period, all shared bat-
tery stress currents are zeros but the actual stress cur-
rents keep their values until the signal is restored as 
depicted in Fig.  14b. During the second period from 
0.3  s to 0.4  s, the power flow is changed so the buses 
inject different battery stress currents. Both buses 
7 and 8 have the highest VI so they inject the highest 
battery stress currents of 5.2 A and 6.6 A, respectively. 
The strength of using FLC is that all buses contribute 
their stress currents in the case of measurement sig-
nal loss. The vulnerability of using PI controllers is the 

Fig. 14  Impact of signal loss: a the shared stress currents; b the injected stress currents from the fuzzy controller; and c the injected stress currents 
from conventional PI controllers
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high stress current in the last bus in the DN while stress 
currents at the beginning of DN are zero as depicted in 
Fig. 14c. As presented in Fig. 15a, VI is still mitigated in 
both the steady-state of Scenario #1 and the transient 
time of Scenario #2. The conventional PI controllers are 
incapable of mitigating VI under measurement signal 
loss as shown in Fig. 15b.

5.4 � Response to a distorted signal
The last bus is the critical one which has the highest VI. 
To test the robustness of the proposed system, noise is 
applied to the measurement signal at bus 8, and the VI 
results of stress current distortion for both FLC and con-
ventional PI controller are shown in Fig.  16. The maxi-
mum noise amplitude that the conventional PI controller 
can withstand is 20% of the stress currents at bus 8 as 

depicted in Fig. 16b, while FLC is robust against the same 
noise as depicted in Fig. 16a.

5.5 � Impact of SoC on system response
To test the proposed system validity at different SoC, 
Cases 2, 3, and 4 in Table 2 are applied. The battery shar-
ing coefficients in Case 2 are 0.731, 0.269, and 0. The 
coefficients of Case 3 are 0, 0, and 1, and the coefficients 
of Case 4 are 0.5, 0, and 0.5. Figure 17a presents the bat-
tery stress currents in Case 2, while the battery stress 
currents in Cases 3 and 4 are presented in Figs. 17b and 
c, respectively.

As presented in Fig.  17b, Case 3 causes the highest 
battery stress currents in both steady-state and over-
shoot values. For instance, the highest overshoot of 14 
A occurs at Case 3, as presented in Fig. 17b, while Case 
1 causes the lowest overshoot of 6.5 A in Fig. 13. Battery 

Fig. 15  Bus VI in case of control signal loss: a FLC based 
decentralized control system; and b PI controllers based centralized 
control system

Fig. 16  VI values at applied noise in measurement signals: a FLC; and 
b PI controllers
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Fig. 17  Battery stress currents at each bus: a Case 2; b Case 3; and c Case 4

stress currents in Cases 2, 3, and 4 increase approxi-
mately by 55%, 75%, and 40% respectively in compari-
son with Case 1. It is concluded that the different SoC 
values have a significant effect on the steady-state and 
overshoot values but a minor impact on the transient 
time.

6 � Conclusion
Batteries in domestic rooftop PV systems have the ability 
to limit high VI in DN. The proposed control scheme is 
designed based on a decentralized control scheme with 
minimum communication links. Three FLC are proposed 
to perform the following tasks, i.e., mitigating the VI val-
ues along with the DN buses even in the case of tempo-
rary signal loss in communication links, minimizing the 
steady-state error even with distorted feedback measure-
ments signals, ensuring equal re-share of all battery stress 

currents in all buses, and re-distributing battery currents 
at the same bus based on the SoC of each battery. The 
effectiveness of the proposed control scheme is based 
on the sudden change of power flows as presented in the 
four sequential scenarios. The main conclusions of this 
paper can be summarized as follows.

1.	 The proposed control system is effective in mitigating 
VI with zero steady-state error in all scenarios.

2.	 Both FLC(1-Leader) and FLC(1-Follower) are ade-
quate for mitigating VI in the DN.

3.	 The proposed control system is immune to both sig-
nal measurement loss and noise in the feedback in 
contrast to the PI-controller [17].

4.	 The number of communication links of the proposed 
control system equals the number of buses minus 
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Table 3  Rules of FLC (1- Leader)

NL = Negative Lagre, NS = Negative Small, Z = Zero, PS = Positive Small, 
PL = Positive Lagre

Δe NL NS Z PS PL
e

NL NL NL NL NS Z

NS NL NS NS Z PS

Z NL NS Z PS PL

PS NS Z PS PS PL

PL Z PS PL PL PL

Table 4  Rules of FLC (1-Follower)

e Δe ΔIn δ e Δe ΔIn δ e Δe ΔIn δ e Δe ΔIn δ e Δe ΔIn δ

NL NL NL a NS NL NL b Z NL NL c PS NL NL d PL NL NL e

NL NL NS b NS NL NS c Z NL NS d PS NL NS e PL NL NS f

NL NL Z c NS NL Z d Z NL Z e PS NL Z f PL NL Z g

NL NL PS d NS NL PS e Z NL PS f PS NL PS g PL NL PS h

NL NL PL e NS NL PL f Z NL PL g PS NL PL h PL NL PL i

NL NS NL b NS NS NL c Z NS NL d PS NS NL e PL NS NL f

NL NS NS c NS NS NS d Z NS NS e PS NS NS f PL NS NS g

NL NS Z d NS NS Z e Z NS Z f PS NS Z g PL NS Z h

NL NS PS e NS NS PS f Z NS PS g PS NS PS h PL NS PS i

NL NS PL f NS NS PL g Z NS PL h PS NS PL i PL NS PL j

NL Z NL c NS Z NL d Z Z NL b PS Z NL f PL Z NL g

NL Z NS d NS Z NS e Z Z NS f PS Z NS g PL Z NS h

NL Z Z e NS Z Z f Z Z Z g PS Z Z h PL Z Z i

NL Z PS f NS Z PS g Z Z PS H PS Z PS i PL Z PS j

NL Z PL g NS Z PL h Z Z PL k PS Z PL j PL Z PL k

NL PS NL d NS PS NL e Z PS NL f PS PS NL g PL PS NL h

NL PS NS e NS PS NS f Z PS NS g PS PS NS h PL PS NS i

NL PS Z f NS PS Z g Z PS Z h PS PS Z i PL PS Z j

NL PS PS g NS PS PS h Z PS PS i PS PS PS j PL PS PS k

NL PS PL h NS PS PL i Z PS PL j PS PS PL k PL PS PL l

NL PL NL e NS PL NL f Z PL NL g PS PL NL h PL PL NL i

NL PL NS f NS PL NS g Z PL NS h PS PL NS i PL PL NS j

NL PL Z g NS PL Z h Z PL Z i PS PL Z j PL PL Z k

NL PL PS h NS PL PS i Z PL PS j PS PL PS k PL PL PS l

NL PL PL i NS PL PL j Z PL PL k PS PL PL l PL PL PL m

Table 5  FLC(1) parameters along the DN

Parameters Bus-1 Bus-2 Bus-3 Bus-4 Bus-5 Bus-6 Bus-7 Bus-8

KP – 1 1 1 1 1 1 1

KI – 1 1 1 1 1 1 1

KS – 1 1.05 1.2 1.05 1.1 1.2 –

KU 1.25 1.25 1.25 1.25 1.25 1.25 1.25 0.4

one, and is one-third of that of a PI controller-based 
centralized control system.

5.	 The unified battery current values prevent high stress 
on batteries at the last bus.

6.	 The proposed control system has a fast response for 
mitigating VI values at under 0.1 s.

7.	 The last common bus reference type is slightly faster 
than the cascade reference type. However, the cas-
cade reference is more secure.

8.	 The battery sharing coefficients of FLC (3) prevent 
both over-charging and over-discharging of batteries. 
In addition, they decrease battery stress when there is 
insufficient SoC.

Appendix
See Tables 3, 4, 5 and 6, Fig. 18.
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