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Abstract: The growing penetration of photovoltaic (PV) systems may cause an over-voltage problem
in power distribution systems. Meanwhile, charging of massive electric vehicles may cause an
under-voltage problem. The over- and under-voltage problems make the voltage regulation become
more challenging in future power distribution systems. Due to the development of smart grid and
demand response, flexible resources such as PV inverters and controllable loads can be utilized for
voltage regulation in distribution systems. However, the voltage regulation needs to calculate the
nonlinear power flow; as a result, utilizing flexible resources for voltage regulation is a nonlinear
scheduling problem requiring heavy computational resources. This study proposes an intelligent
search algorithm called voltage ranking search algorithm (VRSA) to solve the optimization of flexible
resource scheduling for voltage regulation. The VRSA is built based on the features of radial power
distribution systems. A numerical simulation test is carried out on typical power distribution systems.
The VRSA is compared with the genetic algorithm and voltage sensitivity method. The results show
that the VRSA has the best optimization effect among the three algorithms. By utilizing flexible
resources through demand response, the tap operation times of on-load tap changers can be reduced.

Keywords: voltage regulation; demand response; power distribution system; real-time optimization;
smart grid

1. Introduction

With the integration of distributed generation (DG) technologies, such as rooftop photovoltaic (PV)
systems, great changes took place in power distribution systems [1]. In traditional power distribution
systems, the power flow is from substations to customers. After the DG is installed on the customer
side, the power flow may become inverse. More seriously, the high penetration of rooftop PV systems
may increase the voltage of power distribution systems beyond the upper limit, causing an over-voltage
problem [2]. Meanwhile, the number of electric vehicles (EVs) rose dramatically in recent years.
The charging of EV batteries may bring significant challenges to power distribution systems. For
example, simultaneous charging of massive EVs may cause an under-voltage problem [3]. The over-
and under-voltage problems complicate the voltage regulation issue of power distribution systems.

Several researches were performed to solve the over- and under-voltage problems. A distribution
system operator (DSO) focuses on traditional voltage regulation devices such as on-load tap changers
(OLTCs) and reactive power devices. Due to the intermittent output of PV systems, the voltage
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variations of PV-installed nodes happen so quickly that the tap of OLTCs cannot operate as quickly as
required [4]. Salih and Chen [5] focused on studying the coordination of OLTCs and reactive power
devices to deal with voltage regulation. Moreover, Molina-Garcìa et al. [6] utilized a PV inverter to
generate reactive power for voltage regulation. However, because the value of the reactance/resistance
(X/R) ratio was low, the effect of utilizing reactive power for voltage regulation was limited. Therefore,
active power should be considered for voltage regulation. Tonkoski et al. [7] studied curtailing the
active power of PV systems when the over-voltage problem occurs. Furthermore, energy storage
systems (ESSs) [8] or batteries [9] were applied in PV-rich power distribution systems. Owing to the
development of demand response (DR) technology, voltage regulation by customers’ flexible resources
attracted more attention recently. Vivekananthan et al. [10] provided a reward-based DR to utilize
residential customers’ controllable load (CL) to improve the voltage condition and shave network
peaks. A decentralized multi-agent system was proposed by Mocci et al. [11] to coordinate active
power demand and EVs. Yao et al. [12] proposed a voltage sensitivity-based CL scheduling algorithm
to shave the load peak and solve the over-voltage problem. Xie et al. studied a real-time coordinated
control of the OLTC and CLs for over-voltage prevention [13].

Since the introduction of smart grids, smart meters were extensively installed on the customer
side to enable the two-way communication between the customers and the DSO [14]. In modern smart
grids, customers can play an active role as small producers via DG, or as virtual power plants by
participating in DR programs [15]. Flexible resources such as PV inverters and CLs can be utilized
through the DR for solving the over- and under-voltage problems in power distribution systems.
The DSO can better manage the voltage condition in power distribution systems by utilizing more
flexible resources. When utilizing the PV inverters, the adjustment of reactive and active power should
be minimized for the purpose of minimally affecting the PV generation output. When shifting the
customers’ CL to regulate the voltage, the combination power of CLs should be minimized so that the
customers’ loads schedule can be minimally disturbed. In other words, if a higher capacity of CLs
is utilized for voltage regulation, the DSO should pay more to customers through the DR program.
As a result, the selection of CL should be optimized for voltage regulation. However, the voltage
regulation needs to calculate the nonlinear power flow; as a result, utilizing flexible resources for
voltage regulation is a nonlinear scheduling problem requiring heavy computational resources.

Many heuristic algorithms, such as the genetic algorithm (GA) [16] and particle swarm optimization
algorithm [17], were applied for solving non-linear voltage regulation problems. Heuristic algorithms
usually need many iterations to attain the result, which makes them time-consuming. The voltage
sensitivity method (VSM) is widely used in voltage regulation [18]. Voltage sensitivity matrices are
derived by Newton–Raphson algorithm-based power flow calculation. The amounts of reactive and
active power, which can regulate the voltage magnitude to the desired range, are directly calculated
by the sensitivity matrix [19]. The VSM is adequate for real-time voltage regulation due to its fast
calculation speed. However, the VSM directly calculates the needed regulation power of each node but
does not consider whether the available flexible resource is sufficient at the node. Furthermore, the
VSM regulates the voltage of all nodes to the desired range, which does not focus on the regulation
of voltage-violated nodes. As a result, the optimization by VSM can be further explored. This study
proposes a new intelligent search algorithm called the voltage ranking search algorithm (VRSA) to
solve the optimization of flexible resource scheduling for voltage regulation. The VRSA is built based
on the features of a radial power distribution system. A numerical simulation test is validated on an
IEEE 33-node power distribution system, and the VRSA is compared with VSM and GA. The results
show that the VRSA has the best optimization effect among the three algorithms. By utilizing flexible
resources, the number of OLTC tap operations can be reduced; in other words, the stress of voltage
regulation of the DSO can be relieved.

The remainder of this paper is organized as follows: Section 2 describes the over- and under-voltage
problems; Section 3 presents the formulation of the voltage regulation problem and solving of the
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algorithms; Section 4 describes the numerical simulation test and its results; finally, Section 5 provides
conclusions to the study.

2. The Over- and Under-Voltage Problems and Voltage Regulation by Flexible Resources

2.1. Voltage Limits in Power Distribution Systems

In power distribution systems, electricity is serviced to customers with a limited range. A voltage
violation of the limited range would harm customers’ appliances. As previously mentioned,
over-voltage problems may occur in the daytime when PV output is high, while under-voltage
problems may occur during the night when massive EVs are simultaneously charging. Because the
time periods of the over- and under-voltage problems do not overlap, the DSO should separately cope
with over- and under-voltage problems.

2.2. Over-Voltage Problem

In conventional power distribution systems, the power flows from a substation to customers;
hence, the node voltage drops along with the lines of the distribution system. After PV systems are
installed on the customer side, the power flow is reversed when the generation of the PV system is
greater than the customer consumption. In a highly PV-penetrated power distribution system, the
voltage can be increased by the reverse power. A brief model of a power distribution system is depicted
in Figure 1 to explain this issue.
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Figure 1. A simplified two-customer power distribution system model. 

In the diagram, the two customers who have PV systems installed are connected to a transformer 
at different positions. The impedances of the distribution line are Z  and Z . Furthermore, the 
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consumption will be less than PV generation, i.e., /PV L LP P X Q R> + ⋅ . Therefore, reverse power flow 
would appear. The service line voltage drops of customers 1 and 2 are negative and can be modeled 
by Equations (1) and (2). 1cV  and 2cV  are modeled by Equations (3) and (4). 
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Figure 1. A simplified two-customer power distribution system model.

In Figure 1, two customers with PV systems installed are connected.
In the diagram, the two customers who have PV systems installed are connected to a transformer at

different positions. The impedances of the distribution line are Z1 and Z2. Furthermore, the impedances
of the service line Zc1 and Zc2 are given by R + j·X. Analogously, it is assumed that the customers’ PV
generation and load are the same, where the load and PV power are given by S = PL + j·QL and PPV,
respectively. V0, Vc1, and Vc2 represent the voltage at the transformer, and the voltages of customers 1
and 2, respectively, while the service line currents for customers 1 and 2 are i1 and i2, respectively.
It is assumed that the positive direction of current is from the transformer to the customers. For this
model, supposing one day with good sunshine, customers’ load consumption will be less than PV
generation, i.e., PPV > PL + X·QL/R. Therefore, reverse power flow would appear. The service line
voltage drops of customers 1 and 2 are negative and can be modeled by Equations (1) and (2). Vc1 and
Vc2 are modeled by Equations (3) and (4).

∆Vc1 = Zc1·i1 ≈
R·(PL1 − PPV1) + X·QL1

|Vc1|
; (1)

∆Vc2 = Zc2·i2 ≈
R·(PL2 − PPV2) + X·QL2

|Vc2|
; (2)

Vc1 = V1 − ∆Vc1; (3)

Vc2 = V2 − ∆Vc2. (4)
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In the above conditions, V1 is smaller than V2, and their values can be obtained from
Equations (5) and (6).

V1 = V0 −Z1·(i1 + i2); (5)

V2 = V1 −Z2·i2. (6)

The above equations indicate that, when the load and the PV profiles of the two customers
are the same, the voltage of customer 2 is higher than the voltage of the customer 1. If the reverse
power continues to increase, customer 2 will first experience an over-voltage problem. At the same
time, customer 2 needs to reduce their PV power generation through a PV active power curtailment
strategy [7]. Due to the physical structure of the distribution system, the voltage at the nodes remote
from the substation is more unstable than that at other nodes. Therefore, over-voltage problems will
occur more frequently at locations remote from the substation. Figure 2 shows the diagram of an
over-voltage profile.
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2.3. Under-Voltage Problem

The current of the distribution line becomes large when a large number of EVs are charging
simultaneously. The voltage drops of distribution lines ∆Vc1 and ∆Vc2 become large according to
Equations (1) and (2). At the same time, V2 is smaller than V1, as indicated by the values in
Equations (5) and (6). If the power consumption continues to increase, customer 2 will first experiences
an under-voltage problem. A node remote from the substation will experience an under-voltage
problem more frequently. The diagram of an under-voltage profile is illustrated in Figure 3.
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2.4. Voltage Regulation by Flexible Resources via DR

As previously mentioned, an over-voltage problem occurs because of the injection power of a PV
system, while an under-voltage problem occurs because of peak load consumption. Utilizing flexible
resources through DR, an over-voltage problem can be settled by utilizing the reactive power generated
by PV inverters, and shifting the CLs to work at the time when the PV output is high. On the other
hand, an under-voltage problem can be solved by cutting the peak through CL shifting. In the case
of a voltage violation being anticipated, changing the reactive and active power of flexible resources
can regulate the voltage. However, an optimal power combination of flexible resources should be
determined. In this manner, the disturbance of customers can be minimized during the DR process.
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3. Problem Formulation and Solving Algorithms

3.1. Problem Formulation of Real-Time Voltage Regulation

As previously mentioned, customer flexible resources, including PV inverters and CLs such as air
conditioners, batteries, and washing machines, can be adopted for regulating voltage through a DR
program. The constraint for controlling the reactive power output of a PV inverter without curtailing
the active power can be exploited as shown in Equation (7).

−

√
S2

max − P2
PV ≤ QS

PV ≤

√
S2

max − P2
PV, (7)

where Smax represents the rated capacity of the PV. PPV and QS
PV represent the active and reactive

power of PV, respectively.
The power factor of the PV output is given as

PF = cos(tan−1(
QS

PV
PPV

)). (8)

In power distribution systems, the power factor is limited within an allowable range. Too small
an absolute value of the PF increases the power loss without distributing much active power. The
reactive power under the PF limit is given by

QPF
PV
= tan(arc cos(PF))·PPV. (9)

The set of operating time slots of a day is denoted by Γ , {1, 2, . . . , t, . . . , T}, where t is the time slot
number, and T identifies the total number of time slots in 24 h. The selection of an appropriate interval,
which is denoted by ∆t, depends on the formulated problem.

As a result, the reactive power limit of a PV inverter of the customer n at time slot t that could be
adopted for voltage regulation is

Qn
PV
(t) = min

{
QPF

PV
(t) , Qs

PV
(t)
}
. (10)

The start time of CLs, such as washing machines, can be flexibly adjusted. For these loads,
customers only care about whether the task can be completed or not before a specified deadline.
Therefore, the scheduling or shifting of CLs can be utilized for voltage regulation. Let Pn(t) represent
the active power of customer n at time slot t. Pn

lCL(t) is a combination of several CLs, which can be
expressed as

Pn
lCL(t) =

∑NAi

i=1
Pn

Ai
(t)·SWn

Ai
(t), (11)

where Pn
lCL(t) is the summation of the active power of available CLs, and NAi is the sum of CLs. Pn

Ai
(t)

is the power of Ai at time slot t. SWn
Ai
(t) is the switch of Ai, where 1 represents on and 0 represents off.

Moreover, ΦAi ,
[
αAi , βAi

]
is defined as the feasible working interval for Ai, where αAi and βAi are

the allowed starting time and finishing time (deadline), respectively. Thus, Pn
Ai
(t) can be described as

Pn
Ai
(t) =

 Pn
Ai

, Tstart
Ai
≤ t ≤ Tstart

Ai
+ Tot

Ai

0 , others
, (12)

αAi ≤ Tstart
Ai
≤ βAi − Tot

Ai
, (13)

where Pn
Ai

, Tstart
Ai

, and Tot
Ai

are the rated power, start time, and minimum working time of appliance Ai
of customer n, respectively.



Energies 2019, 12, 1902 6 of 19

In the operation of real-time voltage regulation, when voltage violation is anticipated, the available
reactive power of the PV inverter is firstly utilized to decrease the voltage. If the PVs make full use of
their adjustable reactive power capacity and the voltage is still higher than the upper limit, a combination
of CLs can be turned on to regulate the over-voltage problem. When an under-voltage problem is
anticipated, a combination of available CLs can be turned off to regulate the under-voltage problem.

The objective function of the proposed real-time load combination search is shown in Equation (14).

Min.
∑Nc

n=1
Pn

lCL(t). (14)

The constraints include the CL power combination shown in Equations (7)–(13), and The nonlinear
power flow equations shown below [20].

Pn
lbase(t) + Pn

lCL(t) − Pn
PV(t) = Vn(t)

∑Nc

j
V j(t)(Gnj cos δnj + Bnj sin δnj); (15)

Qn
load(t) + Qn

PV(t) = Vn(t)
∑Nc

j
V j(t)·(Gnj sin δnj − Bnj cos δnj). (16)

The voltage constraint is as follows:

Vlow ≤ Vn(t) ≤ Vhigh, (17)

where Pn
lbase(t) is the base load, Nc denotes the total number of customers, Vn(t) is the node voltage,

and Vlow and Vhigh are the low and high limits of the voltage, respectively. Gnj is the real part of the
element in the bus admittance matrix, Bnj is the imaginary part of the element, and δnj is the difference
in voltage angle.

Figure 4 shows the flow chart of voltage regulation through the cooperation of the OLTC and
flexible resources.

In each time slot of real-time operation, the DSO firstly forecasts the voltage condition of the
network. When an over-voltage problem occurs, the available reactive power of the PV inverter is
utilized firstly to decrease the voltage. If the PVs make full use of their adjustable reactive power capacity
and the voltage is still higher than the upper limit, a combination of unstarted CLs can be optimized
and turned on to decrease the voltage. Because utilizing specific appliances (Ai) of different position
customers (n) can get different voltage regulation results, the objective of Equation (14) is to search the
minimum total power of Pn

lCL(t) which can solve the over-voltage problem. When an under-voltage
problem occurs, the optimization involves determining the minimum power combination of working
Pn

lCL(t) which can regulate the under-voltage problem, and then delaying the working time of these
CLs. By optimizing the power combination of CLs which can solve the voltage violation problem, the
working schedule of customers’ CLs will be minimally disturbed. In other words, the DSO can save
cost for DR utilization. In the case that all CLs of all customers are considered but the voltage violation
still cannot be solved, the customers’ CLs will not operate and the OLTC will operate its tap to decrease
or increase the voltage output. The operating strategy of coordinated control of the OLTC and flexible
resources can be explained in a few steps. The flexible resources are firstly considered to solve the
over-voltage or under-voltage problem in each time slot. When the capacity of flexible resources is
insufficient for solving the over-voltage or under-voltage problem, the DR of flexible resources will not
be applied, and the OLTC decreases or increases its tap value, respectively.
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3.2. Solving Algorithms

The search for optimization in Figure 4 is to find the minimal power combination of CLs that can
regulate the voltage violation. The search of the objective function in Equation (14) needs to calculate the
nonlinear power flow; as a result, it is a nonlinear scheduling problem requiring heavy computational
resources. To realize real-time regulation, this paper proposes an intelligent algorithm called VRSA to
solve the optimization problem. In addition, GA and VSM are introduced for comparison.

3.2.1. VRSA

To explain the VRSA, Figure 5 shows a modified diagram of Figure 1, where the adjusted active
and reactive power are denoted by ∆P1 and ∆P2, and ∆Q1, and ∆Q2, respectively.
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In this case, the voltage drop of a service line changes because of ∆P1, ∆P2, ∆Q1, and ∆Q2, as
indicated in Equations (18) and (19).

∆Vc1 = Zc1·i1 ≈
R·(PL1 + ∆P1 − PPV1) + X(QL1 + ∆QPV1)

|Vc1|
; (18)

∆Vc2 = Zc2·i2 ≈
R·(PL2 + ∆P2 − PPV2) + X(QL2 + ∆QPV2)

|Vc2|
. (19)

In over-voltage conditions, by increasing the active power consumption of the CL (i.e., +|∆P1|

and +|∆P2|), or by letting the PV inverter absorb the reactive power (i.e., +|∆QPV1| and +|∆QPV2|), the
amplitude of the negative voltage drop can be regulated to be smaller; hence, an over-voltage problem
can be regulated. On the other hand, in under-voltage conditions, by decreasing the active power
consumption of the CL (i.e., −|∆P1| and −|∆P2|), or by letting the reactive power devices inject reactive
power (i.e., −|∆QPV1| and −|∆QPV2|), the voltage drop can be regulated to be smaller; in this way, an
under-voltage problem can be regulated. It is difficult to decide the amount of ∆P and ∆Q because of
the nonlinear power flow calculation. However, from the above equations, two rules can be considered
when determining ∆P and ∆Q.

(1) If the objective is to adjust Vc1, changing the ∆P1 and ∆Q1 at customer 1 could reduce current
i1 directly, thereby more effectively reducing the voltage drop at customer 1’s service line.

(2) From Equation (6), changing the power of customer 2 at the further position can regulate i2,
thereby regulating Vc2, V2, and V1. At last, V1 in Equation (5) can be regulated.

In short, the most efficient way to regulate the voltage of a node is to adjust its own reactive
power and active power. Moreover, changing the power at the nodes located at further positions can
influence the voltage of the whole network. The VRSA is developed on the above features of radial
power distribution systems. The search process of the VRSA is based on voltage ranking. In over- or
under-voltage conditions, the first step of the VRSA is to find the node with the maximum or minimum
voltage, before choosing the available CLs of the node to regulate the voltage. In Equation (11),
regarding the on/off state of the CLs, there are
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= 2NAi combinations of available power for the CLs,
which can be sorted in ascending order.

Pnγ
available =

[
Pn1, Pn2, Pn3, . . . , Pnγ, PnΥ

]
, (20)

where Pnγ
available is the matrix of available power of a CL combination of node n, γ indicates the variable

of the matrix, Pn1 = 0 indicates that all the CLs are not utilized, Pn2 is the minimum available power,
and PnΥ is the maximum available power.

A detailed flow chart of the VRSA is depicted in Figures 6 and 7. For each optimization step, the
VRSA searches the node with the highest/lowest voltage and then firstly selects the smallest available
power combination of CLs at the furthest location.

If an over-voltage problem is predicted at the beginning of a time slot, the VRSA examines the
available unstarted CLs and then generates a list of power combinations as shown in Equation (20).
The next step is to calculate the power flow and sort the voltage from small to large. If the highest
voltage is larger than the high limit, the VRSA firstly checks the available CLs from the highest voltage
node (n = max_1). If the combined power of the largest CLs is considered in the max_1 customer,
then the CL combination search goes to the second largest voltage node (n = max_2), and so on. The
search is continued until the combination power of CLs can solve the over-voltage problem. At last,
the customers’ available CLs of Pnγ will be turned on to solve the over-voltage problem. The VRSA
ensures that the search of CL combinations is always from the node with the largest voltage because
CLs starting at these nodes can effectively regulate the voltage. The under-voltage regulation of
VRSA is similar to the over-voltage regulation, as shown in Figure 7. If all CLs of all customers are
considered but the over- or under-voltage problem still cannot be solved, the customers’ CLs would
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not be operated, and other voltage regulation methods should be applied. The cooperation of the
OLTC can be applied when the capacity of flexible resources is not sufficient.
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3.2.2. VSM

VSM is widely utilized in the determination of the amount of reactive and active power in the
voltage regulation of power distribution systems. Voltage sensitivity matrix S is the inverse of a system
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Jacobian matrix, which is derived from a Newton-Raphson algorithm-based power flow calculation [18].
The voltage sensitivity matrix S is modeled in Equation (21).[

∆θ
∆U

]
= J−1

[
∆P
∆Q

]
; (21)

S = J−1 =

[
SθP SθQ
SUP SUQ

]
. (22)

In Equations (21) and (22), ∆θ and ∆U are decoupled, and ∆U can be calculated as follows:

∆U = SUP·∆P + SUQ·∆Q. (23)

In real-time operation, the reactive and active power are sequentially adjusted; thus, ∆Q and ∆P
can be calculated as shown in Equations (24) and (25).

∆Q(t) = S−1
UQ(t)·∆U(t), (24)

∆P(t) = S−1
UP(t)·∆U(t), (25)

where ∆U(t) =
[
∆U1(t), ···, ∆Un(t), ···, ∆UNc(t)

]T
, which is the difference between the node voltage

and the high or low limit.

∆Un(t) =


Un(t) −Vmax , Un(t) > Vmax

Un(t) −Vmin , Un(t) < Vmin

0 , others
. (26)

The matrices of ∆Q(t) and ∆P(t) are the required reactive and active power, which can adjust the
voltage to the permissible range. In real-time operation, when the voltage violation is estimated, the
VRSA searches for and operates the available reactive power of the PV system or the active power of
CLs according to ∆Q(t) or ∆P(t), respectively.

3.2.3. GA

GA is widely utilized for solving nonlinear optimization problems in power distribution systems.
The search of GA is based on random chromosome crossover and genetic mutation. The process of
GA is as follows: at the beginning, an initial population is created, and the number of chromosomes
is represented by PnΥ. Then, the population evolution starts. At first, each chromosome is checked
through the power flow calculation. The unavailable chromosomes that cannot solve the voltage
violation are replaced by the available ones. After that, the GA evaluates and ranks the fitness of each
chromosome using Equation (14). The top two chromosomes are retained, while the others undergo
the process of crossover and mutation. After the mutation, a new population is developed, and the
evolution moves to the next generation. The GA iterates the procedure of chromosome checking,
fitness function evaluation, crossover, and mutation until the generation achieves a set number.

4. Numerical Test and Results

4.1. Test System and Parameters

An IEEE 33-node power distribution system was applied to validate the proposed coordinated
control algorithm (as shown in Figure 8) [21]. The reference voltage of node 1 was fixed at 1 per unit
(pu). The other 32 nodes were customer nodes, and the allowed range of each node voltage was
[0.9, 1.1] pu.
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Figure 8. IEEE 33-node power distribution system.

In the simulation, the duration of one time slot was set as 5 min, i.e., t ∈ [1, 288]. The penetrations
of PV generation and EV were 60% and 50%, respectively. The data of PV and base load were obtained
from Reference [13]. In order to match the IEEE 33-node power distribution system, the PV data were
amplified by a factor of 1.5, and 100 customers were set at each node. The aggregated power of PV and
base load is illustrated in Figure 9. The aggregated peak power of PV was 10.81 MW, while the peak of
the base load was 3.75 MW.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 18 

amplified by a factor of 1.5, and 100 customers were set at each node. The aggregated power of PV 
and base load is illustrated in Figure 9. The aggregated peak power of PV was 10.81 MW, while the 
peak of the base load was 3.75 MW. 

 
Figure 8. IEEE 33-node power distribution system. 

 
Figure 9. Aggregated data of photovoltaic (PV) power and base load. 

The CL data were set according to typically used appliances [22]. Table 1 illustrates six ordinary 
CLs. The power of the EVs was assumed as 3 kW during charging [23]. The total CL consumption 
was 45.68 MWh. 

Four cases were considered in the simulation as follows: 
Case 1: the real-time CL optimization was not applied; 
Case 2: the real-time CL optimization was carried out by the VSM; 
Case 3: the real-time CL optimization was carried out by the GA; 
Case 4: the real-time CL optimization was carried out by the VRSA. 
In Case 1, the working time of all CLs was random during the allowed working time, and real-

time CL optimization was not considered. For Cases 2, 3, and 4, the original CL working time was 
the same as that in Case 1. When voltage violation was anticipated, the optimal power combination 
of CLs was adjusted through the optimization of Equation (14) in order to minimally disturb 
customers’ schedule. 

Table 1. Controllable load (CL) properties. EV–electric vehicle. 

iA  ,
i iA Aα β    

i

o t
AT (min) 

iAP  (kW) 

1 Rice cooker 6:00 a.m.–8:00 a.m. 45 0.5 
2 Ventilator 12:00 a.m.–11:59 p.m. 60 0.3 
3 Washing machine 12:00 a.m.–11:59 p.m. 60 0.4 
4 Air conditioner 9:00 a.m.–12:00 p.m. 60 1.5 
5 Rice cooker 9:00 a.m.–11:00 a.m. 45 0.5 
6 Air conditioner 12:00 p.m.–3:00 p.m. 60 1.5 
7 Rice cooker 3:00 p.m.–6:00 p.m. 45 0.5 
8 Dish washer 8:00 p.m.–6:00 a.m. 45 0.6 
9 EV 6:00 p.m.–6:00 a.m. 360 3 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25

26 27 28 29 30 31 32 33

Figure 9. Aggregated data of photovoltaic (PV) power and base load.

The CL data were set according to typically used appliances [22]. Table 1 illustrates six ordinary
CLs. The power of the EVs was assumed as 3 kW during charging [23]. The total CL consumption was
45.68 MWh.

Table 1. Controllable load (CL) properties. EV–electric vehicle.

Ai [αAi ,βAi
] Tot

Ai
(min) PAi (kW)

1 Rice cooker 6:00 a.m.–8:00 a.m. 45 0.5
2 Ventilator 12:00 a.m.–11:59 p.m. 60 0.3
3 Washing machine 12:00 a.m.–11:59 p.m. 60 0.4
4 Air conditioner 9:00 a.m.–12:00 p.m. 60 1.5
5 Rice cooker 9:00 a.m.–11:00 a.m. 45 0.5
6 Air conditioner 12:00 p.m.–3:00 p.m. 60 1.5
7 Rice cooker 3:00 p.m.–6:00 p.m. 45 0.5
8 Dish washer 8:00 p.m.–6:00 a.m. 45 0.6
9 EV 6:00 p.m.–6:00 a.m. 360 3

Four cases were considered in the simulation as follows:
Case 1: the real-time CL optimization was not applied;
Case 2: the real-time CL optimization was carried out by the VSM;
Case 3: the real-time CL optimization was carried out by the GA;
Case 4: the real-time CL optimization was carried out by the VRSA.
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In Case 1, the working time of all CLs was random during the allowed working time, and real-time
CL optimization was not considered. For Cases 2, 3, and 4, the original CL working time was the same
as that in Case 1. When voltage violation was anticipated, the optimal power combination of CLs was
adjusted through the optimization of Equation (14) in order to minimally disturb customers’ schedule.

4.2. Results of the Four Cases

The simulation was executed utilizing MATLAB (Version R2017b, MathWorks, Natick, MA, USA)
software using an Intel(R) i7 3.40-GHz central processing unit (CPU) with 8 GB of memory. The
calculation time of the Newton–Raphson algorithm-based power flow was approximately 0.006 s for
the 33-node distribution system.

In the simulation of Case 1, the customer CLs were started randomly according to the allowable
working interval shown in Table 1. Because the PV output is large around and the peak load of EV
charging is high during the night, over- and under-voltage problems occur many times during these
time periods. For Cases 2, 3, and 4, the original working time of customer CLs was the same as Case 1.
When an over-voltage problem was anticipated at the beginning of each time slot, the minimum
combination of unstarted CLs was searched and turned on to solve the over-voltage problem. When
an under-voltage problem was anticipated, the minimum capacity of working CLs was searched and
turned off to solve the under-voltage problem. The optimization of the three cases are carried out
using the VSM, GA, and VRSA, respectively. The optimization time, over- and under-voltage violation
numbers, and total capacity of CLs utilized (TCCU), which is the summation of the objection function
in Equation (14) of the 288 time slots, for the four cases are shown in Table 2. The longest optimization
times for the VRSA and GA were 0.117 s and 2.615 s, respectively. Because, in the process of GA,
the time-consuming power flow calculation is included in long iterations, the optimization of GA
was much slower than that of the VRSA. As a result, GA is difficult to be applied to a large power
distribution system. The VRSA optimization time was less than 0.2 s, which is appropriate for real-time
voltage regulation. Among the three optimization algorithms, the optimization time of Case 2 was the
shortest; however, there were 114 instances of under-voltage violations in Case 2. This was because the
purpose of Equation (25) is to calculate the needed power for each node without considering whether
the available CLs are sufficient or not in each node. In the case of the available CL power of a node not
being enough following the calculation result of the VSM, real-time optimization may fail to solve the
voltage violation. As a result, the VSM is not always effective in solving voltage violation compared to
the VRSA and GA. Table 2 also shows that the TCCU of the VRSA was smaller than that of the GA,
which indicates that the customers’ CL schedule would be less disturbed.

Table 2. Simulation results before on-load tap changer (OLTC) operation of the four cases. TCCU–total
capacity of CLS utilized.

Case Number Optimization
Time

Under-Voltage
Instances

Over-Voltage
Instances TCCU

1 - 272 19 -
2 0.012 114 0 19.13
3 2.615 0 0 32.05
4 0.117 0 0 24.78

Figure 10 shows the working schedule of CLs for the four cases. The black curve of Case 1
indicates the original working schedule of the CLs. The green curve of Case 3 deviated from the black
curve more than the blue and red curves, because GA utilized more power from the CLs for real-time
voltage regulation. As a result, the customers’ CL schedule changed more in Case 3.
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Figure 10. The aggregated CL power of the four cases.

Figure 11 shows the total changed CL schedule for Cases 2, 3, and 4. Compared with the GA, the
VRSA can get the optimal power combination of CLs for the voltage regulation, thereby minimally
changing customers’ CL schedule. The abovementioned results show that the VRSA attained the best
optimization result of Equation (14).
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Voltage violations occurred in ten nodes (node 14, 15, 16, 17, 18, 29, 30, 31, 32, and 33) during the
24-h simulation. Figure 12 shows the voltage conditions of the ten nodes before the OLTC operation
for the four cases. As seen in Case 1, an over-voltage problem occurred during the daytime and an
under-voltage problem occurred during the night. Figure 12b shows that the VSM was unable to solve
the under-voltage problem in the night. In Cases 3 and 4, the GA and the VRSA could regulate all
voltages to the permissible range.

The tap operation schedules of the OLTC are shown in Figure 13. In Case 1, because voltage
violations occurred frequently, the OLTC needed to operate many times to solve the voltage violations.
In Case 2, the OLTC needed to operate twice because the VSM could not solve all under-voltage
problems during the night. For Cases 3 and 4, the OLTC did not need to operate because the utilization
of flexible resources through DR could solve all voltage violations. OLTCs are slower-changing devices
in power distribution systems and frequent tap operation should be avoided. Furthermore, the
intermittent generation characteristics of PV systems may cause excessive tap operation, and reduce the
device’s lifetime. As a result, utilizing flexible resources can be beneficial to reducing OLTC operation.
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Figure 14 shows the voltage conditions and CL working schedule of node 18. In Figure 14b, the
blue and red lines indicate that CLs are powered on. The blue lines of Case 1 represent the original
working time of the CLs. Node 18 is the furthest node of the 33-node distribution system, where over-
and under-voltage problems occur frequently during the day. As a result, the working schedules of
several CLs are changed; however, all of the CLs work during the allowed working interval

[
αAi , βAi

]
according to Table 1. CLs 2, 4, 6, and 9 correspond to the ventilator, two air conditioners, and EV,
respectively, which are all interruptible loads; therefore, these loads can be flexibly arranged for
voltage regulation.Appl. Sci. 2019, 9, x FOR PEER REVIEW 15 of 18 
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4.3. Voltage Regulation at Time Slot 40 (9:16) and Sensitivity Analysis

In the simulation, the first voltage violation occurred at time slot 40 (9:16) because the PV output
was high. The voltages of the 33 nodes of time slot 40 are shown in Figure 15, in which the red curve
indicates the voltage of all nodes of Case 1. As seen in the figure, the voltage of nodes 14, 15, 16, 17, 18,
and 33 were beyond the high limit (1.1 pu), causing over-voltage problems in Case 1.
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As proposed in this study, the CLs could be utilized for voltage regulation through DR. According
to the VSM and VRSA, the selected CL powers of nodes 14, 15, 16, 17, 18, and 33 are shown in Table 3.

Table 3. Voltage and selected CL powers. VSM—voltage sensitivity method; VRSA—voltage ranking
search algorithm.

Node Number 14 15 16 17 18 33

Voltage (per unit (pu)) 1.10 1.11 1.11 1.12 1.12 1.10

Selected CL
power (100 kW)

VSM 0 2.2 2 1.8 2.7 1.9

VRSA 0 0 0 1.5 2.7 0

According to the VSM, the needed active power for the voltage regulation is calculated using
Equation (25). The selected CL powers of nodes 14, 15, 16, 17, 18, and 33 are 0, 2.2, 2, 1.8, 2.7, and 1.9,
respectively. Indeed, the sensitivity coefficients of these nodes are correlated with each other; thus,
modifying any of the nodes may simultaneously influence other nodes. However, this significant point
is ignored when calculating Equation (25). Through the search of the VRSA, the selected CL powers for
the voltage regulation were 1.5 and 2.7 at nodes 17 and 18, respectively. Table 3 shows that the VRSA
selected less CL power for regulating the voltage, i.e., customers’ CLs schedule would be less affected.

The voltage sensitivity matrix (SUP) of the abovementioned nodes is shown in Figure 16.
It illustrates that the active power change at nodes 14, 15, 16, 17, and 18 would significantly affect
their voltages. The sensitivity coefficients of nodes 17 and 18 are listed in Table 4. According to the
sensitivity coefficients, the voltages of nodes 14, 15, and 16 are highly correlated with nodes 17 and 18.
As a result, starting the CLs at nodes 17 and 18 is sufficient to regulate the over-voltage problems of the
other nodes. The sensitivity analysis indicates that the VRSA search is more effective than the VSM in
voltage regulation.

Table 4. Sensitivity coefficients of node 17 and 18.

Node Number 14 15 16 17 18 33

Sensitivity coefficient of node 18 3.92 4.18 4.54 5.14 5.52 0.99

Sensitivity coefficient of node 17 3.93 4.19 4.54 5.15 5.12 0.99
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4.4. Simulation on a Typical Japanese Distribution System

The simulation was validated on a typical Japanese power distribution system according to
Reference [23]. In Japan, the over- and under-voltage points are 107 and 95 V, respectively. Figure 17
shows the simulation results of 12 customers using the model of Reference [23]. Figure 17a shows
the voltage conditions of the 12 customers before the OLTC operation. It can be seen that over- and
under-voltage problems occurred during the daytime and nighttime, respectively. The OLTC needed
to operate six times to regulate the voltage, as shown in Figure 17b. Figure 17c,d illustrate that, with
the optimization of CLs, the voltages were all regulated to the permissible range. As a result, the
operation of the OLTC could be avoided.Appl. Sci. 2019, 9, x FOR PEER REVIEW 17 of 18 
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help the DSO to relieve the voltage regulation stress. This paper proposes an intelligent real-time
search algorithm called VRSA to solve the optimal CL scheduling for the voltage regulation of power
distribution systems. A simulation test was carried out in the IEEE 33-node distribution system. The
proposed VRSA was compared with the VSM and GA. The simulation results illustrate that the VRSA
had the best performance among the three algorithms. By utilizing flexible resources such as PV
inverters and CLs, the number of voltage violations can be reduced. As a result, the number of tap
operations by the OLTC can be reduced, and the voltage control stress of DSO can be relieved.
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