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Abstract: Technology advancement in power–electronic interfaces and their evolution open
an opportunity to end-users to benefit from their newfound capability. For the end-users, power–
electronic interfaces can act as Distributed Energy Resources (DERs) for reactive power injection
and absorption. If these power–electronic interface capabilities can be properly integrated into
traditional utility system operations, they can be used as beneficial tools for distribution management
and voltage profile enhancement. Considering the present distribution system, it is not possible
to communicate to all DERs. In this paper, we considered two proposed residential-control and
droop-control methods. The multi-criteria decision-making technique (MCDM), along with fuzzy
theory, was used to prioritize candidate buses for their participation in the Volt-VAR program. In this
paper, the contribution of active DERs in reactive power compensation was evaluated.

Keywords: FAHP; distributed energy resources; smart grid; power–electronic interface

1. Introduction

In recent years, many efforts have been made to use the power–electronic interfaces
of DERs as grid resources. For this aim, many researchers have worked collaboratively
to develop smart inverters [1]. Rogers et al. [1] employed Responsive End-user Devices
(REDs) and DERs. In the present study, a sensitivity analysis was used for the selection of
candidate buses, and the loads were considered deterministic. The concept of the smart
inverters was comprehensively investigated in [2]. In this research, the intelligent Volt-VAR
concept was explained and extensively validated by examples. The study aimed to provide
communication configuration parameters to support Volt-VAR modes and the results
were evaluated. As mentioned in [3], such functions have great superiority regarding
complex communication schemes, and it is possible to use the same configuration curves
across many different DERs without adjusting for the local condition of each DER. In
order to change the Volt-VAR mode, it is possible to use a schedule to manage which
mode is in effect at any time. These emerging smart inverters allow the distribution
system operator to monitor and manipulate individual end-user devices [3]. The power–
electronic interface of newly designed end-user devices is highly capable; it can change
their power control promptly without inherent inertia, and quickly respond to commands
and residential conditions. In [4], the droop control is used in order to benefit from
the electric and thermal household loads. In this paper, the air-source heat pump was
modeled as dependent/independent of the grid state. Considering that the communication
infrastructure for the centralizing control was very complex and not available in the present
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distribution network, the dependency was modeled as decentralized droop control. In this
paper, all heat pumps were capable of changing their demand based on the local network
state. This paper only considered the active power manipulation of the heat pumps. When
the local voltage deviated 0.01 p.u from the reference voltage, the heat pump interacted to
enhance the voltage profile. In [5], the effect of droop control of the distributed generation
was investigated on the distribution network. In this study, by considering the distribution
network characteristics, the effect of the active power variation on voltage was investigated.
M. Bayat, in [6], used sensitivity analysis to determine optimal Q-C buses as the candidate
buses to provide reactive power. However, the optimal choice of Q-C buses depends on
many factors, such as available reactive power, network topology, etc.; however, they were
not considered in this research. The Q-C buses are the distribution network buses that
control their output reactive power (Q) and are expressed as Q-Controlled or Q-C buses.
These buses can participate in Volt-VAR programs. Such devices can include the PHEV/EV,
personal computers, appliances, elevators, UPS systems, etc. [7]. In [7], the available reactive
power was considered in Q-C bus selection, but other effective factors were neglected. The
control mechanisms of the Q-C buses were reviewed in this paper. Aquino-Lugo et al.
in [8], following Rogers et al. [1], studied a control framework for the application of
voltage support to smart grids. The control algorithms that were implemented using the
proposed control algorithm had a hierarchical arrangement of realms. The results showed
that the hierarchical arrangement of realms was flexible enough to handle problems in
a decentralized way, instead of always in a centralized top-down manner. The load model
was definitive and Q-C selection was performed by sensitivity analysis. Authors in [9]
investigated the capability of inverters, and connected DERs to cooperate in a reactive
power support program. This paper provided an intelligent control framework based on
Incident Command System (ICS) structure. The proposed structure consisted of layers
and devices, which worked together to achieve a goal. Although the proposed control
framework provides a convenient way to segregate and secure communications on the
smart grid, it needs a complex communication infrastructure. Rogers et al., in both [1,9],
considered the effect of end-user participation in Volt-VAR programs on transmission
system-level. In these papers, the candidate buses were controlled in a centralized manner,
the prerequisite of which was a complex communication burden that makes it impossible
in the near future. Li and et al. [10] investigated the use of DERs with regard to distributed
generation to increase voltage. In [11–14], the advantages of providing Volt-VAR control
over existing DERs using their electronic–power interfaces were fully discussed. The
end-users with power–electronic interfaces were capable of participation in Volt-VAR
programs. These types of users acted like intelligent VAR sources, and their participation
was determined based on the network status and their voltage profile. Additionally, the
VAR generation in usage points alleviated the network-line capacity and enhanced the total
network voltage profile.

Power–electronic interfaces have many benefits regarding their characteristics. By
using this type of interface, it is possible to improve the power quality of the distribution
system; moreover, harmonic control is another capability of the power–electronic interface.
The main option of the power–electronic interface focused on in this paper is the VAR
support function and its usage for voltage enhancement in distribution systems [15]. The
end-users with power–electronic interfaces act like distributed VAR sources in a distri-
bution network. These types of VAR sources have many benefits for network stability
and voltage profile regulation. Moreover, the injected/absorbed VAR in this scheme is
defined based on the network status and is more beneficial with regard to static capacitor
placement [16].

As discussed, all the reviewed literature used sensitivity analysis to determine the
candidate buses for the Volt-VAR program. Although this criterion is an important issue
for this goal, ignoring the other effective criteria undoubtedly influences the accuracy of
the results. The novelty of this paper is in its consideration of the proposed residential-
control and droop-control methods to solve the problem. In fact, multi-criteria technical
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decision making (MCDM) with fuzzy theory has been used to prioritize candidate buses
to participate in the Volt-VAR program. This technique considers multiple criteria si-
multaneously, and it is an optimal way of prioritizing the buses and choosing the best
nodes for Volt-VAR program implementation. Additionally, this technique considers
experts’ decisions, which is very valuable and compatible with the network’s existing
situation. The proposed method used the multi-criteria decision-making technique mixed
with the fuzzy theory to provide a more accurate candidate bus selection method. Ad-
ditionally, considering the present situation of the distribution system, on-line communi-
cation with all candidate buses is almost unrealistic. To fill the pre-mentioned gaps, self-
controlling and residential control methods were used simultaneously to simulate a more
realistic situation.

The following sections are: Section 2, in which the used models and formulation
are presented; Section 3, in which a brief description of the power–electronic interface is
proposed; Section 4, in which the proposed algorithm is presented; Section 5, in which the
simulation and analysis of the results are presented; and Section 6, in which the results are
discussed and concluded.

2. Problems Modeling and Formulation

A brief description of the used models is illustrated in this section:
The DERs are the end-user devices that use the electronic–power interface to connect

to the distribution system. Electronic interfaces give new power to these devices. When
a device is “ON”, most of the capacity of its electronic–power interface is occupied by the
required active power, and the ability to inject reactive power in the “OFF” mode is greatly
increased. The available reactive power can be obtained as follows [7]:

Availabe reactive power(i) = PON,i ×Qaccessible
ON,i + (1− PON,i)×Qaccessible

OFF,i (1)

where PON,i, Qaccessible
ON,i and Qaccessible

OFF,i are the cooperation possibility and available reactive
power in “ON” and “OFF” modes, respectively. One of the involved items in the selection
of Q-C buses is the available reactive power.

As discussed previously, regarding the present condition of the distribution network
and communication infrastructure, communication with all end-user nodes is not practi-
cal. As previously proposed by EPRI [2], the end-users can be classified into three main
types based on their capabilities; the first type of end-user does not have communication
capability or a sense of local condition; the second type of end-user has communication
capability and responds to commands; and finally, the third type of end-user responds to
the local condition solely. The goal of this paper is to investigate the interaction of these
three types of end-users in a distribution-system operation and evaluate their cooperation
on the distribution-system condition.

In this paper to evaluate the real condition of the distribution system, all three men-
tioned end-user types are considered. Thus, some nodes participate in Volt-VAR programs
using the droop-control mechanism. This function provides a flexible mechanism in which
a DER can manage its own VAR output. The output is changed due to local conditions.
Each Volt-VAR curve is considered a “mode”. A DER can acquire multiple Volt-VAR modes,
each of which has its own configuration. A DER device can be set to a pre-configured
mode, and this mode can be changed by a simple command from the distribution network
operator. The Volt-VAR curve is described by the percentage of the voltage and the avail-
able VAR (100% represents reference value). A calculation permits same configuration
curve to be used for many different DERs. An example of a Volt-VAR curve is depicted in
Figure 1 [2].



Electronics 2022, 11, 765 4 of 13Electronics 2022, 11, x FOR PEER REVIEW 4 of 14 
 

 

Percent VoltageCa
pa

ci
tiv

e
In

du
ct

iv
e%
 A

va
ila

bl
e 

VA
R

100%

V1 V2 V3

V4

Node 1 (P1 & Q1)

Node 2 (P2 & Q2)

Node 3 (P3 & Q3)

Node 4 (P4 & Q4)

Bus Voltage
 

Figure 1. Array Settings of type-3 DER’s Volt-VAR behavior. 

As shown in Figure 1, each array consists of a variable number of points, which together, 
define a piece-wise linear curve. In Figure 1, there are four nodes, denoted by P1 through P4. 
The Volt-VAR behavior curve includes a voltage for each point, given as the percentage of the 
reference voltage, and the desired VAR level, given as the percentage of available VARs. The 
configuration can have only one point (a horizontal line), two points (a ramp), or many points. 
The desired VAR level determination method is shown in Figure 2. 

Input the nodes data

V≤V1

100% capacitive 
VAR participation

Defined by ramp 
rate and node 1 

configuration

V1<V≤V2

No participation

V2<V≤V3

Defined by ramp 
rate and node 3 

configuration

V3<V≤V4

100% inductive 
VAR participation

V>V4

 
Figure 2. Desire VAR level determination algorithm. 

As depicted in Figure 2, the participation of the end-users with power–electronic in-
terfaces is defined based on the network condition and Volt-VAR program. These types 
of end-users can manage their participation such that they have the best influence on net-
work stability and voltage-profile enhancement. 

As shown, the cooperation of the type-3 DERs is determined based on their associated 
Volt-VAR curve, which is schematically depicted in Figure 2 and formulated in Equation (2): 

−
− × −
− −
− × −

a1=QDroop/(node01 node02);b1= node02 QDroop/(node01 node02);a2= QDroop/(node04 node03);b2= node03 QDroop/(node04 node03);for i=1:length(VolDev)if (VolDev(i)<node01), Qfactdroop(i)=QDroop(i);elseif (Vo ×lDev(i)>node01 && VolDev(i)<node02), Qfactdroop(i)=a1(i) VolDev(i)+b1(i);   elseif (VolDev(i)>node02 && VolDev(i)<node03), Qfactdroop(i)=0;elseif (VolDev(i)>node03 && VolDev(i)<node04), Qfactdroop(i)=







×
−








a2(i) VolDev(i)+b2(i);elseif (VolDev(i)>node04 ), Qfactdroop(i)= QDroop(i);endend  

(2) 

Until now, an end-user of type-3 has been investigated. Type-2 end-users have direct 
and on-line communication with the distribution system manager and participate in the 

Figure 1. Array Settings of type-3 DER’s Volt-VAR behavior.

As shown in Figure 1, each array consists of a variable number of points, which
together, define a piece-wise linear curve. In Figure 1, there are four nodes, denoted by
P1 through P4. The Volt-VAR behavior curve includes a voltage for each point, given as
the percentage of the reference voltage, and the desired VAR level, given as the percentage
of available VARs. The configuration can have only one point (a horizontal line), two
points (a ramp), or many points. The desired VAR level determination method is shown in
Figure 2.
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Figure 2. Desire VAR level determination algorithm.

As depicted in Figure 2, the participation of the end-users with power–electronic
interfaces is defined based on the network condition and Volt-VAR program. These types of
end-users can manage their participation such that they have the best influence on network
stability and voltage-profile enhancement.

As shown, the cooperation of the type-3 DERs is determined based on their associated
Volt-VAR curve, which is schematically depicted in Figure 2 and formulated in Equation (2):

a1 = QDroop/(node01 − node02);
b1 =− node02×QDroop/(node01 − node02);
a2 =−QDroop/(node04 − node03);
b2 =− node03×QDroop/(node04 − node03);

for i = 1 : length(VolDev)
if (VolDev(i) < node01), Qfactdroop(i) = QDroop(i);
elseif (VolDev(i) > node01 && VolDev(i) < node02), Qfactdroop(i) = a1(i)×VolDev(i) + b1(i);
elseif (VolDev(i) > node02 && VolDev(i) < node03), Qfactdroop(i) = 0;
elseif (VolDev(i) > node03 && VolDev(i) < node04), Qfactdroop(i) = a2(i)×VolDev(i) + b2(i);
elseif (VolDev(i) > node04 ), Qfactdroop(i) =−QDroop(i);
end
end

(2)

Until now, an end-user of type-3 has been investigated. Type-2 end-users have direct
and on-line communication with the distribution system manager and participate in the
Volt-VAR program based on their input commands. The remaining end-users did not
participated in Volt-VAR program, which might be due to their characteristics, or it may
have been their wish.
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Load Flow Formulation

The Load flow is the solution that is used to find the steady-state voltage of the power
system nodes at the fundamental frequency, given a certain set of generation and loading
conditions. The efficiency of the load flow methods are dependent on various criteria,
such as convergence rate and computationally efficiency [17]. Load flow solutions on
transmission network are well developed for power system operation, control, and planning
using Newton–Raphson, Gauss–Seidel and fast-decoupled load-flow methods [18]. Unlike
a transmission system, a distribution system typically has radial topological structure.
Unfortunately, this radial structure, with a higher resistance/reactance (R/X) ratio of the
lines, makes the conventional load-flow methods unsuitable for most distribution system
load-flow problems. One of the distinguishing features of the radial distribution network
is that there is a unique path from a specific bus to the source, and this feature is exploited
by a forward–backward sweep technique. This technique consists of two fundamental
steps, which are repeatedly used to achieve convergence. The backward sweep is primarily
a current or power-flow summation with possible voltage updates. The forward sweep
is primarily a voltage-drop calculation with possible current or power flow updates. This
paper employs the forward–backward sweep technique with two developed matrices—the
bus-injection to the branch-current matrix, and the branch-current [19].

3. Power–Electronic Interface

The power–electronic interface, considering its topology, is capable of voltage regula-
tion and electrical isolation. As a result of these capabilities, these type of devices enable
end-users to participate in Volt-VAR programs and reactive power injection/absorption
based on the network status. A schematic of the power–electronic interface depicted in
Figure 3.
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4. Proposed Algorithm

The proposed algorithm consists of three main stages, as shown in Figure 4. As shown,
in the first stage, the load data and distribution network data are acquired, and type-2
and type-3 buses are determined at this stage. The FAHP method is used to rank the
type-2 end-users. The selection of the most effective buses depends on different criteria.
In previous studies, sensitivity analysis was used for this purpose [1,6,9]. However, for
example, a bus with the highest sensitivity and limited available reactive power is not the
most effective bus. The FAHP method is exploited to overcome this problem.

The final weights of the criteria are calculated by the fuzzy method in the FAHP
method. Decision makers are often confronted with fuzzy sets to express the relative
importance of one criterion in relation to other criteria [20].

AHP is an effective tool for dealing with complex decisions and can help the decision
maker set priorities and make the best decision. AHP helps to capture the subjective and
objective aspects of a decision by reducing complex decisions to a set of paired comparisons,
and then combining the results.

In multi-criteria decision making, where the criteria are not quantifiable and judgmen-
tal choices should be made, FAHP is being used increasingly because the fuzzy set theory
can cope with uncertainty, imprecision and vagueness. In addition, the concept of fuzzy
sets provides a better model to quantify or evaluate weights when human perception is
involved [21].
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The use of triangular fuzzy numbers in pair-wise comparison is defined by three real
numbers expressed as a triple (l, m, u), where l ≤ m ≤ u is used to describe a fuzzy event.
The membership function of triangular fuzzy numbers is defined by Equation (3):

µÑ(x) =


x−l
m−l l < x < m
u−x
u−m m < x < u

0 otherwise
(3)

In order to calculate the sensitivity matrices, the method presented in [22] is used.
Small load changes do not result in significant changes in the sensitivity matrix data.

The sensitivity of g to reactive power is calculated by Equation (4) [7]:

∇g =
∣∣2ηΛVQ

∣∣ (4)

where η and ΛVQ are (Vi − Vre f ) and the voltage sensitivity matrix, respectively. ∇g is
the sensitivity of g with respect to the reactive power injection. The data of the sensitivity
matrix are one of the criteria that are used in FAHP. Power loss and voltage deviation are
other criteria of available reactive power. These criteria are calculated by the base-load
snapshot and used to select the optimal Q-C bus. Using the FAHP method, distribution
network nodes are ranked according to their priority.

In the second stage, a PSO algorithm is used to find the optimum injected reactive power
of the second type of DER. PSO is a population-based stochastic optimization originating
from artificial life and evolutionary computation. PSO is motivated by the social behavior of
organisms, such as bird flocks, fish schooling, and human social relations. Its properties of
low constraint on the continuity of objective function and its ability to adapt to the dynamic
environment make PSO one of the most important swarm-intelligence algorithms.
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The objective function of the optimization problem is defined by Equation (5):

Objective f unction =

(
w1

Nb
∑

i=1

[
Vi −Vre f

]2
+ w2

M
∑

j=1

[
∆Qj

])
Subject to : Vmin ≤ Vi ≤ Vmax

∆Qj < ∆Qaccessible
j

(5)

where Vi and Vre f are the voltage of bus i and reference voltage (1 p.u.), respectively. ∆Qj is
the injected reactive power of each Q-C bus, which is multiplied by a penalty factor.

To know the accessible reactive power of each bus, a detailed investigation of a load
connected to each bus and their power–electronic interface capacity is needed. This inves-
tigation is beyond the scope of this paper. To evaluate the effectiveness of the proposed
method, the accessible reactive power of each bus considered as below:

Qaccessible
i = K×

√
P2

i + Q2
i (6)

where K is the portion of the power–electronic interface capacity, Pi is the active load, and
Qi is reactive at the Q-C buses [23–36].

5. Results and Discussion

In this section, the simulation results are presented, and the performance of the
proposed algorithm is assessed. The single-line diagram of a 12.66 kV, 33-bus IEEE standard
test system is depicted in Figure 5. The system data are obtained from [37]. The base load
of the system is 100 MVA. The total reactive load is 2300 kVAR and the total active load is
3720 kW.

Electronics 2022, 11, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 5. IEEE 33-bus standard distribution system. 

To evaluate the effectiveness of the proposed method, four scenarios are generated: 
• Scenario 1: No DER participates in the Volt-VAR program 
• Scenario 2: Twenty effective Q-C buses participate in the Volt-VAR program. 
• Scenario 3: Twenty buses are selected as type-3 DERs and their effects on the distri-

bution network are investigated. 
• Scenario 4: Both type-2 and type-3 DERs are considered in Volt-VAR program, and 

their effects on the distribution network are surveyed. 
As illustrated previously, the FAHP method is used to rank the type 2 end-users. The 

pair-wise comparison and normalized final weight of the criteria are shown in Table 1. All 
the arithmetic calculation is performed based on the fuzzy theory rules [20]. The final 
weight of each criterion is obtained by means of geometry of the pairwise comparison 
data. The computation of final weight and the ranking of each distribution network bus 
are shown in Table 2. 

Table 1. Pair-wise comparison and final normalized weights of criteria. 

Criteria Criterion 1 Criterion 2 Criterion 3 Criterion 4 
Normalized 
Final Weight 

Criterion 1 (1, 1, 2) 
(1.6818, 2.7108, 

3.7224) 
(2.4495, 3.5565, 

4.6058) 
(4.1618, 5.1800, 

6.1920) 
0.4809 

Criterion 2 (0.2686, 0.3689, 0.5946) (1, 1, 2) 
(4.1618, 5.1800, 

6.1920) 
(4, 5, 6) 0.3287 

Criterion 3 (0.2171, 0.2812, 0.4082) 
(0.1615, 0.1930, 

0.2403) 
(1, 1, 2) 

(3.7606, 4.8206, 
5.8560) 

0.1340 

Criterion 4 (0.1615, 0.1930, 0.2403) (0.1667, 0.2, 0.25) 
(0.1708, 0.2074, 

0.2660) 
(1, 1, 2) 0.05619 

Note: Criterion 1: sensitivity matrix; Criterion 2: voltage deviation; Criterion 3: accessible reactive 
power; Criterion 4: Power loss. 

  

Figure 5. IEEE 33-bus standard distribution system.

To evaluate the effectiveness of the proposed method, four scenarios are generated:

• Scenario 1: No DER participates in the Volt-VAR program
• Scenario 2: Twenty effective Q-C buses participate in the Volt-VAR program.
• Scenario 3: Twenty buses are selected as type-3 DERs and their effects on the distribu-

tion network are investigated.
• Scenario 4: Both type-2 and type-3 DERs are considered in Volt-VAR program, and

their effects on the distribution network are surveyed.

As illustrated previously, the FAHP method is used to rank the type-2 end-users. The
pair-wise comparison and normalized final weight of the criteria are shown in Table 1.
All the arithmetic calculation is performed based on the fuzzy theory rules [20]. The final
weight of each criterion is obtained by means of geometry of the pairwise comparison
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data. The computation of final weight and the ranking of each distribution network bus
are shown in Table 2.

Table 1. Pair-wise comparison and final normalized weights of criteria.

Criteria Criterion 1 Criterion 2 Criterion 3 Criterion 4 Normalized Final
Weight

Criterion 1 (1, 1, 2) (1.6818, 2.7108, 3.7224) (2.4495, 3.5565, 4.6058) (4.1618, 5.1800, 6.1920) 0.4809
Criterion 2 (0.2686, 0.3689, 0.5946) (1, 1, 2) (4.1618, 5.1800, 6.1920) (4, 5, 6) 0.3287
Criterion 3 (0.2171, 0.2812, 0.4082) (0.1615, 0.1930, 0.2403) (1, 1, 2) (3.7606, 4.8206, 5.8560) 0.1340
Criterion 4 (0.1615, 0.1930, 0.2403) (0.1667, 0.2, 0.25) (0.1708, 0.2074, 0.2660) (1, 1, 2) 0.05619

Note: Criterion 1: sensitivity matrix; Criterion 2: voltage deviation; Criterion 3: accessible reactive power;
Criterion 4: Power loss.

Table 2. Final weight computation and ranks of the distribution network buses.

Bus
No. Criterion 1 Criterion 2 Criterion 3 Criterion 4 Rank Bus

No. Criterion 1 Criterion 2 Criterion 3 Criterion 4 Rank

2 0.0083 0.3287 0.0247 0.0562 32 18 0.4809 0.3262 0.0209 0.0559 6

3 0.0456 0.3285 0.0209 0.0562 27 19 0.0115 0.3287 0.0209 0.0562 31

4 0.0695 0.3284 0.0305 0.0561 24 20 0.0324 0.3287 0.0209 0.0562 30

5 0.0934 0.3283 0.0142 0.0561 25 21 0.0374 0.3287 0.0209 0.0562 29

6 0.1757 0.3279 0.0134 0.0561 23 22 0.0422 0.3287 0.0209 0.0562 28

7 0.2155 0.3277 0.0474 0.0560 5 23 0.0507 0.3285 0.0218 0.0561 26

8 0.2906 0.3273 0.0474 0.0560 2 24 0.0585 0.3285 0.0985 0.0561 13

9 0.3318 0.3270 0.0134 0.0560 17 25 0.0623 0.3285 0.0985 0.0561 10

10 0.3692 0.3268 0.0134 0.0560 16 26 0.1807 0.3279 0.0138 0.0560 22

11 0.3723 0.3268 0.0115 0.0560 18 27 0.1869 0.3278 0.0138 0.0560 21

12 0.3775 0.3268 0.0147 0.0560 15 28 0.2202 0.3277 0.0134 0.0560 20

13 0.4170 0.3265 0.0147 0.0560 11 29 0.2414 0.3276 0.0294 0.0560 8

14 0.4370 0.3264 0.0305 0.0560 3 30 0.2480 0.3275 0.1340 0.0559 1

15 0.4489 0.3264 0.0129 0.0560 14 31 0.2647 0.3274 0.0360 0.0559 7

16 0.4583 0.3263 0.0134 0.0560 12 32 0.2689 0.3274 0.0493 0.0559 4

17 0.4776 0.3262 0.0134 0.0559 9 33 0.2719 0.3274 0.0153 0.0559 19

Note: Criterion 1: sensitivity matrix; Criterion 2: voltage deviation; Criterion 3: accessible reactive power;
Criterion 4: Power loss.

The distribution network bus ranks are depicted in Figure 6.
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The ten and twenty most effective buses used in Scenarios 4 and 2, respectively, are
shown in Table 3.
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Table 3. Type-2 most effective buses.

Candidate Bus Number

No. of
Candidates 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

10 buses X X X X X X X X X X
20 buses X X X X X X X X X X X X X X X X X X X X

The selected buses used in Scenarios 3 and 4 are given in Table 4.

Table 4. Type-3 candidate buses.

Candidate Bus Number

No. of
Candidates 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

10 buses X X X X X X X X X X
20 buses X X X X X X X X X X X X X X X X X X X X

The numbers of the candidate buses can be pre-defined by a network operator, or they
can be determined such that the best enhancement occurs.

The convergence curve of Scenario 2 is plotted in Figure 7 for instance. The run time is
about 1.23 s for this scenario. The implementation time regarding the network size shows
the superiority of the proposed algorithm compared to similar papers.
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Using an illustrated algorithm, the injected reactive power of the pre-mentioned four
scenarios is obtained. The reactive power injection of type two and type three DERs in all
scenarios are depicted in Figure 8.

The vertical axis shows the injected reactive power in each bus in pre-defined scenarios,
and bus numbers are shown by horizontal axis.

A comparison between the buses’ voltages in the aforementioned scenarios is depicted
in Figure 9.

As depicted in Figure 9, the participation of end-users with power–electronic interface
improves the distribution network voltage profile and enhances the network stability.

As expected, the cooperation of the DERs enhances the voltage profile. In scenario 2,
the level of type-2 DER participation is determined by the PSO optimization method and
the best voltage profile results. However, in this scenario, a complicated communica-
tion infrastructure between DERs and central control is necessary. Scenarios 3 and 4 are
an intermediate state, some of the DERs (type-3) react to the distribution network condition,
and some other DERs (type-2) obtain their VAR injection state from the residential con-
trol. The voltage profile improvement in scenarios regarding Scenario 1 resulted from the
DER participation in the Volt-VAR program and benefiting from their potential capability
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without imposing any additional cost. The comparison of the proposed method with other
methods presented in the literature ([1,6–9]), and the results are summarized in Table 5.
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Table 5. The comparison of the proposed method with other methods.

Item

Reference
[1] [6] [7] [8] [9]

Proposed
Approach

Type II DER
candidate
selection
criteria

Method Sensitivity
analysis

Sensitivity
analysis

Accessible reactive
power and

sensitivity analysis

Author
selection

Sensitivity
analysis FAHP

Number of
considered

criteria
1 1 2 0 1 4

power flow AC power
flow NR FBS AC power

flow
AC power

flow FBS

Type III DER 7 7 7 7 7 X

Optimization
Method

Mathematical X 7 7 X X 7

Heuristic 7 X X 7 7 X

Note: Considered: X; Not Considered: 7; Abbreviations: FAHP—fuzzy analytical hierarchy process; FBS—
Forward–Backward Sweep; NR—Newton–Raphson.

6. Conclusions

This study categorized DERs into three types and investigated their cooperation in
the Volt-VAR program. As expected, the DER interaction in the Volt-VAR program had
many benefits for the distribution network, and the smarter this interaction became, the
more benefits arose from the Volt-VAR programs. Considering the current condition of
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the distribution network, direct communication with all DERs is impractical, and pro-
posed DER types were introduced to overcome this issue. In this paper, three possible
distribution system states were considered. In the first state, the end-user devices used
conventional power supplies; hence, they did not interact with their surrounding distribu-
tion system condition. In the second state, which can be called the complete smart state,
the end-user devices were equipped with smart-power electronic power supplies, which
could communicate with the residential system operator to change their reactive power
injection/absorption based on the system operator command. In the third state, which can
be called the intermediate state, the end-users employed devices with a power–electronic
interface without any on-line communication with the residential control system, and their
interactions with reactive power injection/absorption were based on their sense of their
surrounding condition. Regarding the current distribution network situation, the third
state is more practical for implementation. As the results show, the complete smart state
is an ideal state in which the system operator can completely control the DER. However,
to achieve such a condition, a very complex and expensive communication infrastructure
is needed. In the intermediate state, the end-users cooperate with the distribution system
management based on their feedback from their surrounding condition, and as discussed in
this paper, this situation is fulfilled by a mode named the droop-control mode. Considering
the current state of the distribution system and the current capability of the communication
systems, the interaction of the droop-and central-controlled DERs has many advantages for
the distribution system. The droop control of end-users for Volt-VAR program participa-
tion is proposed in this paper as an intermediate solution for the current configuration of
the distribution network. For future work related to this study, multi-objective methods
can be used to solve the problem. This paper also introduced uncertainty issues, such as
energy source uncertainty, load uncertainty and measuring-instrument uncertainty into the
objective function of the problem.
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MCDM Multi-Criteria Decision Making
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DGs Distributed Generations
MPC Model Predictive Control
GDC Generalized Droop Control
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AHP Analytic Hierarchy Process
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