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ABSTRACT This paper proposes a coordination method for the voltage control devices based on optimal
settings of the D-STATCOMs, on the load tap changer (OLTC) transformer and the distributed generations
(DGs)-based renewable energy resources (RERs). The central controller is introduced to handle the active
smart distribution network (SDN) problems to maintain the voltage profile within its permissible limits,
minimize power losses in different operating conditions, and minimize the energy wastage from the
distributed renewable energy resources. These problems are formulated as a multi-objective optimization
problem. With increasing load demand and RERs in the distribution system, voltage coordination threatens
real-time efficiency. In this research work, central controller-based Gorilla Troops optimization (GTO)
algorithm is proposed to detect the optimum solutions for the voltage coordination problem. The load demand
uncertainty and the stochastic nature of power generated from RERs (PV panels and wind turbines) are
considered in the voltage coordination problem due to their significant effects on the operation and planning
of the SDN. The proposed SDN has been represented based on the Internet of Things (IoT) communication
protocol. It enhances the data and information transfer between the system-connected agents. A practical test
system, NDEDC-24 bus radial distribution network from the North Delta Electrical Distribution Company
and IEEE-33 node system are used to test and evaluate the proposed method. The results are compared with
other well-known evolutionary methods. The proposed method obtains more accurate results than the other
methods.

INDEX TERMS D-STATCOM, distribution network, Internet of Things, on-load tap changer, voltage
coordination.

I. INTRODUCTION

The load-growing requirements have led to congestion in the
contemporary electric grids. They consist of several stages of
distribution, transmission, and generation systems [1]. The
distribution systems supply the low-voltage consumers by
converting the high voltage from the transmission networks.
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For distribution networks (DNs), the voltage profile is one of
the most important parameters. DNs operators are responsible
for maintaining consumers’ voltage within its acceptable lim-
its. The mitigation strategies of the voltage violation are used
to ensure that the network bus voltages are always suppressed
at the allowable values [1], [2], [3].

Several studies presented various techniques to rem-
edy the voltage violation in the active DNs-connected dis-
tributed generations (DGs). The mitigation methods for
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the voltage violation can be classified into; static transfer
switch, reactive power control, demand-side management,
on-load tap changer (OLTC) transformer, feeder enhance-
ment, and energy storage systems [3]. The following sections
present a brief literature review regarding voltage mitigation
methods.

Power electronics-based compensation devices such as dis-
tribution static compensator (D-STATCOM) and static var
compensation (SVC) have a fast response and large capacity
of the reactive power injection [4]. D-STACOM devices, with
their ability to control the power flow and voltage, can be
a solution to mitigate voltage violation [5]. The optimiza-
tion algorithms, such as bacterial foraging optimization algo-
rithm, genetic algorithm (GA), fuzzy logic, and ant colony
optimization approach, were used in previous researches to
determine the optimal locations and ratings of D-STATCOMs
in DNs for mitigating the voltage violation and reduce power
losses [6], [7], [8]. A mixed-integer conic model was used
to determine the solution of the optimal ratings and loca-
tions of the D-STATCOMs devices [9]. The discrete version
sine-cosine algorithm was presented in [ 10] to obtain the opti-
mum sizing and location of the D-STATCOM to minimize the
operating costs in the DNs. The differential evolution algo-
rithms were used to find the optimal location of D-STATCOM
in the DNs [11], [12]. The impacts of reconfiguration on the
optimal D-STATCOM placement problem were addressed
in [11]. Reference [12] determined the D-STATCOM rating
by injecting the optimal voltage phase angle at the optimal
location. The forward—backward sweep load flow method
was utilized to calculate the power flow and losses in DNs.
It presented a D-STATCOM model to compensate for the
reactive power and reduce power losses [12]. D-STATCOM’s
optimal placement and size problem was solved using the
modified BAT algorithm to avoid the voltage violation prob-
lem [13]. The power system analysis toolbox was used to
control the operating steps of the D-STATCOM module [14].
Moreover, it was applied to find the impacts of connecting
the D-STATCOM on the system loading ability and voltage
to satisfy the optimal quality of the system.

The OLTC regulates the voltage by varying the tapping of
transformer windings while the transformer is under-loading.
The voltages of the transformer secondary windings buses
can be adjusted by optimally selecting the suitable tap posi-
tion [15]. The electronic OLTC was utilized to maintain the
load voltages within the permissible limits by simulating
it using the MATLAB program [16]. The artificial neural
network was used to control the electronic OLTC to maintain
the voltage magnitudes at the load buses [17]. The OLTC
and demand response (DR) were integrated to control the
voltage in the unbalance DNs [18]. Also, particle swarm
optimization (PSO) was applied to find the location and rating
of OLTC settings and DR, respectively. However, relying on
the OLTC alone to regulate the voltage may increase the
customers’ voltage near the transformers, especially for long
radial feeders.
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Integration of DGs-based renewable energy resources
(RERs) with radial DNs has been studied in recent decades.
As the installed DGs are not appropriately planned, tech-
nical issues such as system unbalance, voltage fluctuation,
system unbalance, and overvoltage may have arisen. Fur-
thermore, an increase in the voltage level of buses and
power losses result from the load variations and the inter-
mittent power generation of the RERs, such as PV and wind
power [19], [20], [21]. The impact of several DG penetra-
tions and concentrations levels on the long-term investment
deferral of the DN was assessed in [22]. An approach was
developed relayed on the amount that the network radial
feeder currents were reduced by DG units [23]. Thus, proper
DG allocations (size and location) into the radial DN are
required to minimize these problems [24], [25]. Various stud-
ies analyzed the integration of the DGs in the DNs from
many points of view. Various approaches associated with the
stability problem related to the wide penetration of PV energy
into the power system were studied [26]. The algorithms
of the ramp-rate control were used with the energy storage
system to decrease the power fluctuation to the electric net-
work [27]. Reference [28] studied the technical problems,
such as stability and frequency disturbances, and voltage limit
violation, which is resulted from connecting high penetration
of PV systems to the DNs. Reference [29] applied the drag-
onfly algorithm to determine the optimal allocation of the
DGs. An improved wild horse optimization technique was
applied to find the optimal location and size of the DGs to
increase reliability, improve the voltage profile, and reduce
the power losses in radial DNs [30]. A model for optimal
wind turbine-based DGs location was presented in [31] by
using the mixed integer linear programming in the smart
grids considering the effect of OLTC and power factor control
methods. An improved multi-objective PSO algorithm was
introduced to obtain the optimum simultaneous DG units’
sizing and location to improve system stability and voltage
profile and reduce active power losses [32].

Many studies have combined more than one voltage con-
trol method to mitigate voltage violation and minimize power
losses [33], [34], [35], [36]. The PSO algorithm was used
to control the voltage as an auxiliary service with capaci-
tors, DGs, and OLTC [33], [34], [35]. The capacitor bank
and OLTC were used to control the voltage in the DNs in
the presence of DGs [33]. These methods need appropriate
coordination to perform their function well. Moreover, with-
out appropriate coordination between the capacitors, DGs,
and OLTC, many issues can arise, such as increasing the
number of OLTCs switching operations, releasing the neg-
ative impacts of DG integrations, and increasing the volt-
age profile to exceed the permissible limits. The manage-
ment between OLTC, DGs-based PV panels, and compen-
sation devices was presented for controlling the voltage by
using GA [37]. It was used to obtain the optimal setting of
capacitors banks, DGs, and OLTC. The voltage-VAR Opti-
mization algorithm was proposed to control the voltage in
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unbalanced DN [15], [38], [39]. The DN was divided into
control areas, each linked with DG, capacitor bank, and
OLTC. The Mixed-integer quadratic programming model for
Voltage/VAR control was introduced with two phases and
various time ranges in the existence of DGs in DN [15], [38].
A coordination method was presented to maintain the volt-
age within its permissible limits and minimize the feeder
losses [39]. It was based on finding the optimal coordination
between OLTC, shunt capacitors, and DGs and determining
the optimal location to install these controlling devices using
the PSO technique.

Dealing with uncertainty is one of the important planning
issues in power systems due to the dynamic variations of
consumers’ loads and/or the penetration of RERs. Therefore,
an appropriate uncertainty management method is required to
make accurate decisions for the penetration of the RERs in the
DNs. An approach for power distribution voltage regulators
in medium voltage distribution networks was presented in
[40]. The deviation of solar and wind power generations from
their predicted or scheduled values was presented in [41].
The solar radiation and the wind speed were simulated by
a normal distribution and the Weibull-distributed, respec-
tively. The artificial hummingbird algorithm was applied to
determine the optimal location of wind turbines and PV
panels in IEEE 33-bus and 94-bus test systems to minimize
emissions, cost, and voltage deviation, and improve volt-
age stability, considering load demands, wind speed, and
solar radiation uncertainties [42]. Considering the uncertain
parameters results in more efficiency and accuracy of the
models; however, it also increases the model’s computing
weights and complexity [43], [44].

The voltage control and management were performed
using centralized and decentralized approaches. In the cen-
tralized methods, system data was collected from all buses
and sent to the central control and management unit through
communication links. Then the data was processed, and
the command signals were sent back to the voltage control
devices to regulate the system voltage within its nominal
values [45]. It has many advantages, such as accessible to
implementation, high controllability, low-cost, and real-time
monitoring for all system parameters; also, the data is safe-
guarded in central units. Also, it can achieve the system’s
global objective and coordinate different devices simulta-
neously. Furthermore, it contains a memory that stores the
different voltage violation scenarios and then can regulate the
voltage reasonably based on the stored data [46], [47]. How-
ever, it suffered many disadvantages, such as a single failure
point and a lack of flexibility and scalability. To enhance
the performance of the centralized control and management
schemes, high bandwidth communication is required for data
and information exchange on a timely basis, and more redun-
dancy can be added to the control and communication infras-
tructure [46]. On the other hand, each unit and device in the
system was treated as standalone and controlled using its local
data when the decentralized controllers were applied. The
decentralized approach did not require communication links
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as it was based on local measurement without full awareness
of all the system data. The lack of coordination between
devices made achieving the global objective difficult [47].
The implementation difficulty was higher and did not ensure
optimal performance due to the lack of a global view of
the system and the cooperation between the different system
devices [48].

The Internet of things (IoT) has been recently integrated
with conventional DNs to perform SDNs. The SDN included
various smart objects such as smart meters, smart appli-
ances, and sensors that were interconnected and commu-
nicated with each other for transferring data and informa-
tion between these devices. IoT enabled the system to be
monitored, improved the system performance, and enhanced
real-time decision-making [49], [50]. It could be applied
for controlling, monitoring, and protecting the smart substa-
tion equipments with low cost, high reliability, and human
resources reduction [51]. It provided many features to the end
users, such as accessibility, scalability, and mobility, ensuring
data storage and processing at a low cost [52]. Enhancing
the system voltage regulation with power management using
central control based on a wireless flow sensor was reported
in [53]. In [54], the voltage was regulated in SDNs using a
smart inverter, data distribution service (DDS), and IoT-based
communication platform. Local and coordinated control was
applied to mitigate the voltage violation in the DN with
high penetration of the DGs [54]. The optimal allocation and
operation of the flexible AC transmission systems (FACTs)
in the cyber-physical DN-based IoT communication platform
was discussed in [55].

From the above literature review, the research gap can be
summarized as follows;

1- The centralized control for coordinating different voltage
regulation devices, such as OLTC and STATCOM, in the
presence of DGs to achieve a global objective is not
investigated.

2- The use of IoT-based communication channels for SDNs
is not considered.

3- The multi-objective metaheuristic optimization method
for the voltage coordination problem to minimize the
power losses, DGs’ energy wastage, and a number of
OLTC-tap operations while investigating the effect of sys-
tem uncertainties is not considered.

This paper applies a new multi-objective metaheuristic
optimization method called Gorilla Troops Optimizer (GTO)
algorithm to solve the optimal voltage coordination problem
in SDNs. The SDNs are performed for data and informa-
tion transfer capabilities, system monitoring, and supervision
processes. The SDN is designed based on IoT technology
that can connect all the system agents in the network. Four
layers are proposed for the SDN architecture: physical, com-
munication, processing, and cyber. Long-range wide area
network (LoRaWAN) technology is applied as a wireless
communication channel. A central controller for the voltage
coordination between the D-STATCOM, OLTC, and DGs in
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the SDN is applied in this paper. The proposed method is used
to find the optimal ratings of the DGs, the D-STATCOMs,
and the OLTC-operating tap in the SDNs. Solving the voltage
coordination problem aims to minimize the energy wastages
from the DGs-based RERs, the active power losses in the
lines, and the number of tap operations of the OLTC. This
paper uses two types of DGs: PV panels and wind turbines.
Also, the uncertainty model of the solar radiations and the
wind speed is considered in solving the voltage coordination
problem. A practical test system, NDEDC-24 bus radial dis-
tribution network from the North Delta Electrical Distribution
Company, and a modified IEEE-33 node system are used to
test and evaluate the proposed method. The novelty of the
paper can be summarized as follows:

1. Proposing a central controller for real-time voltage
coordination between the SDN’s DGs, OLTC, and D-
STATCOM.

2. Designing SDN based on IoT technology with four layers
for enhancing the data and information transferring capa-
bilities and performing the voltage regulation.

3. A new multi-objective metaheuristic optimization method
based on the Gorilla Troops Optimizer is applied to solve
the voltage control coordination problem.

4. The objectives of the proposed voltage coordination
method are to minimize the power losses and the energy
wastage of the DGs (PV and wind). Also, it determines the
optimal number of OLTC-tap operations.

5. The coordination method is performed in practice DN with
hourly load demand variations. Also, the uncertainty of
solar radiation and wind speed is considered.

This paper is structured as follows: section II describes the
voltage violation problem in the DNs. The voltage violation
mitigation strategies are explained in section III. Also, the
uncertainty models of solar radiation and wind speed are
illustrated in the same section. Section IV presents the pro-
posed IoT-based system architecture for the SDNs. Section V
consists of the voltage coordination problem’s objective func-
tion and constraints. The proposed GTO method is explained,
and the applied steps of the method to find the optimal
coordination of the voltage control problem is explained in
section VI. The test system and the simulation results of the
GTO-based coordination of voltage control are illustrated in
sections VII and VIII. Finally, the conclusions of the paper
are specified in section IX.

Il. VOLTAGE VIOLATION PROBLEM IN THE
DISTRIBUTION SYSTEM

Voltage violation is one of the most important problems that
occur in DNs. The main source of this violation is domestic
consumers and industrial loads. In conventional DN, the nor-
mal power flow direction is from the distribution transformer
toward the load. The voltage is adjusted over the nominal
voltage at the distribution transformer to recompense the
voltage drop in the feeder. Therefore, the voltage decreases
as we move away from the distribution transformers along
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the feeder, and the lowest voltage occurs at the end of the
line at the consumers. The case is complex in practice due
to the unbalanced DN along the feeders [3]. The medium
voltage DNs in North Delta Electrical Distribution Company
(NDEDC) are operated on 11 kV. While the nominal low
voltage at the consumers is 380V, and the under-voltage is
considered if the voltage becomes lower than 340V. This
under-voltage depends on the feeder impedance, load currents
along the feeder, vicinity to voltage-controlling equipment,
and the load power factor. The NDEDC generally uses the
off-load tap changers transformers to maintain the violation
in voltages. So, the voltage of secondary windings of the
distribution transformer is usually set higher than the nominal
voltages to recompense the feeder voltage drops.

DG integration in the DNs of the NDEDC has grown in the
last decade. Most DGs-based RERs are linked to the DNs via
power electronic converters. The distributed PV with a power
domain from 1 kVA to 50 kVA can cause voltage violations
of the low-voltage DNs [56]. The power generated from the
DGs reduces the power taken from the grid, and the load
voltage depends on the DGs’ produced power. In case of high
penetration of DG power, the power flow inverses its direction
to flow from the load buses to the distribution transformers.
Therefore, the voltage magnitudes of the load buses will
be greater than the distribution transformer depending on
the power flow rate; also, the load voltage magnitude may
be exceeded the permissible limits [57]. The long-term and
short-term variations of the weather will affect the power
produced by the DGs (Wind and PV sources); consequently,
the voltage drop and power flow will change [58], [59]. The
long-term variations are seasonal ambient temperature, wind
speed, and sunshine through summer and winter. While the
short-term variations include events such as solar radiation
changes due to the clouds and wind speed changes during
the day. Therefore, voltage fluctuation is a catastrophic prob-
lem caused by heavy loading or installing many DG types.
They added additional challenges to the distribution system
operators.

Ill. VOLTAGE-VIOLATION MITIGATION STRATEGIES

The load variations at consumers affect the voltage control
and the DGs management in the DNs. Many strategies, such
as shunt, series compensation, and OLTC, are used to solve
the problem of voltage violations in DNs. In this paper, a com-
bination of three different strategies is considered to regulate
the voltage and minimize the power losses, the number of
tap operations of OLTC, and the energy wastage from the
distributed RERs.

A. ON LOAD TAP CHANGER MODELING

The tap changer of the transformer can be used as a booster
transformer. It is one of the main strategies used to regulate
the voltage in electrical networks [59]. The transformer’s
multiple taps, which can be On/Off taps, are used in the
electric network to compensate for the voltage. By moving
the taps from one position to another, the turns ratio of the
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FIGURE 1. Transformer model including tap-changer winding and their
switches.

transformer will be changed, and the terminal voltage also.
The construction of the electronic OLTC is illustrated in
Fig.1. It can be installed on either the low or medium-voltage
side of the transformer. This paper studies the impact of the
OLTC on voltage violation mitigation and line loss reduction.
In normal conditions, the tap position is put at a nominal
value. Increasing the tap position in the primary leads to a
decrease in the secondary voltage. However, lowering the
tap position leads to an increase in the voltage. The optimal
configuration of the OLTC shown in Fig. 1 is used for the
proposed control method.

To determine the voltage for each tap winding, Eqs. (1) and
(2) should be satisfied [60].

Va1 = Vstep (D

Va2 = 2Vstep 2

The maximum realizable voltage, N,, can be determined by;
Ny=n*—n+1 3)

As a general form, the voltage for each tap winding can be
expressed by [17],

anl = N£71 Vstep (4)

an2 = 2><]\[\)]71 Vstep (5)

where V,;1 is the voltages of the tap winding, and Vy,is the
achievable voltage step. j = 1, 2, ... total number of taps.

For example, if the number of taps is 3 for each tap

winding, therefore, N, = 7, Vi = T Wep, andVip =
2% P Wyep

B. D-STATCOM MODELING
D-STATCOM is a compensation device used to absorb or
inject the reactive and active currents at a point of common
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FIGURE 2. D-STATCOM connected to the bus ith in DN.

coupling (PCC) connection, respectively [60]. It can regulate
the voltage of its bus and improve the power factor. The
current can be generated/absorbed by changing the switch
with a control strategy based on the voltage of the buses.
The D-STATCOM typically injects a suitable compensating
current to the PCC in steady-state operation. Thus, the volt-
age at the load bus controlled by the D-STATCOM will be
raised near the nominal or a given value [61]. In general,
D-STATCOM can interchange the reactive and active power
simultaneously. In this study, the DSTATCOM is utilized for
reactive power interchange. Figure 2 illustrates a bus in a DN
equipped with a D-STATCOM. The D-STATCOM reactive
power is determined by;

jQDS = Vi,newlgs (6)

where V; . is the voltage of the bus i after the compen-
sation by D-STATCOM, Ips is the D-STATCOM injected
current, and * denotes the conjugate of a complex variable,
Vi, new L @new .

C. DG MODELING

This paper’s hybrid renewable energy system model depends
on wind turbines and photovoltaic panels. These sources
should be modeled as described in the following subsections.

1) WIND POWER SOURCE

The wind is caused by the rapid movement of hot air caused
by solar energy. The wind turbine converts the kinetic energy
in the wind to electric energy through a double-fed induction
generator (DFIG). The wind turbine’s electric energy depends
on the wind speed and pitch angle [62]. The power produced
by the wind turbine can be calculated by,

0 0 < Vwind < Vin
3 . .
P, = pszwiml Co  Vin < Vwind < Vr 7)
Py, Vr = Viind <V0
0 Vo = Vwind

where, P, is the wind turbine-rated power, C, is wind tur-
bine coefficient, A is the wind turbine swept area, p is the air
density coefficient, and vnq is the wind speed. The vjy,, vo,
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and v, are the cut-in, cut-out, and rated wind turbine speed,
respectively.

Determining the appropriate statistical model that repre-
sents the uncertain variables in the system is one of the most
important planning steps. Due to its volatile nature, the wind
speed is not fixed during the planning time; therefore, the
output power from the wind turbine will not be a constant
value over time. Statistical models of wind speed do not
follow the normal distribution. Many researchers study the
wind speed model as two parameters by Weibull distribution
networks [63], [64], [65]. This model is helpful in long-term
and short-term studies. The Weibull probability distribution
function (PDF) is expressed by [64] and [65],

Foy=" ()T e (<))

c

where, & and c are the shape and scale parameters of Weibull
distribution, respectively. In this paper, the wind speed data
is acquired from the daily wind speed. The wind turbine-
generated power is dependent on the wind speed.

2) PV MODEL

Climatic conditions such as ambient temperature, clouds, and
solar irradiance highly affect the PV panels’ power output.
In this paper, the power generated from the PV panels is
calculated by using a simple model. This model uses the
ambient temperature and the solar irradiation every hour as
inputs. The power generated by the PV panels is given by the
equation [62]:

Ppy =nA[l1 -0.005(T¢c —T,)]G C)

where 7 is the conversion efficiency, A is the PV panels area,
Tc is the cell temperature of PV, T, is the reference temper-
ature of PV, and G is the solar irradiation. The conversion
efficiency of the PV panel is constant depending on the type
of PV. The PV cell temperature, 7T¢, can be determined by,

T, —20°C
Tc =T, — )G 10
C a+( 300 ) ( )

where, T, is the ambient temperature. It can be observed from
(9) and (10) that the PV output power mainly depends on solar
irradiation and ambient temperature.

The common parameters used to model the PV output
uncertainty are humidity, air temperature, sky key index
(sunny, cloudy, and clear), and solar radiation. The normal
PDF, formulated in (11), models the air temperature and the
solar radiation uncertainty. The normal distribution PDF for
air temperature, and radiation, G, are calculated by [66]:

_G-w?

1
\/ﬁ * exp ’7’ 202 —‘ (11)

where o and p are the standard deviation and mean of fore-
casted radiation and air temperature, respectively. In each
case, random solar radiation and air temperature are produced

fG =
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each hourly. So, the output of PV power is determined by the
following;

Ppy = Pstc * e 1+ K(Tc+ T (12)

STC

where K is the coefficient of maximum power temperature,
Pgrc is the rated power of PV, and Ggrc is the standard
radiation (1000 W/m?).

IV. PROPOSED loT-BASED SYSTEM ARCHITECTURE FOR
SMART DISTRIBUTION NETWORK

In this section, the proposed smart distribution network
(SDN) has been represented. The SDN consists of DGs,
battery storage systems, D-STATCOMs, and OLTCs. The
central controller is designed to regulate the SDN voltage
using a coordination strategy between the DGs, OLTC, and
D-STATCOM. It connected with all SDN agents with a
communication channel for data monitoring, collecting, and
reporting. Also, it enables the sending/receiving of the control
signals between the central controller and all system smart
agents. The communication channel is based on IoT technol-
ogy that enables all physical agents in the SDN to receive,
send, and share information among each other and between
the agents and the central control unit. Also, it transfers the
static agents into smart agents using their prevalent technolo-
gies as pervading computing, embedded systems, and com-
munication technologies. All power-generating units, DGs,
loads, and voltage-regulating devices are integrated into this
platform.

According to the standard IEC 61850, the data distribution
service (DDS) is applied as a messaging protocol. Itis applied
for the data and information collaboration middleware among
the SDN’s agents. It is used with the SDN to enhance its
capability to easily share and communicate data between
networks, devices, and components securely and efficiently.
Also, it enables real-time communication, provides low data
latency access, achieves high performance, enhances reliabil-
ity and dependability, and ensures data exchange scalability.
It enables standard application programming interfaces for
C, C++, Java, and.Net to enhance multiple applications’
integration. The voltage regulation process can be applied
using IEEE 802.11n WLAN or Ethernet with the IEC 61850.
It provides the appropriate sharing of the data and information
between the SDN agents, D-STATCOM, OLTCs, and the
central controller.

In this paper, the simulation implementation is achieved
using the real-time innovation (RTI), Connext connectiv-
ity framework custom-built in MATLAB classes and DDS
simulation blocks. These blocks are added to the simulated
model to enable the model to communicate with other DDS
members. In the simulation, the MATLAB/Simulink®) coder
produces C/C++ code from the model, and the generated
code from the DDS blocks conforms to the RTI Connext
DDS. Then the code is compiled and executed on the platform
supported by RTI Connext DDS or RTI Connext Micro DDS
framework.
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The proposed SDN architecture comprises four layers, the
physical layer, the communication layer, the processing layer,
and the cyber layer.

A. PHYSICAL LAYER

The physical layer integrates all the system smart agents
like; DGs, OLTCs, D-STATCOMs, loads, and buses for data
collecting and monitoring. This layer contains sensors and
measuring devices at every node in the SDN. The main
purpose of these sensors is to measure the system voltage at
each bus, the taps of the OLTCs, output power from each DG,
stochastic input parameters of each DG, and D-STATCOM
setting. It provides the central controller with the required
data for achieving its goal.

B. COMMUNICATION LAYER

In this layer, the IoT-based communication platform is
designed. It is the intermittent layer between the agents and
the processing layer. It enables the measured data to transfer
between these two layers in a secure channel. Two communi-
cation networks have been used: neighborhood area network
(NAN) and wide area network (WAN). Long-range wide area
network (LoRaWAN) technology is applied in this paper
as a wireless communication channel. It can communicate
with a long-range, low-power wide area network (LPWANS).
It is easy to implement, has convenient coverage capabili-
ties, ensures energy efficiency, enhances indoor penetration,
and enables bidirectional connectivity for various IoT-based
applications [67].

C. PROCESSING LAYER

In this layer, the measured data from the sensors in the
SDN is processed using powerful processors. It performs
the intended application to the collected data to enhance the
system control function. It regulates the system voltage by
indicating the DG sizing and localization, convenient tapping
setting of the OLTC, and correct D-STATCOM designing.
Also, it can deal with system uncertainties by ensuring the
controller’s ability to mitigate the effect of the stochastic DGs
and load parameters. The control signals are sent to the SDN’s
agents via the LoORaWAN communication channel to regulate
the DN’s voltage within its acceptable limits.

D. CYBER LAYER

After the measured data is processed, the measured data are
stored using middleware software which communicates the
system agents and processed data with the storage servers.
This layer is designed to be a cloud-based layer. It enhances
the database’s low sever and investment cost and provides the
security and flexibility issues for the measured and processed
data.

V. PROPOSED OPTIMAL VOLTAGE COORDINATION
STRATEGY

This paper proposes a control strategy for voltage coordina-
tion between OLTC, D-STATCOM, and multiple combined
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DGs (wind and PV) in the SDN. The objectives of the coor-
dination strategy are to improve the voltage profile, reduce
the active power losses, the number of tap operations (TOs)
of the OLTC, and DGs energy wastage (EW) due to the load
changing during a day. The purpose of solving the coordina-
tion problem is to detect the optimal setting of the OLTC, D-
STATCOM, and the multiple combined DGs (wind and PV)
in the SDN. These settings are DG output power, the number
of taps of the OLTC transformer, and the reactive power of
the D-STATCOM. The objective function and the constraints
of the coordination problem are represented in the following
sections.

A. OBJECTIVE FUNCTION

The objective of implementing the proposed optimization
algorithm is to minimize the Objective Function (OF), which
is composed of minimizing the total power losses, TPL, the
wind and PV energy waste (EW), and the number of tap
operations (TOs) of the OLTC transformer during a time as
will be illustrated in the following subsections.

1) TOTAL ACTIVE POWER LOSSES

The active power losses in the DNs are the major section
of the power system losses. The objective of the total active
power loss minimization, F1, is calculated using the power
flow equations. The TPL is determined as the difference
between the total power generated and the total load over a
defined time horizon T so that it can be computed by,

T ﬂg ng
Fi=TP, = Z(ZPg,t - Pd,,) (13)
i=1

t=0 \i=1
where P;; and Py, are the active power demand and gen-
eration at time ¢ for each system bus i, respectively. ny is
the number of load buses and n, is the number of generation
buses.

2) TOTAL NUMBER OF TAP OPERATIONS

In DN, the load continuously varies, so OLTC works many
times in a given time. This reduces the service life of the
OLTC transformer and thus increases the costs. In this paper,
the proposed method is designed and implemented to reduce
the number of TOs. So, the second term of the objective
function is to minimize the total number of the TOs as,

T P
B=10=3 (Xt -1)) a9

t=0 \p=1

where P is the total number of OLTCs tap positions and T), ;
and T ;41 are the tap position of OLTC at time step ¢ and
t + 1, respectively. All tap changes over any two consecutive
time steps over a defined time horizon T are arranged in F>.

3) DGs POWER CURTAILMENT
The DGs energy wastage (Power Curtailment (PC)) is the
difference between the total generated power from DGs (wind
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and PV) and the total DGs available power at each time peri-
ods ¢. This value is always positive and should be reduced to
full DG power capacity. Maximizing the injected DG power
at some nodes may increase bus voltages and power losses.
The DG power curtailment can be expressed by,

T ndg
F3=PC= Z Z (P%lt - Pflg,t) (15)
t=0 \dg=1

where ngg is the total number of DGs (Wind and PV). Pj;{ :
and Pzg’ , are the available and generated power from the DG
at time .

The summation method with weighted factors is used in
this study to determine the gross OF that considers the min-
imization of both the TPL, TOs of OLTC, and PC of DGs
for a defined time horizon T. Hence, the OF can finally be

expressed by,
OF = min (w1*TPr, + w> * OT + w3 * PC) (16)

where w1, wy and w3 are the weight factors. The objective
function, OF, is a multi-objective function weighted with the
summation of w1, w2, and w3. Increasing the weight w; will
improve the minimization of the total power losses over the
total number of TO of the OLTC and PC of the DGs and
vice versa. Therefore, the values of the weighted factors must
be selected to satisfy the required balance between the total
power losses, the number of TO of the OLTC, and the PC of
the DGs. The best values of the weighted factors; w1, w;, and
w3 depend on the feeder topologies, location and types of the
DG, locations of OLTCs, and location of the compensation
devices, so it varies from one feeder to another. Furthermore,
these values may vary according to the engineer’s concerns.
So, the values of the weight factors wi, w», and w3 are
determined according to the relative viability and significance
of each objective and satisfy equation (17). The weight factors
w1, wy, and w3 are subjected to,

3
Zw,- =1 w;€l0,1] (17)

i=1

In this paper, many combinations of the weighted factors
are evaluated by applying them to the test system. Finally,
best one is used to obtain the OF. For this analysis, the power
losses have a higher weight (0.45) since it is important for
distribution system. The DGs energy wastage (Power Cur-
tailment (PC)) has the second major value (0.35) since it is
important in the applications of the DGs. The number of tap
operations of the OLTC receives a weight of (0.2), owing to
the low number of OLTCs in the distribution system.

B. PROBLEM CONSTRAINTS

The OF in (16) is subjected to numerous constraints for the
various variables; TPL, TO, and PC. These constraints are
presented as follows;
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1) POWER FLOW BALANCE
The balance of active and reactive power constraints equa-
tions are illustrated in (18) and (19),

n;
Pgi—Ppi=V,; Z Vi(Gjj cos (Gij)
j=1
+ Byjsin(9)) for(i=1...N) (18)

OGi —Opi =V Z Vi(Gjj cos (6))
j=1
— Byjsin(0)) for(i=1...N) (19)

where Pp; and Qp; are the active and reactive demand power
at i bus, respectively. Pg; and Qg; and are the active and
reactive power generation at i bus, respectively. Gjj and
Bijj are the conductance and susceptance of the line between
i and j™ bus, respectively. 0;; is the phasor voltage angle
difference between bus i”* and j.

2) DISTRIBUTED GENERATION LIMITS

The injected power into the DN by DGs should be within
maximum and minimum values as given in (20); also, the
voltage magnitude limits of DG buses is defined by (21).

PRt < Ppgi < PRés (20)
VaI < Vpgi < Vper (21)

where Ppgi, Pgi’;li, and Pp; are the generated, minimum, and
maximum active power of DG at i bus, respectively. Opgi,
Qgg‘i', and Q%‘gi are the ge;llerated, minirpum, and n}aximum
reactive power of DG at i bus, respectively. Vpg; is the set
point (.)f.DG bu.s Yoltage. Vigr, and VT are tl.le maximum
and minimum limits of DG bus voltage, respectively.

3) BUS VOLTAGE LIMITS

The bus voltage magnitudes are to be maintained to the
acceptable operating limits throughout the optimization pro-
cess, as follows;

Vimin < Vi < Vimax (22)

where V/"* is the upper value of the voltage limit, and Vimi"
is the lower value of the voltage limit, and V; is the root mean
square value of the i bus voltage.

4) D-STACOM CONSTRAINTS

To avoid overcompensation, the injected reactive power from
the D-STATCOM s should be equal to or less than the demand
reactive power given in (23).

Opsr (1) = Op (i) (23)

where Op is the demand reactive power and Qpsr is the
injected reactive power from the D-STATCOMs.
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5) OLTC CONSTRAINTS

The voltage of the feeder feeding point can be changed using
the OLTC to regulate the voltage magnitude over the feeder.
It can adjust the magnitude of voltage within the range of
rated voltage. The number of tap positions has a specific
number of steps.

TF<T,<T/ 24

where T is tap position of x” OLTC transformer. T and TV
are the lower and upper values of the tap position, respec-
tively.

VI. GORILLA TROOPS OPTIMIZATION ALGORITHM (GTO)
Recently, natural-based metaheuristics techniques have
become one of the most used techniques to solve engineering
problems. This is due to the advantages of these techniques.
They perform better than the local search techniques, do not
need derivation function information, and are simple and
easy in construction and implementation [68], [69]. Most
of these techniques depend on the simulation of biologi-
cal phenomena such as the behaviors of insects, swarms,
plants, and animals. This paper uses a new technique called
Gorilla Troops Optimizer (GTO), a naturally inspired meta-
heuristics technique that mimics the gorilla troop’s group
behavior.

The GTO consists of five stages to carry out the explo-
ration and exploitation operations. The exploration phase
is performed in three stages: immigration to known loca-
tions, immigration to unexplored locations, and going to
other gorillas. These stages improve the efficiency and ability
of the GTO algorithm searchability for the various opti-
mization fields. Also, they help in achieving more balance
between exploration and exploitation. On the other hand,
the exploitations phase is performed in two stages: con-
testing for adult females and going behind the silverback
(SB) [69]. Figure 4 illustrates the different phases of the GTO
algorithm.
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A. EXPLORATION PHASE

As previously explained, the exploration phase consists of
three operators according to the gorillas’ group’s lifestyle. So,
all gorillas can consider as candidate solutions in the GTO
algorithm, and the SB is the best optimum solution in each
step. To select the appropriate operator of the three explo-
ration operators, three conditions should be tested depend-
ing on the random variable, R. The operator, “immigration
to known locations,” is selected when R is smaller than
a pre-describe value called P. While the second operator,
“going to other gorillas,” is selected if R is greater or equal
to 0.5. Finally, the third operator, ““immigration to unexplored
locations,” if R becomes smaller than 0.5. Eq. (25) modeled
the selection mechanism of the three operators [69], [70].

GL(t+1)
(UL — LL)rand| + LL R<P
(rand, —C)L, (1) + K x H R>0.5 (25)
L) —K (K (L(@)—GLy (1))
+ rands (L (t) — GL, (t))), R<0.5

where L, is a randomly selected gorilla from the group.
GL (t) and GL (¢ + 1) are the candidate solutions of gorilla
locations for iteration (¢) and (¢ + 1), respectively. rand,
rand», and rands are random numbers in the range [0, 1]. LL
and UL are the lower and upper limits of the variables. H, C,
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and K are parameters that are calculated by,

C = (cos (2 x randy) + 1) x (1 _ tL) (26)

max

K=Cxl (27)
H=ZxL®) (28)

where Z, [, and rands are random numbers in the range
[-C, C], [—1, 1], and [0, 1], respectively. 4, and ¢ are the
maximum and current iterations, respectively. The simulation
of the SB leadership can be demonstrated by (28). The fitness
value for all GL solutions can be determined at the end of the
exploration phase, and if this fitness value is smaller than the
L (t) then it will be replaced with GL (¢). So, the SB can be
assigned as the best-selected solution in this phase.

B. EXPLOITATION PHASE
Two operators can be implemented in this phase for opti-
mization: contesting for adult females and going behind the
SB. To select the appropriate operator in this phase, the
C parameter is used. If C is equal to or greater than a
pre-described parameter W, the first operator, ’ going behind
the SB,” is applied. However, the operator *’contesting for
adult females™ is applied if C is smaller than W [69], [70].
The SB is strong and young for the recently created goril-
las’ group, and the gorillas in the group obey their orders. This
operator is applied in the case of C greater than or equal to
W and can be modeled by (29).

GL(t+1)=K x Mx (L (t) — Lsg) + L (t) (29)

1 N
— " GLi(t)
N i=1

g=2K 31)

1
8\ ¢

M = (30)

where N is the number of gorillas and Lgp is the best location
in the SB. When young male gorillas grow up to adulthood,
they start to compete with other young gorillas to extend
their sphere of influence in choosing adult females. So, W
is greater than the C parameter, and this operator can be
simulated by;

GL (i) = Xs — 2 x rands — 1) x (Xgp — L (1)) x B X E
(32)

(33)

N1y R=>0.5

N» R<0.S5
where, E is the effect of violence on the dimensions of
solutions. rands is random numbers in the range [0, 1]. The
fitness value for all GL solutions can be determined at the
end of the exploration phase, and if this fitness value is
smaller than the L () then it will be replaced with GL (¢). So,
the SB can be assigned as the best-selected solution in this
phase.
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C. OPTIMAL COORDINATION OF VOLTAGE CONTROL BY
GTO ALGORITHM

In this paper, the GTO method is applied to obtain the optimal
tap setting of the OLTC, the injected reactive power from the
D-STATCOM, and the penetration of DGs-based RERs to
satisfy the OF. It aims to minimize the total power losses, the
number of Tap positions, and the total amount of curtailed PV
and wind power. The proposed GTO method for solving the
optimal coordination of voltage control problem is provided
in the following section; flowchart and the architecture of the
GTO method.

The first step in implementing the proposed coordination
voltage control method is calculating the optimum loca-
tions of the DGs and the DSTATCOMs. Because this is
out of the scope of this study, the optimum locations are
obtained by executing the optimal power flow using the pro-
posed GTO algorithm. After that, the optimal coordination
of D-STATCOMs, OLTC transformers, and DG penetrations
is obtained to control the voltage. The flowchart in Fig. 5
describes the flow steps of the proposed GTO algorithm.
In this paper, each gorilla performs as a solution for the
voltage coordination problem (the values of OLTC taps, size
of D-STATCOMs, and size of the DGs). Also, the objective
function acts as the fitness value of each gorilla.

The population, L;, is initialized randomly and produced
in the first step to determine the initial sets of the OLTC taps,
the size of D-STATCOMs, and the size of the DGs. Also, the
parameters of the GTO algorithm are selectedas § =3, W =
0.8, and P = 0.03 to direct the Gorilla Troops’ movements
in the search space. The proposed GTO in this study has six
gorillas equal to the number of variables, and each gorilla
represents a vector of ten elements. So, the Gorilla Troops is
6 x 10. Then the GTO algorithm will iterate to determine the
optimal values of the OLTC taps, the size of D-STATCOMs,
and the penetration of the DGs in the search space. In each
iteration, the locations of the gorilla are modified by (26),
(30), and (33) based on the K and C parameters.

The simulation is executed using MATLAB program with
version R2019, a computer with operating system Windows
10, Intel Core i7 - 7500U CPU @ 2.7 GHz and 16.00 GB. All
tests achieved to check the GTO performance are executed
using 30 populations with maximum iterations of 200. The
final results are saved based on the average of 25 independent
run results.

VII. TEST SYSTEM

To evaluate the efficiency and capability of the proposed
voltage method, two test systems are used under various
conditions: NDEDC-24 bus radial distribution system and
modified IEEE 33-node system.

A. NDEDC-24 BUS RADIAL DISTRIBUTION SYSTEM

A practical distribution system is considered under different
conditions. The practical system is the NDEDC-24 bus radial
distribution system from the NDEDC [56]. It is an 11 kV
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radial distribution network. The one-line diagram of the
NDEDC-24 bus system is illustrated in Fig. 6. The maximum
load of the test system is 10 MVA. Busbar B1 is the slack bus
and has a constant voltage equal to 11kV (1£0°).

The electric loads continuously fluctuate during the day.
This is due to the different activities of the people. Further-
more, industrial and commercial power usage varies during
the day. The total daily load curve is shown in Fig. 7. As illus-

VOLUME 11, 2023

Sub-station

@ Modified NDEDC-24 Bus
__ B1 Measured
]

il —

- B2 (=~

w T [L _

L4 e——] 2 LoRaWAN'
1__ B3

| Central
r B6

Controller

e 37 "\
L)
,I‘.
s LoRaWA
—
o i Control
| l) . % l Signal
o L1411 B3 B18
B10
L& Bi6 |B17 |l|>s
B19 B21
170 T PV
116 18407/
B11 = ) ]'L() B20 1211 222 -
s = ) |._3T 5
120 F 1Y, _|B2s
B12
1.24
L.12

FIGURE 6. Modified single-line diagram of the NDEDC 24 bus test
systems.

trated in Fig. 7, the peak load occurs from hours 18 to 20.
Moreover, the data of the lines is included in the appendix.
Three DGs are installed at buses 14, 20, and 21 with max-
imum capacities of 750 kW, 1000 kVA, and 750 kW, respec-
tively. This study applies two types of DGs-based renewable
energy sources: PV panels and Wind turbines. The PV panels
are located on buses 14 and 21, while the wind turbine is on
buses 20. Figs. 8 and 9 illustrate the power generated from
the DG sources (PV and Wind) for one day (24 hours). The
D-STATCOM devices are installed on buses 11 and 20 with
a maximum rating of 900 kVAR. The transformer under
consideration is equipped with an OLTC mechanism on the
primary winding installed at bus 14. The voltage range that
can vary by the OLTC is equal to +10% with a 2.5% step.

B. MODIFIED IEEE 33-NODE TEST SYSTEM
The modified IEEE 33-node system is selected as a standard
system to verify the efficiency and accuracy of the proposed
coordination method and test it. The single-line diagram and
the parameters are given in previous work [39]. The output
of the base load flow before installing DG, OLTC, and STAT-
COM with 100% loading is taken as the base case. In this test
system, heavier operating conditions are imposed.

The total daily load curve is shown in Fig. 10. Three
DGs are installed at buses 13, 15, and 31 with capacities of
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500 kW, 500 kW, and 600 kVA, respectively. The PV panels
are located at buses 13 and 15, while the wind turbine is on
bus 31. Figures 11 and 12 illustrate the rated power produced
from the PV and Wind sources for a day. Moreover, the
STATCOM devices are installed on buses 19 and 25. Also,
the OLTC is installed on bus 17.

VIIl. RESULTS AND DISCUSSION

A. CASE STUDY 1: NDEDC-24 BUS TEST SYSTEM

Four different scenarios are applied to the NDEDC-24 bus
test systems to evaluate the proposed voltage coordination
method by combining different voltage control devices: DGs,
D-STATCOMs, and OLTC. These scenarios are listed as
follows:

Scenario 1: Without DGs and D-STATCOMs (base case)
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Scenario 2: PV and D-STATCOMs

Scenario 3: Wind and D-STATCOMs

Scenario 4: PV, Wind, and D-STATCOMs

The results of these scenarios are illustrated in detail in the
following subsections.

1) SCENARIO 1: WITHOUT DGs AND D-STATCOMs

In this scenario, the reactive power generation or consump-
tion of the D-STATCOM and DGs is assumed to be zero.
Peak demand on the 24-bus test system is 9.212 MVA in
the base case, as shown in Fig. 7. The optimal load flow is
performed on the test system during the day to determine
the power losses in the feeders, voltage magnitudes at buses,
and the tap settings of the OLTC. Figure 7 shows that the
maximum load (9.212 MVA) and minimum (5.9616 MVA)
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occur at the 7® and 8™ clocks, respectively. In this scenario,
the voltage profile of each bus is illustrated in Fig. 13. Also,
the minimum bus voltage magnitude during each hour of
the day is illustrated in Fig. 14. From Figs. 13 and 14, it is
found that the voltage profile performance is different for
most buses. Also, during the day, the voltage varies, where the
minimum voltage magnitude occurs at buses 19, 21, 23, and
24 with values less than 0.829 pu. This occurs during the day
at hours 18, 19, and 20. In this base case, the D-STATCOMs
and DGs are disconnected, and the voltage is less than the
limit, 0.95 pu, at many buses, which is unacceptable for the
DNs. In addition, the active and reactive power losses are
obtained every hour during the day, as illustrated in Fig. 15.
The main objectives of this paper are to keep the voltage
within permissible limits and minimize power losses, waste
energy of the DGs, and the number of TOs. So, the DGs,
D-STATCOMs, and OLTC are used as control devices to
satisfy these objectives.

2) SCENARIO 2: PVs AND D-STATCOMs

In this scenario, reducing the total number of TOs of the
OLTC, minimizing the total active power losses, and the DG
power curtailment is carried out for 11 kV 24-bus realis-
tic time-varying DN with the integration of D-STATCOMs,
DGs, and OLTC. Two PV panels are installed at buses
14 and 21 in the distribution network, while the D-STATCOM
devices are connected to buses 11 and 20. Moreover, the
OLTC is installed on bus 14. The optimal coordination of
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the OLTC, PV, and D-STATCOM is performed considering
24-hour PV and load variations. The optimal sizes of the PVs
are determined using the proposed optimization algorithm
based on the GTO to minimize the TPy, PV panels, PC, and
the TO of the OLTC while maintaining the voltage buses to
their acceptable limitations.

The proposed GTO algorithm is applied to the test system
in the presence of PVs, OLTC, and D-STATCOMs. The
optimum active power generated from the PVs is shown in
Fig. 16. Figure 17 illustrates the minimum voltage magnitude
of the system during a day with and without connecting
the D-STATCOMSs and PV panels. It can be observed from
Fig. 17 that, after switching the voltage control devices with
the optimum setting values, the voltage profile is regulated
within the acceptable limits throughout the test system. How-
ever, during the nighttime becomes slightly below the permis-
sible set limits. It can also be observed from Figs. 16 and 17
that when the PV panels inject the highest power at 12:00 PM,
the voltage magnitudes at the DG buses are near the upper
limit. During the nighttime, the PV panels’ output again
becomes zero; however, the proposed coordination method
effectively regulated the system buses’ voltages magnitudes
within acceptable limits by setting the optimum tap positions
and the size of the D-STATCOMs.

The active and reactive power losses are illustrated in
Fig. 18. The PVs and the D-STATCOMs can decrease the
system’s total reactive and active power losses compared
to the base case. It is seen from Fig. 15 that the proposed
coordination method can decrease the total active and reactive
power losses in the test system lines from 12.717 to 6.941MW
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FIGURE 18. Power losses of the system connected to PV panels and D-
STATCOMSs.

and from 12.096 to 5.861 MVAR compared to the base case
for one day, respectively.

By using the OLTC action only to regulate the voltage for
the test system, as in the base case, there is multiple switching
of the TOs to maintain the voltage. The number of TOs of the
OLTC is minimized with coordination between OLTC and
D-STATCOMs and optimal integration of DG-based PV pan-
els, which is reduced from 16 to 13 operations during a day
(24 hours), and the voltage profile is kept within permissible
limits.

3) SCENARIO 3: WIND AND D-STATCOMs

A wind power DG-based DFIG rating of 1000 kVA is con-
nected to bus 20 in the test system. The proposed GTO
algorithm is implemented in the test system to determine the
optimal values of the power generated from the wind turbine,
the settings of the taps of the OLTC, and the ratings of the
D-STATCOMs during the day. These values are obtained to
minimize the TPL, wind turbine PC, and TOs while maintain-
ing the voltage buses to their acceptable limitations.

Figure 19 illustrates the optimal values of wind turbine-
generated power at bus 20 for a 24-hour time-varying load
model. It can be seen from Fig. 19 that the generated wind
power is affected by the rated power curve and the load
changes. The wind turbine PC is demonstrated by the dif-
ference between the rated wind turbine power and the actual
generated power, as shown in Fig. 19. The voltage profile
improvement is depicted in Fig. 20, where the minimum
voltage magnitude is improved from 0.826 pu (base case) to
0.9228 pu at bus 18. It is also worth noting that the maximum
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FIGURE 21. Power losses of the system connected to the wind turbine
and D-STATCOMs.

value of the voltage magnitude is 1.0078 pu at bus 14 due to
the OLTC effect.

By applying the proposed GTO algorithm, the values of the
system’s total active and reactive power losses during a day
(24 hours) are reduced, as illustrated in Fig. 21. It decreased
to 6.554 MW from 12.717 MW (24 hours) without connect-
ing wind turbines and D-STATCOMs. Moreover, the power
losses, in this case, are lower than those for connected PV
panels and D-STATCOMs (6.941 MW). This is due to the
continuous generation of power from wind turbines, unlike
PV panels that only generate power during the day. Also, the
total number of TOs of the OLTC is reduced to 10 switching
operations during a day (24 hours) which is lower than scenar-
ios 1 and 2, and the voltage profile is kept within permissible
limits.

4) SCENARIO 4: PVs, WIND, AND D-STATCOMs

As in the previous scenario, a DFIG-based wind power DG
rating of 955 kVA is connected to bus 20. Also, two PV
panels are installed at buses 14 and 21, and the D-STATCOM
devices are installed at buses 11 and 20 in the tested DN.
Moreover, the OLTC transformer is connected to bus 14.
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FIGURE 25. Power losses of the system connected to the PV panel, wind
turbine, and D-STATCOMs.

The optimal coordination of the OLTC, PVs, wind turbine,
and D-STATCOMs is performed considering 24-hour with
PVs and wind power generation and load variations. The
optimal sizes of the PVs, wind turbine, and D-STATCOMs
are calculated using the proposed optimization algorithm
based on the GTO to minimize the TPy, DG generation (PV
panels and wind turbine), PC, and the TO of the OLTC while
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FIGURE 27. Generated power from the PV panels at buses 13 and 15.

maintaining the voltage buses to their acceptable limitations.
It is interesting to note that this case is unlike other test
cases. This scenario is divided into two stages. In the first
stage, two PV panels from 1:6 PM and 19:23 AM are not
considered, but a doubly fed induction generator-based wind
power DG is working all day. Second stage, from 6:00 PM to
19:00 AM, two PV panels, DFIG, D-STATCOMs, and OLTC,
are working in series. The optimal power values generated
from the two PV panels and wind turbines are calculated
using the proposed GTO algorithm. Settings of the taps of the
OLTC and the ratings of the D-STATCOMSs during the day
are also determined. These values are obtained to minimize
the TPL, wind generation PC, and TOs while maintaining the
voltage buses to their acceptable limitations compared with
the previous cases. The values of the system’s total active and
reactive power losses during the day (24 hours) are reduced.
It decreased to 5.467 MW from 12.717 MW (24 hours)
without connecting DGs and D-STATCOMSs. Moreover, the
power losses, in this case, are lower than those for connected
PV panels and D-STATCOM s (6.554 MW). This is due to the
continuous generation of power from wind turbines, unlike
PV panels that only generate power during the day.

Figures 22 and 23 show the change in active and reactive
powers of the DFIG and PVs. The minimum voltage magni-
tudes during 24 hours for this scenario and the base scenario
are illustrated in Fig. 24. At 8:00 PM, the system voltages
start to rise due to an increase in the PV panels generated
power. At 19:00 PM, the voltage starts to decrease because
the PVs outputs declined. The new tap position and active
power set points were calculated and changed again due to
the violation of the voltage set limit. Figure 25 illustrates the
active and reactive power losses for this scenario. It proves
that the proposed method can reduce the power losses in this
scenario more than the other scenarios. The results presented
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FIGURE 29. Power losses of the system connected to the PV panel, wind
turbine, and D-STATCOMs.

in Figures 22 to 25 demonstrate that the proposed coordina-
tion method not only optimizes the reactive and active power
of losses of the DNs, but also controls the power of DGs
and the acceptable limits of the buses’ voltages. Also, the
total number of TOs of the OLTC is reduced to 8 switching
operations during a day (24 hours) which is the lowest one in
the previous scenarios.

B. CASE STUDY 2: MODIFIED IEEE 33-NODE TEST SYSTEM
The proposed coordination method is implemented on a stan-
dard distribution system: a modified IEEE 33-node test sys-
tem. The proposed method based on GTO is used to calculate
the optimal generated power from DG sources (PV panels
and Wind), the size of the DSTATCOM, and the setting of
the OLTC to minimize the TP; DG sources the PC and the
TO of the OLTC while maintaining the voltage buses to their
acceptable limitations.

Applying the proposed method decreases the power losses
t0 2.059 MW from 2.996 MW (24 hours) without connecting
the DGs and the D-STATCOMs. Figures 26 and 27 show
the change in active and reactive powers of the DFIG and
PVs. The minimum voltage magnitudes during 24 hours for
this scenario and the base scenario are illustrated in Fig. 28.
Figure 29 illustrates the active and reactive power losses for
this scenario. It proves that the proposed method can reduce
power losses.

The results presented in Figures 26 to 29 demonstrate that
the proposed coordination method optimizes the reactive and
active power of losses of the DNs and controls the power of
DGs and the acceptable limits of the buses’ voltages. Also, the
total number of TOs of the OLTC is reduced to 4 switching
operations during a day (24 hours).
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C. PERFORMANCE EVALUATION OF THE PROPOSED IoT
PLATFORM

The IoT platform has been proposed and applied to commu-
nicate with all the system agents and monitor all the required
data and information in the SDN. To evaluate the performance
of the proposed communication channel, the time response,
execution time, and the memory size required is extracted.
The response time is the time required to respond to any

VOLUME 11, 2023



A.Y. Hatata et al.: Centralized Control Method for Voltage Coordination Challenges With OLTC and D-STATCOM

IEEE Access

940 T T

‘
—GT0
=== PSO |
A GA

Fitness Value

800 -

20 40 60 80 100 120 140 160 180 200

Iteration
(a) Case of light loading at 10 O'clock.

2000 T T T T

1800

p——

1600

1400 -1

Fitness Value

1200 £

1000 £

800 = . . . L . L . . . |
20 40 60 80 100 120 140 160 180 200

Iteration
(b) Case of heavy loading at 18 O'clock.
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change in the SDN. The execution time is the required time
for the whole system to make a control decision. It includes
measuring data, communication, processing, and controlling
signal time. The system agents include the DGs, OLTCs, and
D-STATCOMs data. With increasing the system agents, the
execution time is increased. Hence, the memory size required
for data storage is increased. Also, the response time for the
proposed method is increased. The LoRaWAN communica-
tion channel has 868 MHz [67], with a 1.15 ms delay time.
Figure 30 shows the proposed IoT platform response time
with changing the system agent’s number. The execution time
has been evaluated according to the changing of the system
agents, as shown in Fig. 31. While Fig. 32 illustrates the rela-
tion between the number of the system’s agents and the mem-
ory size. The results show that the proposed IoT platform can
respond, execute, and process the data in a reasonable time.

D. COMPARATIVE ANALYSIS

In general, the proposed method for optimal coordination
of voltage control devices can keep the buses’ voltage
magnitudes at the permissible limits while minimizing the
power losses of the feeders, waste energy of the DGs-based
RERs, and the number of tap operations of the OLTCs. The
fourth scenario is most effective and more efficient than the
other scenarios due to the nature of the energy generation
of the RERs. Wind turbines and PV panels have opposite
performances for the power generation curve throughout the
day. Table 1 summarizes a comparison between the different
scenarios. It illustrates that scenario four is more effective in
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TABLE 1. Comparison between the various applied scenarios.

Wind & D- PV, Wind &

STATCOMs

Base PV & D-

Scenarios Case STATCOMs

STATCOMs

Minimum
voltage 0.827
magnitude

0.9205 0.9228 0.9329
Maximum
voltage 1

magnitude

1.0251 1.0078 1.0176
Total active
power

losses
Total

reactive

power

losses
Total

number of 16 13 10 8

OTs

12.717 6.941 6.554 5.467

12.096 5.861 4.861 4.811

TABLE 2. Comparison with other existing optimization techniques.

Base multi- Proposed
Scenarios Case objective GA method-based
PSO GTO
Minimum
voltage 0.827 0.9213 0.9156 0.9329
magnitude
Maximum
voltage 1 1.008 1.004 1.0176
magnitude
Total active
power losses 12.717 8.277 8.0153 5.467
Total reactive
power losses 12.096 7.431 7.123 4.811
Total number
of OTs 16 10 10 8

reducing the power losses, energy wastage from DGs, and
the number of TOs of OLTC. So, this scenario can effectively
decrease the operating cost of SDNs.

The proposed method for optimal coordination of voltage
control devices-based GTO performance is compared with
the previous methods using the same distribution feeder and
operating conditions in scenario four. The multi-objective
PSO [39] and GA [37] are applied to the NDEDC-24 bus
radial distribution system from the NDEDC, as illustrated in
Fig. 6. Table 2 illustrates the results and the performances of
these optimization methods. It can be seen that the proposed
method for optimal coordination of voltage control devices-
based GTO outperformed the previous methods. Figure 33
illustrates the convergence curves of the three optimization
algorithms, GTO, PSO, and GA, for two selected cases
of system loading. The first case is at 10 o’clock when
the load is minimum, and the second is at the maximum
load at 18 o’clock. The fitness values are determined when
connecting the PV panel, wind turbine, and D-STATCOMs
to the NDEDC-24 bus radial distribution system. The Figures
show that the GTO converges faster than PSO and GA. Also,
it produces the best solution, which results in minimum power
losses and DGs’ energy wastage and the number of OLTC-tap
operations.
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IX. CONCLUSION

This paper presented a centralized voltage coordination
method for the D-STATCOMs, OLTC, and DGs in the SDNS.
This method is based on the GTO algorithm to calculate
the best voltage coordination solution. SDN architecture was
designed using IoT technology for data and information
transfer capabilities. Four layers were implemented for the
SDN-based physical, communication, processing, and cyber
layers. LoORaWAN communication channel was applied for
data transfer between agents and central controllers. The
following findings were obtained.

1- The proposed coordination method could minimize the
power losses, DGs’ energy wastage, and the number of
OLTC-tap operations while maintaining the voltages at
acceptable limits in all scenarios.

2- Several scenarios with different DG types were applied to
test the efficacy of the proposed control system: combined
PVs, OLTC, and D-STATCOMs, combined wind turbine,
OLTC, and D-STATCOMs, and combined the PVs, wind
turbines, OLTC, and D-STATCOM:s.

3- Scenario 3 of PV, Wind, and D-STATCOM was more
effective than the other scenarios.

- The active power losses were reduced by 57.01%.

- The reactive power losses were reduced by 60.22%

- The total number of OTs of the OLTC was reduced by
50%.

- The minimum and maximum bus voltage values during
the day were within the acceptable limits of 0.9329 and
1.0176 pu, respectively.

4- A new optimization method based on the GTO was used
in this paper to find the optimum settings of the D-
STATACOMs, DGs, and OLTCs.

5- The proposed GTO algorithm showed high accuracy in
obtaining the optimal settings of the D-STATACOMs,
DGs, and OLTCs.

6- The proposed GTO was compared with PSO and GA.
The comparative evaluation showed that the proposed
GTO enjoyed the highest accuracy and required lowest
computation time.

7- The Weibull PDF was used to model the uncertainty of
natural wind speed and solar irradiance.

8- Generally, the results led to enhancing the utiliza-
tion of the power generated from the RERs (PV and
wind) and reducing energy waste. It also reduced the
power losses and the number of tap operations of
the OLTC; thus, it reduced the operating costs of the
SDNG.

APPENDIX
See Tables 3 and 4.
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TABLE 3. A1 NDEDC 24-bus system lines data.

Maximum
Line | Sending | Receiving Line
No. | Endbus | End bus D | @) Capacity
@A)
1 1 2 0.6762 | 1.235 585
2 2 3 0.2646 | 0.423 140
3 3 4 0.3542 | 0.319 140
4 2 5 0.3864 | 0.1739 585
5 5 6 0.3864 | 0.346 585
6 6 7 0.117 0.214 585
7 7 8 0.056 0.11 585
8 9 9 0.029 0.023 140
9 9 10 0.773 0.696 140
10 10 11 0.837 0.402 140
11 11 12 0.386 0.185 140
12 12 13 0.0882 | 0.161 140
13 8 14 0.257 0.232 300
14 14 15 0.132 0.242 140
15 15 16 0.552 0.497 140
16 15 17 0.264 | 0.484 140
17 14 18 0.46 0.22 300
18 18 19 0.0129 | 0.116 140
19 19 20 0.193 0.174 140
20 18 21 0.332 0.29 140
21 21 22 0.332 0.29 140
22 21 23 0.0193 | 0.182 140
23 23 24 0.0257 | 0.243 140
TABLE 4. A2 NDEDC 24-bus system distribution transformers data.
Tran;]f(()).rmer Tt Tran;f;())‘rmer Rt

1 1000 13 500

2 100 14 160

3 1000 15 200

4 500 16 200

5 160 17 160

6 200 18 800

7 800 19 500

8 500 20 200

9 100 21 500

10 300 22 300

11 300 23 300

12 300 24 200
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