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In this paper, an intelligent integrated approach is proposed to control the reactive power and restore the voltage balance in
a three-phase power system using particle swarm optimization (PSO), Gaussian process regression (GPR), and support vector
machine (SVM). The PSO algorithm is used in offline mode to determine the optimal set of firing angles for the thyristor-
controlled-reactor (TCR) compensator according to the smallest fitness value required for voltage balancing. The optimum firing
angles are then used to train the GPR and SVM regression models. The GPR and SVM models are finally used as a real-time
controller to retrieve the voltage balance in online mode. A simulation model and experimental setup of the electrical power
system are built. The modeled system consists of a 500 km long transmission line. The line is divided into three-pi sections to
guarantee a real system response. Several simulation and practical case studies have been conducted to test and validate the
capability of the proposed integrated approach in solving the voltage unbalance problem. The results have revealed the supreme
ability of the proposed integrated approach to restore the voltage balance quickly (within 20 ms) and for a wide range of voltage

unbalance factors (VUFs) (3.90-8.42%).

1. Introduction

Electrical power systems normally operate under balance
conditions and regular three-phase voltages. In some cir-
cumstances, unbalance conditions influence the electrical
power system and cause unbalance voltages. These conditions
emerge when the three-phase loads are irregular or because of
the asymmetries in the network topology. The unbalance
voltages will inevitably degrade the performance, i.e., quality,
of electrical power systems [1-3]. Additionally, the unbalance
voltage conditions cause several system deficiencies such as
electrical machine overheating, transformer overloading, high
losses, and low stability of the power system [4-6]. The
unbalance three-phase system can be decomposed into
positive and negative sequence components. Several defini-
tions for voltage unbalance are introduced. According to IEEE
Std.1159-1195, the voltage unbalance is defined as the ratio
between negative and positive sequence voltages [7].

Voltage balancing is critical in three-phase power sys-
tems to ensure efficient and reliable operation. Different
voltage balancing techniques have been proposed to ensure
that the voltages in the three phases of the system are equal,
leading to better performance, improved energy efficiency,
and reduced equipment damage [8]. The use of compen-
sators such as static synchronous compensators (STAT-
COMs) has shown promising results in voltage balancing in
three-phase power systems [9-11]. In the next section, an
overview of recent developments and state-of-the-art
techniques for voltage balancing in three-phase power
systems will be presented.

2. Literature Review

Many research works have been proposed to detect and
mitigate the voltage unbalance problem. The research work
in [12] introduced the concept of E-STATCOM:s, which are
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static compensator devices that include energy storage
systems. The authors proposed using a supercapacitor en-
ergy storage system (SCESS) in conjunction with a STAT-
COM for controlling transients in a power system to
improve reactive power unbalance following a contingency.
The authors demonstrated that supplementary PI controllers
in voltage magnitude and phase angle loops can provide
extra damping to the system, leading to very good responses
even under severe three-phase fault conditions. In [13],
a method for controlling a 3-phase cascaded H-bridge (3ph-
CHB) converter with n-levels was proposed to compensate
for reactive power and eliminate the harmonic currents
generated by nonlinear loads. The authors introduced
a generalized model of the CHB-nL converter that takes into
account the effect of the line impedance. Additionally, they
proposed an advanced controller that consists of current
tracking loop, to ensure that the line current tracks the
reference, and outer voltage loops to ensure the regulation
and balance of the capacitor voltages involved. A similar
article [14] described a control scheme for a STATCOM
based on a delta-connected CHB converter. The authors
proposed a new feedforward control method to enhance the
dynamic performance of the system. The aim of this method
was to improve the regulation of zero-sequence circulating
current in the delta-connected CHB STATCOM, especially
during grid faults or load imbalances, without causing
excessive fluctuation in the dc cell capacitor voltage. The
proposed method offered significant improvements in the
system’s dynamic performance. The authors in [15] also
proposed a new technique for voltage regulating and
balancing. The idea was regulating the three cluster voltages
of a star-connected CHB STATCOM to different values,
while maintaining balance in the three-phase modulation
voltages. This was achieved by decomposing the positive
and negative sequence components from the converter
voltages to balance the three-phase currents. To ensure the
stability of the cluster voltages, the authors extracted the
zero-sequence voltage to analyze the active power distri-
bution. The use of an improved model predictive control
(MPC) algorithm was suggested in [16] as a means of
controlling STATCOM device performance. The authors
tried to forecast future STATCOM output current needed
to manage designated bus line voltages in accordance with
neighboring bus line voltage variations to reduce voltage
imbalance. Additionally, they established the MPC state
space and goal functions based on neighbors’ bus voltages,
currents, and transmission line characteristics. Accord-
ingly, the proposed method may be used for wide appli-
cations in power systems. In [17], a compensator that
combines star and delta segments was proposed to elim-
inate neutral current, balance loads, and improve power
factor. The authors derived a mathematical model based on
the load current’s phase and sequence components, using
symmetrical components theory for load balancing, power
factor correction, and neutral current elimination. This
study presented the mathematical principle for compen-
sating a star-connected load (with neutral) that is supplied
by a balanced three-phase four-wire network, using the
theory of symmetrical components. The article [18]
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suggested a new technique to balance voltages and loads by
controlling continuously variable series reactor (CVSR). In
more details, by regulating the bias dc circuits of CVSR, the
ac reactance was adjusted based on the nonlinear B-H
characteristic of the shared ferromagnetic core. Thus, the
generated dc bias magnetic flux can then be used to balance
the three-phase voltages and reduce the negative impact of
any imbalances on the operation and equipment of the
distribution system.

The authors in [19] have proposed an algorithm for
voltage unbalance detection based on Clark transformation,
which converts the three-phase voltages into complex z-
plane. The static volt-ampere-reactor compensative (SVC)
has the ability to balance the loads and stabilize the elec-
trical power system [20-22]. The authors in [23] used the
SVC to balance the load voltages and improve the power
factor. The symmetrical component theory was considered
to develop the mathematical model for voltage balancing.
In [24], a dynamic voltage restorer technique was used
together with proportional-integral (PI) controller and
phase-locked loop to correct the voltage on the low voltage
side. The authors in [25] used the SVC to compensate for
the unbalanced three-phase four wires load. A combination
of SVC and STATCOM was used to balance the three-
phase load voltages in the electrical power system [14, 26].
Several factors must be considered, including accuracy and
complexity when control strategies are used for voltage
balancing [27, 28]. Also, the time required for algorithm
computations must be taken into account. The authors in
[29] used the fuzzy logic technique to train artificial neural
network (ANN) which controls SVC. The controller needs
more than 125ms to retrieve the voltage balance condi-
tions. The authors in [30] employed the ANN to retrieve the
balance conditions at an average time of 60 ms for the
voltage unbalance factor (VUF) range of 3.48%-4.68%.
Retrieving the voltage balance conditions quickly is a ne-
cessity especially for the systems that contain time-varying
loads such as electric arc furnaces. In [31], a reactive power
compensator was used for this purpose. PSO algorithm is
proposed in [32] to find the optimal parameters of the PI
controller to retrieve the balance conditions. In [33], ge-
netic algorithm (GA) was used for the same purpose. The
GA required more than 130ms to retrieve the voltage
balance. In [34, 35], the PSO was successfully employed in
electrical power system applications to retrieve the voltage
balance, reduce the voltage sags, and estimate power
transformer parameters. In [36], the authors compared
between GA and PSO for tuning lead controllers which
have three parameters to be optimized. It was concluded
that the PSO has a larger mean fitness value along with the
generation number compared to GA, especially when the
generation continues. In [37], the authors reported some
advantages of PSO over other optimization techniques,
such as fewer adjustable parameters and more effective
memory capability.

In conclusion, the literature review shows that reactive
power control using different STATCOMs topologies is an
effective strategy to retrieve the voltage balance and the
stability of electrical power systems. The majority of the
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previously mentioned research works have been focused on
controlling the reactive power to retrieve the voltage balance
quickly in the three-phase power systems. This will protect
the electrical equipment from long-term failures. Addi-
tionally, this is vital to enhance the system’s dynamic re-
sponse. Several control techniques have been proposed to
solve the problem of voltage balancing and achieve the
optimal performance of electrical power systems. Machine
learning-based techniques have shown promising results
and have the potential to further improve the performance
of voltage balancing using STATCOMs. So far, the per-
formance of the proposed solutions is still insufficient and
requires further enhancements, such as the system response
time and the recovered range of VUF.

In this paper, advanced control strategy using pre-
dictive models and optimization algorithm is proposed to
control a TCR and retrieve the balance conditions in three-
phase power system. PSO is used in offline mode to de-
termine the optimum set of TCR firing angles based on the
VUF’s smallest fitness value. A mathematical model of
a three-phase power system is used for this purpose. The
modeled power system comprises a 500 km long trans-
mission line which is divided into three-pi sections to
guarantee accurate system response. GPR and SVM models
are trained using the optimal firing angles determined by
PSO and then used as real-time controllers to recover the
voltage balance of the power system. The suggested control
strategy has the ability to restore the voltage balance
quickly within 20 ms and can cover a wide range of VUF
3.90-8.42%.

The paper is organized as follows: Section 3 describes
the three-phase reactive power compensation in electrical
power systems. The PSO algorithm and GPR and SVM
models are discussed in Section 4. The mathematical
model and the prototype of the electrical power system are
given in Section 5. Section 6 presents the results and
discussion. The contribution of this work is provided in
Section 7. Finally, the conclusion of this work is given in
Section 8.

3. Three-Phase Reactive Power Compensation

The main reason for using reactive power compensation in
electric power networks is to maintain the stability of the
power system at different loading conditions [38]. Addi-
tionally, it affords many advantages to the power system,
such as voltage regulation and load balancing [21, 39]. TCR
is commonly used SVC for voltage balancing [40, 41]. It
consists of an inductor connected in series with two anti-
parallel pair of thyristors. By controlling the thyristor
triggering time, the amount of inductive reactance is ma-
nipulated to generate the adequate reactive power needed for
voltage balancing.

When the three-phase loads become unbalanced (i.e.,
imbalance of electric power flow in the three-phase load), the
compensator has to generate the required reactive power to
balance the three-load voltages [42]. If the load is Y-
connected, the three load voltages can be calculated by
using the following equation:

S (1)

where
Z, 0 07
0 7, 0] (2)
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V., V,,and V, represent the load voltages, I, Iy;,and I

represent the load currents, and Z, Z,, and Z, represent the
Y-connected load impedances.

When the three-phase loads become unbalanced, the
three-line currents will also become unbalanced and can be
substituted by their symmetrical components as given in the
following equation:
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where 1,115 10) Tp(r112,00)a0d 1112, 10) Tepresent pos-
itive, negative, and zero sequence components of un-
balanced load currents, respectively.

In equation (3), the positive, negative, and zero sequence
components are indicated by the subscripts 1, 2, and 0,
respectively. The zero-sequence components have no effect
on the system balance because they have equal amplitude
with zero phase angles from each other. To preserve the
balanced three-phase load voltages, the negative-sequence
components of the load currents must be eliminated.
Therefore, the reactive power compensator should be used to
generate the appropriate three susceptances and absorb the
negative-sequence components of the load currents leading
to balance load voltages. However, to obtain the adequate
value of generated compensator susceptance, the TCR firing
angles should be calculated accurately. Consequently, an
advanced real-time control using GPR and SVM is proposed
in this work to perform the previous duties, i.e., calculate the
TCR firing angles and retrieve the balance conditions of the
electrical power system. Figure 1 shows the proposed
controller that utilizes GPR and SVM algorithms to control
the reactive power compensator and retrieve balance
conditions.

4. The Proposed Integrated Approach

In this work, an advance integrated approach is proposed to
control the reactive power and restore the voltage balance in
three-phase power systems using the PSO algorithm and
SVM-GPR models. The proposed approach can be divided
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FiGure 1: Reactive power compensator.

into three stages. In the first stage, the PSO algorithm is used
to determine the optimum set of TCR firing angles, using the
steady-state mathematical model of the power system. This
stage is executed only in offline mode because using the PSO
in online mode will degrade the system’s dynamic behavior.
This is due to the iterative nature of the PSO computation.
Therefore, in the proposed integrated approach, the GPR
and SVM are used to control the system in online mode. In
the second stage, the optimum firing angles calculated from
the PSO in the offline mode are appointed to train the GPR
and SVM models. Finally, in the third stage, the GPR and
SVM models are used as a real-time controller to restore the
voltage balance in online mode.

4.1. Particle Swarm Optimization (PSO) Algorithm.
Particle swarm optimization (PSO) was proposed in 1995 by
Kennedey and Eberhart. PSO algorithm simulates the swarm
behavior in nature. It searches a space of dimension (d) by
moving a swarm that consists of n-particles to determine the

best solution based on a fitness function. Every particle in the
swarm has its own position and velocity [43].

The algorithm starts searching the space of dimension
(d) by initializing a swarm with (n) particles, randomly.
Then, each particle modifies its position according to its
fitness and the fitness of the neighborhood particles as well.
The fitness of the particle is evaluated according to the
defined cost function to assign the best particle among the
current generation which is called the personal best particle
(Poest)- Ppest is the local particle in the swarm that has the
minimum fitness value within the same position in the
swarm [44, 45]. The global best particle (gpest) Of the smallest
fitness is found by comparing the fitness values of all per-
sonal best particles. In each iteration, the velocity and po-
sition of the particles are updated according to equations (4)
and (5), respectively [36]. PSO algorithm continues
searching in the d-dimensional space until one termination
condition is achieved.

Vaa (iter) = k[wV 4 (iter — 1) + ¢17; (Ppest — Xna (iter — 1)) + 37 (Gpest — Xpa (iter — 1))], (4)

X, q(iter) = X4 (iter — 1) + V4 (iter),

where

(5)
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where w represents inertia factor. ¢; and ¢, represent random
integers (between 2 and 4). r; and r, represent random
numbers (between 0 and 1). Py represents personal best
particle. V4 represents the velocity of the '™ particle in
a space of dimension (d). X,q represents n" particle in
a space of dimension (d). g, represents global best particle.
rand represents random number (0-1). iter represents se-
quential number of iterations.

One of the most important aspects when utilizing the
PSO algorithm is defining an appropriate fitness function to
measure the quality of the solutions. In this paper, the
proposed fitness function relies on the VUF of the three-
phase load voltages to get the optimal particle that has the
smallest fitness value (i.e., smallest VUF).

Figure 2 shows the flowchart of the first stage in the
proposed approach. In this stage, the PSO algorithm is used
with the mathematical model of a 500 km long electrical
power system to find the TCR optimal firing angles required
for voltage balancing. The PSO particles represent the TCR
firing angles, a,p,, ape, and a.,. The PSO operates when an
unbalance load change is detected. The following steps
summarise the first stage of the proposed integrated
approach.

(1) Strat PSO algorithm by generating a random swarm
with n-particles and their velocities. In this paper, the
particles and their velocities are given by the fol-
lowing equations, respectively:

Xn3 = [“ab Ope Kea ]’ (7)
Vs =[v v, v, (8)

where X, represents n' particle in a space of 3-
dimension (i.e., 3-firing angles of TCR). V,; rep-
resents the velocity of the n'™ 3-dimension particle.
®abs Mo and o, represent the firing angles of TCRs.
v;,v,,and v5 represent the velocities of the three
components of the particle.

(2) Evaluate the three-phase load voltages that corre-
spond to each particle using the mathematical model
of the 500 km long electrical power system, and then
calculate the fitness (J) of each particle using the
following equation:

J = VUF

v, 9)
= —=x100%,
Vl

where V| represents the positive-sequence voltage
and V, represents the negative-sequence voltage.

(3) Find ppest according to the minimum value of fitness
(at a minimum value of VUF).

(4) Compare the fitness values of all personal best
particles and assign the one with the smallest fitness
as the global best particle (gpest)-

(5) Update the velocities and particles using equations
(4) and (5), respectively.

(6) Repeat steps 2 to 5 until the fitness of VUF for three-
phase voltages becomes less than 2%.

(7) Apply the best particle which corresponds to the
minimum VUF on the TCR compensator.

4.2. Gaussian Process Regression and Support Vector Machine.
The Gaussian processes are probabilistic supervised-
machine learning methods that have been extensively uti-
lized in statistical modeling, regression, and pattern classi-
fications [46]. The GPR model performs predictions joining
prior knowledge and provides uncertainty measures over
predictions [47]. In other words, GPR is a nonparametric
kernel-based probabilistic model with a finite collection of
random variables with a multivariate distribution. The
Gaussian processes have many advantages, such as in-
terpolate observations, adaptive fitting, and kernel versa-
tility. The key points in the GPR can be summarized as
follows: Firstly, the next function is updated with new ob-
servations. Secondly, finite samples of functions are jointly-
Gaussian distributed. Finally, the mean function which is
calculated by the posterior distribution of possible functions
is used for regression predictions. The regression function
modeled by a multivariate Gaussian is given as follows [48]:

AE T

where X =[x, . . ., x,]. X is the observed data points. f=[f
(x1),..., f(xn)] and p=[m (x1), ..., m (xn)]. m is the mean
function, Kij=k (xi, xj). k is a positive definite kernel
function.

Support vector machine is a regression and classification
tool that uses machine learning theory to increase predictive
accuracy and avoid data overfitting problems [48]. SVM uses
the hypothesis space of linear functions in a high-
dimensional feature space. Additionally, SVM is trained
with a learning algorithm from optimization theory that
implements a learning bias derived from statistical learning
theory [49]. Duality, kernels, convexity, and sparseness are
the most major features of SVM, it is one of the best ap-
proaches for data modeling and combines generalization
control as a technique to control dimensionality. It has been
proved that the SVM has the upper hand over the neural
network (NN) in regression due to many reasons [50]. SVM
gives higher accuracy in comparison with sophisticated
neural networks with elaborated features in regression tasks.
Additionally, SVM performs better in terms of not
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FIGURe 2: Flowchart of the first stage in the proposed integrated approach.

overgeneralization when the neural networks might end up
overgeneralizing easily [49].

5. The Mathematical Model and the Prototype of
Electrical Power System

To test the performance of the proposed integrated ap-
proach, an electrical power system with a long transmission
line is considered and modeled. The general mathematical
model was derived in [28] and use in this work for a 500 km
long transmission line. This power system consists of a 15kV
3-phase generator, a step-up transformer at the generator
side, step-down transformers at the load side, a 500 km long
transmission line divided into three-pi sections, and delta
connected load. Table 1 shows the components specifica-
tions in the modeled power system. The mathematical model
of the power system is generated, built, and simulated using

MATLAB SIMULINK. Figure 3 shows the block diagram of
the modeled power system with the PSO algorithm.
Moreover, an experimental setup of the power system
prototype is built to support the simulated results and
validate the ability of the proposed integrated approach in
retrieving the voltage balance conditions successfully. The
prototype consists of the following equipment: three-phase
voltage source of 178V, the equivalent transmission line
divided into 3 7-section networks, three-phase inductive
load, and data acquisition (DAQ) device. The experimental
setup is shown in Figure 4.

6. Results and Discussions

As mentioned in Section 3, the proposed approach is divided
into three stages. In stage one, the PSO algorithm is used to
determine the optimum set of TCR firing angles in offline
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TaBLE 1: The components’ specifications in the modeled power system.

Power plant Step-up transformer

Transmission line Step-down transformer

. (i) Long: 500 km 4-stages
Capacity: 650 MW . . . ;
pacity (ii) Three-pi sections At ratios:
Generator: . iii) Each section: (500/3) km 1:0.33
. Ratio: 1:28.5 (iif) ( . )
(i) 160 MVA R=8.5Q/section 1:0.25
.. X1, =40 Q/section 1:0.333
(ii) 15kV L .
Xc =23.466 Q)/section 1:0.0345
VUF measurement
A
3-¢ 3-¢
line 3-pi sections of Step-down 3- line 3-Phase
3-Phase supply p| Step-up 3-phase | gl 500 km transmission > phase » inductive
Generator:15 kV transformer lines transformers load
Y
Voltage and
current Voltage and
measurements PSO current
at source side Algorithm measurements
at load side 3-Phase
B  reactive
compensator

FIGURE 3: Block diagram of the modeled power system with the PSO algorithm.

Computer set

Data acquisition device

3-Phase, 3-pi sections T.L

3_Phase power supply

3-Phase Transformers

3-Phase inductive load

FIGURE 4: The experimental setup for the power system prototype.

mode. These firing angles are used in stage two to train the
GPR and SVM models. In the third stage, the GPR and SVM
models are used as real-time controllers to retrieve the
voltage balance. Accordingly, in this section, the results and
discussions will be introduced for each stage individually.

6.1. The Results and Discussion in Stage One. Many unbalance
cases were created to evaluate the ability of the proposed
PSO algorithm for restoring the voltage balance in the load

side of the system. Table 2 shows the results for different
loading conditions covering a wide range of VUF. Table 2
includes the VUF values before and after PSO action, the
optimal firing angles generated by the PSO algorithm, and
the time needed to retrieve the balance conditions measured
from the PSO initiating time. As indicated in Table 2, the
average value of VUF after activating the PSO is 0.717%
which is lower and better than the recommended value (i.e.,
3%). Thus, the results prove the capability of the proposed
PSO algorithm in recovering the system balance conditions
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TaBLE 2: The results from the simulation model for different unbalance cases.

Before the action of

After the action of PSO

PSO
TCR firing angles (degrees) Time needed by
VUF (%) VUF (%) _ thePSOto
Ol Ope Oca retrieve balance conditions
(ms)
3.576% 162.6° 156.5° 102.1° 0.815% 22
2.537% 179.3° 125.9° 110.5° 0.347% 21.09
3.055% 132.5° 152.9° 106.6° 0.593% 22.18
3.219% 121.8° 127.6° 94.6° 0.326% 22.41
4.047% 128.3° 153.3° 98.16° 0.164% 22.16
3.776% 128.9° 139.8° 97.72° 0.038% 22.10
4.144% 169.1° 174.1° 103.0° 0.062% 22.20
4.332% 169.9° 148.2° 100.6° 0.168% 22.14
5.456% 179.9° 118.5° 90.0° 0.292% 22.19
4.754% 153.1° 122.5° 93.3° 0.265% 22.15
6.348% 179.7° 114.5° 91.0° 1.319% 2218
5.782% 179.4° 116.8° 92.0° 0.671% 22.16
6.776% 179.4° 113.1° 90.0° 1.812% 25.30
6.906% 179.70° 112.80° 90.0° 1.944% 35.90
6.971% 179.1° 109.3° 90.0° 1.946% 31.40
The average value of VUF after the action PSO 0.717% —
The average value of time needed by the PSO to retrieve balance conditions 23.837

and achieving very low VUF values. In addition, it can be
noted from Table 2 that the time needed by the PSO to
retrieve the system balance conditions in some cases
exceeded 30 ms. This long delay in the PSO response will
degrade the system’s dynamic behavior. Consequently, the
PSO is used in the offline mode only.

6.2. The Results and Discussion in Stage Two. The optimum
set of TCR firing angles generated by the PSO in stage one
was used to train GPR and SVM models. The input data for
these models are the three load unbalance voltages and the
VUF, while the output data of these models are the three
firing angles of the TCR compensator needed for voltage
balancing. The performance of the trained GPR and SVM
models is shown in Figures 5 and 6, respectively. The re-
gression factor (R?), which indicates the model’s ability to
produce the desired output, is 0.95 and 0.93 for GPR and SVM
models, respectively. The root mean square error (RMSE),
which shows the model’s ability to track the data points, is
0.084772 and 0.099518 for GPR and SVM, respectively. The
results show that the GPR and SVM models have the ability to
track the data points and produce the desired output efhi-
ciently. However, at this stage, the GPR model introduced
a slightly better performance than the SVM.

6.3. The Results and Discussion in Stage Three. Several tests
were conducted to demonstrate, assess, and validate the
feasibility and effectiveness of the proposed integrated ap-
proach in restoring the system voltage balance. During these
tests, the three loads were changed deliberately and asym-
metrically to create a wide range of unbalanced voltages. The
tests were conducted using both the simulation and practical
models.

0.8 }

0.6 +

0.4 }

Predicted response

0.2 F

0.4 0.6 0.8 1

True Response

0 0.2

FIGURE 5: The regression graph of the GPR model.

Three tests were conducted using the simulation and
practical models. The first and second tests were conducted
using the simulation model, while the third test was con-
ducted using the practical model. In the first test, many
unbalance cases were created to test the ability of the GPR
and SVM models in recovering the voltage balance for
different loading conditions covering a wide range of VUF.
Tables 3 and 4 show the results of this test when using GPR
and SVM models, respectively. These tables include the TCR
firing angles generated by GPR and SVM models, the VUF
values, and the three load voltages before and after the
model’s action. It can be noted from these tables that the
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TaBLE 3: GPR results.
Before GPG action After GPR action
Load voltages TCR firing angles Load voltages
VUF% VUF%
Va Vb Ve o, op. al, Va Vb Ve
0.976 0.974 1.05 5.57 155.98 164.56 103.46 1.004 1.002 0.994 0.539
0.987 0.971 1.04 4.73 154.31 156.65 105.06 0.999 0.999 1.002 0.191
0.959 0.987 1.053 5.608 178.75 120.34 91.75 0.994 1 1.005 0.589
1.03 0.998 0.971 3.90 108.55 141.73 168.87 0.995 1.008 0.996 0.791
1.061 0.949 0.989 6.985 90.16 179.21 109.71 1.005 1.003 0.991 0.842
0.959 1.054 0.989 5.76 170.21 95.68 148.09 0.997 0.999 1.003 0.357
1.035 1.034 0.93 7.19 94.28 92.57 159.49 1.006 0.996 0.997 0.614
0.956 1.032 1.011 4.49 151.08 94.33 117.24 1.002 0.999 0.1.001 0.308
0.969 0.98 1.05 5.71 157.50 128.25 93.582 0.995 1.005 1.001 0.575
0.945 0.984 1.06 7.48 179.74 114.01 90.44 0.99 0.996 1.01 1.09
0.979 0.969 1.05 593 170.36 161.15 99.45 0.998 1.001 1.001 0.135
0.986 0.976 1.03 3.83 149.78 149.64 105.65 0.995 1.003 1.001 0.415
0.944 0.985 1.071 8.22 179.51 111.70 89.96 0.997 0.994 1.018 0.981
0.974 1.057 0.968 6.21 132.73 91.371 179.96 0.999 1.004 0.996 0.511
0.991 1.069 0.939 8.42 112.69 90.91 178.67 0.999 1.011 0.989 0.771
Average of VUF 6.002 Average of VUF 0.580

average value of VUF before the model’s actions is 6.002%.
As indicated in Table 3, the average value of the VUF is
reduced to 0.580% by using the GPR model. While, as in-
dicated in Table 4, the SVM reduced it to 2.041% which is
lower and better than the recommended value (i.e., 3%).
Thus, the results in Tables 3 and 4 prove the capability of the
GPR and SVM models in recovering the system balance
conditions efficiently and achieving very low VUF values.
Additionally, the results revealed that the GPR outperforms
the SVM by achieving low VUF values.

In the second test, an unbalance case was created to
assess the system time response and demonstrate the three-
phase load voltages. The test case scenario is as follows:
starting the electrical power system with balanced conditions
during the time interval from 0 to 0.1 sec, then making

unbalance change in the three-phase loads exactly at 0.1 sec,
and finally initiating the GPR or SVM controller at 0.15 sec.
Figures 7 and 8 illustrate the effect of GPR and SVM
controllers, respectively, on the three load voltages when the
VUF is 6.985%. It is noted that the GPR and SVM controller
recovered the balance conditions of the power system ac-
curately within a very narrow time interval. Additionally,
The VUF is reduced from 6.985% to 0.842% and from
6.985% to 1.752% using GPR and SVM, correspondingly.
In the third test, which was conducted using the practical
model, another unbalance case was created to validate the
simulation results in the second test. The unbalance change
in the three-phase loads is initiated at 0.05 sec, and GPR or
SVM controller is activated at 0.1 sec. Figures 9 and 10 il-
lustrate the effect of GPR and SVM controllers, respectively,
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TABLE 4: SVM results.

After SVM action

Before SVM action

Load voltages

VUF%

TCR firing angles

VUF%

Load voltages
Vb

Va Vc
0.993

aca
116.38

0
Fpe

136.61

ab
147.57

V¢

Vb
0.974
0.971

Va

1.018 2.005

0.983
0.983

5.57
4.73
5.608
3.90
6.985

1.05

1.04
1.053
0.971

0.976
0.987

2.058

1.018

135.80 114.39 0.998

150.05

2.187
2.105
1.752
1.881
2.464
0.473

0.983 1.021
0.984

0.992
1.007

101.97 0.993
1.019

115.57

165.33

0.987

0.959
1.03

0.994
0.99
0.995

129.84 151.53 1.007
1.017

111.74
100.13

0.998

116.46

178.10

0.949 0.989

1.061
0.959

142.37 97.35 136.07 0.992

5.76
7.19
4.49
5.71
7.48
593
3.83
8.22
6.21
8.42
6.002

0.989

1.054
1.034
1.032

0.977

105.26 168.15 130.42 1.004
0.996

0.93
1.011

1.035
0.956

1.005
1.021

0.998
0.986
0.989
0.98
0.987

99.63 122.96

150.32

2.178
2.216

121.87 107.64 0.992

159.28

1.05
1.06
1.05
1.03
1.071
0.968

0.98

0.984

0.969
0.945

1.022
1.02
1.018

112.40 96.13 0.988

171.39

2.314

132.03 110.43 0.999

154.12

0.969

0.979

1.904
2.296
1.894
2.895
2.041

135.27 116.23 0.996

148.80

0.976

0.986

1.023
0.984

0.986 0.99
1.014

92.74
154.37

111.36

175.02

0.985

0.944
0.974

0.995

96.03

133.49

1.057
1.069

1.032 0.987

0.994

173.49
Average of VUF

103.50

119.25

0.939

0.991

Average of VUF

(n-d) saSejjoa peoy sa11py

(sec)

time

phase_a
--- phase_b

- phase_c

FIGURE 7: Waveforms of three-phase load voltages for the unbalanced case of 6.985% VUF which is reduced to 0.842% after using the

proposed GPR controller.

.,.\l\.HHIV!il!IIH.IIJ.‘I l.\\\.v
R BT i —
i llIH:H llllllllll P |
mﬂ lh”“l | 2
:Il%lll lllll I.|\l. | |||||| EE— ]"r\ e ,“. =
e O oty ittt
o M ot —
3 = IVIIIIVIIV‘I‘I.VH.H,,I -
j o e iSincns —
e i i mastpipit
l.ll.l.\ll.l PPP [ \II‘IVI\ U p— i
. e i Mttt |
:.IYV.PHH llllllll — |
O i e |
_.\Lﬂmwm?.‘u‘lixm\l\ x yyyy =
.ﬂHHHHHHl!IUHHUHHHMM%H!fJMHNW .....
ot i i ——
e I i [
e I e = ==
.zﬂvlﬂ“ﬁ!UﬁwM :
g B— e,

(n-d) sadejjoa peoy a1t}

N I ———— -
= e sk o wems]
Tvlvlhvluxlllnlvllsu:J' :
= e R =
- 1 = " ~
0 =

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0.05

time (sec)

- phase_c

phase_a
--- phase_b
FIGURE 8: Waveforms of three-phase load voltages for the unbalanced case of 6.985% VUF which is reduced to 1.752% after using the

proposed SVM controller.
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FIGURE 9: Three-phase load voltages when using GPR controller to reduce the VUF value from 5.69% to 1.64%.
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FIGURE 10: Three-phase load voltages when using SVM controller to reduce the VUF value from 5.69% to 2.03%.

on the three load voltages when the VUF is 5.69%. It can be
observed from these figures that the GPR and SVM con-
trollers recovered the balance conditions of the power system
accurately within a very narrow time interval. Additionally,
The VUF is reduced from 5.69% to 1.64% and from 5.69% to
2.03% using GPR and SVM, correspondingly. In conclusion,
the results from the three tests proved the ability of the
proposed integrated approach to balance the three-load
voltages quickly and achieving very low VUF values.

7. Contribution to Knowledge

Table 5 introduces a brief comparison between the state-of-
the-art techniques for voltage balancing in three-phase
power systems mentioned in Section 3 and the proposed
integrated approach. Accordingly, the contributions of
knowledge in this paper are as follows:

(1) In the proposed integrated approach, GPR and SVM
models are trained using the optimum data set of
firing angles generated from the PSO algorithm.

These firing angles are required to drive the TCR
compensator and restore the voltage balance in the
three-phase power system. These optimum values
enhanced the performance of the trained GPR and
SVM models and achieved high R* factor and
low RMSE.

(2) The proposed integrated approach retrieved the
balanced conditions in the electrical power systems
successfully by achieving a fast response time of only
20ms. Indeed, this is the shortest response time
among the methods proposed in the literature.
Therefore, the proposed approach enhanced the
system’s dynamic behavior.

(3) The proposed integrated approach can solve the
voltage unbalance problem and cover a wide range of
VUF between 3.90% and 8.42%. This VUF range is
wider than the ranges achieved in the literature.

(4) The proposed integrated approach obtained the best
performance for a three-phase power system and
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restored the voltage balance at an average VUF of
0.580%

8. Conclusion

In this paper, an advance integrated approach is proposed to
control the reactive power and restore the voltage balance in
three-phase power systems using the PSO algorithm and
SVM-GPR models. The PSO algorithm is used to determine
the optimum set of TCR firing angles required for voltage
balancing in offline mode, these firing angles are then used to
train the GPR and SVM regression models; finally, the
models are used as a real-time controller to restore the
voltage balance in the online mode. Simulation and physical
models for the electrical power system were built. In ad-
dition, three tests with different unbalance cases were
conducted to validate the proposed integrated approach. The
results have revealed the superiority of the proposed ad-
vanced approach over others mentioned in the literature and
the ability of this approach to retrieve the voltage balance
conditions quickly (within 20 ms) with a wide range of VUF
(3.90-8.42%).
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