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gradient backpropagation neural network for a three-phase, three-wire grid-
connected solar PV (GCPV) based DSTATCOM. The proposed system is implemented
in a simulation environment using MATLAB/Simulink. The system's performance is
evaluated under two conditions: non-linear steady-state and load balancing
conditions. The results indicate that the proposed control algorithm significantly
reduces the Total Harmonic Distortion (THD) of the line current, achieving THD
values of 1.32% and 1.33% under both conditions, compared to the THD reduction
of 4.56% achievable with the PQ Theory alone under the same conditions. This
demonstrates the effectiveness of the HCGBP control strategy, offering improved
efficiency, faster response, and ease of implementation. Moreover, the simulation

Keywords: outcomes validate the reduction of THD in the line current at the Point of Common
Solar Photovoltaic; DSTATCOM; Neural Coupling (PCC) has been successfully decreased to below 8%, aligning with the IEEE
Network standard 519:2014.

1. Introduction
1.1 Research Background

In recent times, renewable energy sources are receiving significant attention and backing, driven
by a range of factors, including political incentives and government initiatives. These sustainable
energy sources encompass wind, solar, geothermal, and other alternatives [1]. Among renewable
energy sources, solar photovoltaic (PV) systems have emerged as the major means of electricity
generation, primarily due to their numerous advantages. These systems produce electricity directly
from solar energy through the use of photovoltaic cells. PV cells offer a straightforward method of
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power generation as they lack moving components, demand minimal maintenance, and boast a cost-
effective operational profile compared to alternative electricity sources. Furthermore, they exhibit a
prolonged lifespan, produce no pollution during operation, and can be easily installed in any location
with access to sunlight [2]. Grid-connected photovoltaic (PV) generators are witnessing a surge in
popularity due to their consistent performance and their capability to harness power from renewable
sources. These PV arrays are linked to a DC/DC boost converter, which optimizes the energy output
to harness the maximum potential of the PV arrays.

The photovoltaic (PV) system is then connected to a DC/AC voltage source converter (VSC) in
order to transmit electrical energy to the AC power grid [3], [4]. Because the electricity generated by
the PV array cannot be seamlessly incorporated into the grid and loads, a voltage source converter
(VSC) is employed as a power converter. When solar PV are connected to the utility grid, the rapid
utilization of nonlinear loads like rectifiers can introduce harmonic currents into the distribution
system [5]-[7].

The issues related to power quality in the distribution system are of significant concern due to
their adverse effects on both the equipment of the load and the utility system [8]-[10]. To address
these power quality concerns, voltage source converters (VSCs) are employed as distribution static
compensators (DSTATCOMs), which improve power factor and reduce harmonics. However, the
effectiveness of DSTATCOMs relies on the control algorithm used for estimating current references
and generating gating pulses. Therefore, the development and implementation of a control algorithm
should prioritize characteristics such as better convergence, adaptability, low computational
complexity, and ease of application. To achieve these objectives, various control techniques like PQ
theory, synchronous reference frame (SRF) theory , instantaneous symmetrical control (ISC) theory,
and average unit power factor (AUPF) theory are frequently employed in the design of DSTATCOM
systems [11], [12].

As a result, there is a growing need for control algorithms that offer improved convergence and
adaptability, reduced computational complexity, and ease of implementation. To address these
requirements, neural network (NN) control algorithms are increasingly employed, leveraging their
intricate neural structure and improved accuracy in assessment. Consequently, neural network-
based control techniques are being used more frequently for rapid harmonic analysis and detection.
This approach offers several advantages, including enhanced reliability, energy efficiency, and
improved performance, all without necessitating significant hardware modifications. When
addressing power quality issues, the neural network-based control technique incorporating gradient
descent with momentum has demonstrated its effectiveness in alleviating uncertainties,
nonlinearities, and harmonics, ultimately delivering a suitable and responsive solution [5].

1.2 Control Algorithm

The controller's role in generating reference current signals is pivotal for mitigating power quality
issues and ensuring the optimal performance of a DSTATCOM. Various control strategies, including
Instantaneous Reactive Power (IRP) theory, Discrete Fourier Transform, Synchronous Reference
Frame (SRF) Theory, and Wavelet Transform, can be employed to generate these reference current
signals. Among these control strategies, the PQ theory stands out as the most efficient and effective
approach in addressing power quality concerns. DSTATCOM, equipped with Voltage Source
Converter (VSC), helps neutralize the inherent current of the power source. To maintain the
consistency of the DSTATCOM's DC link voltage, a DC voltage regulator is employed [13].

The utilization of Instantaneous Power Theory has yielded excellent results in the design of a
Distribution Static Compensator (DSTATCOM) [14]. The combination of PV-DSTATCOM, however, has
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been a relatively recent development that has evolved over the past several years [15]. This system
has the capability to simultaneously enhance power factor, rectify current imbalances, and mitigate
current harmonics as well as injecting PV-generated energy into the grid with minimal total harmonic
distortion (THD). Furthermore, even in the absence of electricity generation from PV, the system can
contribute to enhancing the overall power quality of the utility grid. Based on current understanding,
the pioneering concept was initially introduced by Kim and others in 1996 [3], [16].

1.2.1 PQ theory Control Algorithm

The control algorithm known as Instantaneous Reactive Power (IRP) theory, which was
introduced by Akagi, is also commonly referred to as the PQ Theory. Through Clark's transformation,
the PQ Theory is able to convert the measured three-phase voltage and load currents into two-phase
quantities within the a-6 frame. This theory also enables the conversion of active and reactive power
into this same frame [17], [18]. Subsequently, the reference currents within the a-8 frame can be
converted back into the abc frame using the reverse Clark's transformation. Clark's transformation is
also used to convert the line voltages Vi, Vb, and V,, as well as the load currents Iiq, lip, and I, into
the a-B frame. Equation (1) until (5) represents the set of equations used in the P-Q theory control
algorithm. These equations are utilized to calculate the control signals for managing active and
reactive power flow in electrical systems.

Vo NIVACARVAPRRVAPR A
v, :ﬁ[ 1 -1/2 =172 ||y, (1)
W 0 V3/2 —3/2]lW
I SN2 N2 1/N2 [l
L|= 5| 1 -1z -172 [IL,, (2)
g 0 372 —/372)Uic!

The active and reactive powers at a specific moment are expressed as follows:
ol=[5, vll] )
Q _Vﬁ Va Iﬁ

Average (p) and oscillatory (p) is the result of instantaneous active and reactive power p and g
after being decomposed. In order to counterbalance the oscillating part of the momentary active
power, the reference source currents in /*a and /*8 are determined using the following equation.

1=l Wl @
Fpl— alVp Vg llo
Where A= V2 + VBZ . To compute the reference source currents in the abc frame from the

reference source currents in the a-8 frame, the inverse Clark's transformation is employed, and it is
expressed as follows:
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1.2.2 Backpropagation neural network

BPNN, or Back-Propagation Neural Network is recognized as a feedforward network featuring a
multilayer perceptron (MLP) architecture. It derives its name from the error back-propagation
technique, which was introduced in 1986. The fundamental MLP typically comprises three layers: an
input layer, a hidden layer, and an output layer. Additional hidden layers can be incorporated, and
the number of hidden layers is a tuneable parameter that should be explicitly adjusted [19].

The sample BPNN in Error! Reference source not found. comprises two HLs, each having three
and four neurons. The details of a single HL neuron's operation are provided. For example, equation
(6) can express an HL neuron's output Y if it accepts n input data [19].

n
j=1

In the context of neural networks, Xj represents the jth input data, wj signifies its weight value, b
denotes the bias value, and Fact is the activation function. The activation function is responsible for
introducing nonlinearity into the network, and two widely used activation functions are the sigmoid
and hyperbolic tangent (tanh) functions [19].

et Sigmoid, tanh, ...

Fig.1. Processing Data for BPNN [19]

2.Methodology
2.1 DSTATCOM Configuration

The DSTATCOM, known as a custom power device, is connected with the existing system in
parallel. Its primary purpose is to effectively manage and rectify issues related to electrical current
and power quality, thus enhancing the overall electrical system performance [20]. DSTATCOM is a
device that is essential for mitigating harmonic currents, compensating for reactive currents, and
balancing loads in AC distribution systems. It also functions as a voltage source converter (VSC)
comprising semiconductor valves, self-communication capabilities, and capacitors on the DC bus. In
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general, DSTATCOM can offer power factor correction, harmonic compensation, and load balancing.
However, when compared to the conventional static VAR compensator (SVC), DSTATCOM offers the
advantages of being able to provide rated current at almost any network voltage, delivering improved
dynamic response, and requiring smaller capacitors on the DC bus [21].

The VSC is an essential component in determining the performance of a DSTATCOM. The
DSTATCOM is typically connected to all three AC main phases and three non-linear phases. To reduce
current ripple, the VSC's AC output is connected to an interfacing inductor (Ls) [22]. Fig. 1 depicts a
schematic diagram illustrating a three-phase AC supply connected in series with a source impedance
(Zs). This series connection is then linked to a non-linear load consisting of a rectifier and an RL load.
Ultimately, the interconnected AC supply and non-linear load are in parallel with a DSTATCOM that
includes six IGBTSs.

Utility Grid PCC

S "" Adsa_ Vsa -
¢ —m tsh Wb Non-Linear Load/
< F Ve : Linear Load

Voltage Source

_____ Converter LiG§ -é:ln(erfacing
5 i :
1S €. < i Inductor

CDC:—.

1S, 1S, IS, S, IS, 1S, -

Hysteresis Control

Fig. 1 Three Phase Three Wire DSTATCOM Schematic
Diagram

2.1.1 Selecting the DC bus voltage (VDC)

The magnitude of the DC bus voltage (Vpc) in a VSC based DSTATCOM primarily relies on the
instantaneous energy available to the DSTATCOM. To effectively implement Pulse Width Modulation
(PWM) control in a VSI-based DSTATCOM and prevent issues such as current distortion and exceeding
current limits, it is crucial for the DC bus voltage (VDC) to be at least twice the magnitude of the AC
mains voltage [23]. "Furthermore, it is essential that the minimum DC bus voltage value exceeds the
peak of the phase voltage of the system to prevent current distortion.

The minimum dc bus voltage value can be calculated by using Equation (7).

2V2V,,
VdC = \/§m

Where, Output AC Line Voltage from the DSTATCOM, V.., = 415V, Modulation index, m=1

(7)

2.1.2 Selecting the DC bus capacitor (Cpc)
The value of the DC bus capacitance (CDC) is determined by both the power requirements and

the desired level of DC bus voltage. As such, it can be calculated by applying the principle of energy
conversion. Equation (8) shows the formula used to calculate Cpc[24][25].
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1

EXCDCX(ng—VgCZ)=k1><3><V><a><I><t (8)
Where, average DC bus voltage Vpc: = 700 V, The lowest required value of DC bus voltage, Vpcz=

677.69 V, Variation of energy during dynamics, kz = 10% = 0.1, Phase voltage, V = 239.60 V,

Overloading factor, a = 1.2, Phase current, | = 76.2 A, Time for the DC bus voltage to recover, t = 30

ms.

2.1.3 Selecting the Interfacing AC Inductor (Ly)

The choice of the AC inductance (Ly) is contingent on factors such as the current ripple (icr(p-p)),
switching frequency (fs), and DC bus voltage (Vo). The formula for Lsis defined as Equation (9), where
the modulation index is represented as 'm' and the overload factor is denoted as 'a' [26].

(V3m Vp()
- _ (9)
(12afslcr,(p—p))

By considering icrpp = 15%, fs= 1.8 kHz, m=1, Vpc =700 V, and a =1.2, the value of Ls is calculated
to be 4 mH. The round-off value of 4mH is selected in this investigation.

2.2 Neural Network Configuration

In this research paper, an advanced performance enhancement technique for the DSTATCOM is
presented. This technique involving the implementation of a neural network-based control algorithm
based on the P-Q theory. Fig. 2. illustrates the block diagram of the proposed neural network-based
P-Q theory for a three-phase, three-wire DSTATCOM. In order to enhance the performance of the P-
Q control, the calculated Ploss will be filtered and generated by a neural network in NN1. A similar
approach will be applied to the calculated PDC, which will be filtered and generated by a neural
network in NN2 [27]. The Pioss and Ppc values generated by the neural network will be employed to
calculate the current references, and these calculated current references will then be utilized in the
hysteresis control strategy.
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Fig. 2. Block diagram depicting the neural network-based
implementation of the proposed P-Q theory
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Error! Reference source not found. provides an overview of the parameters used for the neural
networks, which comprise three layers: an input layer featuring a single input neuron, a hidden layer
with 10 hidden neurons, and an output layer with a solitary output neuron. The hidden layer's
function plays a significant role in the learning process of the neural network. The choice of having
10 hidden neurons in the hidden layer is somewhat arbitrary but is made with the aim of enhancing
the system's performance [28]. The number of hidden layers and neurons in each layer are contingent
upon the problem complexity being addressed. These choices are often made to accommodate the
specific characteristics and requirements of the problem at hand [29].

Table 1

Neural Networks Parameters for Training in MATLAB
Parameter Value

NN1 NN2

Number of Training Data 700 700
Number of Testing Data 150 150
Number of Neurons in Input Layer 1 1
Number of Neurons in Hidden Layer 10 10

Training Function

Performance Function

Maximum Epoch

Scaled Conjugate Gradient
Mean squared error (MSE)
1000

Scaled Conjugate Gradient
Mean squared error (MSE)
1000

3. Result and Discussion
3.1 Performance of GCPV-DSTATCOM based PQ Theory under Non-Linear Load in Steady-State
Condition

Fig. 3 and Fig. 4 illustrate the performance of the developed three-phase, three-wire Grid-
Connected Photovoltaic with DSTATCOM (GCPV-DSTATCOM) based on the P-Q theory system under
non-linear loads. In Fig. 3 (a), waveform analysis is presented for line current, load current, and
compensation current, while Fig. 3 (b) displays the waveform analysis for line voltage, load voltage,
and DC link voltage (Voc).

In Fig. 3 (a), it is observed that the waveform generated by the Line Current is sinusoidal, whereas
the Load Current exhibits a distorted waveform. Fig. 4 shows the waveform and Fast Fourier
Transform (FFT) analysis for GCPV under linear load during steady-state conditions. Table 2 provides
the Total Harmonic Distortion (THD) values for Line Current, which are measured at 4.62%, 4.58%,
and 4.56% for Phases A, B, and C, respectively. These THD values align with the limits specified by the
IEEE-519:2014 standard, which mandates a THD of less than 5% for line currents.

Line Current =

Compensate Current

PR ERETERERENENEPENERE R LS

| | L | | L | | L

0 001 002 003 004 005 0.06 007 008 009 01
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Fig. 3 Waveform analysis of GCPV-DSTATCOM based PQ Theory under Non-linear

Load in Steady-State Condition (a) Line Current, Load Current, and Compensation
Current, (b) Line Voltage, Load Voltage, and DC link Voltage

FFT analysis
Fundamental (50Hz) = 12.98, THD= 4.62%
T T T T T T T T T
100 - 7
£ s b
&
£
&
B el 4
S 60
[
k-]
R 4f E
o
&
=
20 q
o I L I I n I " L I
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)
FFT analysis
Fundamental (50Hz) = 12.99 , THD= 4.58%
T T T T T T T T
100 B
g 80 h
3
=
G
2 sl 4
S 60
[
k-]
R 40 q
=3
a
=
20 q
0 . L L I n . n L L
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)
FFT analysis
Fundamental (50Hz) = 12.99 , THD= 4.56%
T T T T T T
100 B
£ sor 1
&
=
&
£ wf 1
i
5
R 40 4
=3
b5
=
20 1
I I I I n I n . L

o

0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

(c)
Fig. 4. Waveform and FFT Analysis for Line Current (a) Phase
A, (b) Phase B, (c) Phase C
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Table 2
THD Analysis for GCPV-DSTATCOM based PQ Theory under Non-Linear Load in Steady State Condition
THD (%)
Phase Line Current Load Current
Phase A 4.62 30.83
Phase B 4.58 30.83
Phase C 4.56 30.82

3.2 Performance of GCPV-DSTATCOM based PQ Theory under Non-Linear Load in Load Balancing
Condition

Fig. 5 (a) presents the waveform of the load current when the load from Phase A was
disconnected between 0 and 0.5 seconds. The results show that when Phase A is disconnected, the
load current drops to zero for that duration. In Fig. 5 (b), the waveforms of the line and compensation
currents during the Phase A disconnection are displayed. The results indicate that the disconnection
of Phase A has a noticeable impact on the shape of the line and compensation current waveforms
both before and after the disconnection. For Phases B and C, the disconnection significantly affects
the waveform amplitude and shape before 0.5 seconds.

Fig.6 and

Table 3 provide the waveform and Fast Fourier Transform (FFT) analysis for the line current during
load balancing, with Phase A's load being disconnected. The analysis demonstrates that the Total
Harmonic Distortion (THD) values for Phase A, B, and C are 4.62%, 4.58%, and 4.56%, respectively, all
of which are well within the limits specified by the IEEE-519 standard for all phases. This analysis
shows that the proposed DSTATCOM capable to reduce harmonic even in load balancing condition.

=T I T | —

o T T T T — T —
T Jw W HJJ
o J
s J
1 1 1 I I I I
Phases
T T T T T T

i | I I

W T T T

SW
ol
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Fig. 5. Waveform analysis of GCPV-DSTATCOM based PQ Theory

under Non-linear Load in Load Balancing Condition (a) Line Current,

Load Current, and Compensation Current, (b) Line Voltage, Load
Voltage, and DC link Voltage
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Fig.6. Waveform and FFT Analysis for Line Current (a) Phase
A, (b) Phase B, and (c) Phase C
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Table 3
THD Analysis for GCPV-DSTATCOM based PQ Theory under Non-Linear Load in Load Balancing Condition
THD (%)
Phase Line Current Load Current
Phase A 4.62 30.83
Phase B 4.58 30.83
Phase C 4.56 30.82

3.3 Performance of GCPV-DSTATCOM based HCGBP under Non-Linear Load in Steady-State Condition

The analysis for this simulation includes an assessment of the shape of waveform for line and load
currents, along with the Total Harmonic Distortion (THD) values. Fig.7 and Fig.8 present the results
recorded after the simulation. In Fig.7 (a), the waveforms for Line Current, Load Current, and
Compensation Current are displayed, while Fig.7 (b) shows Line Voltage, Load Voltage, and DC Link
Voltage (Vbc). The results indicate that the waveforms generated by line current and load in Fig.7 (a)
are sinusoidal.

Furthermore, Fig.8 provides the waveforms and Fast Fourier Transform (FFT) analysis for GCPV
under linear load during steady-state conditions. Table 4 reveals that the THD values for Line Current
are measured at 1.32%, 1.34%, and 1.34% for Phases A, B, and C, respectively. These THD values align
with the IEEE-519:2014 standard, which specifies a THD of less than 5% for line currents. This analysis
also shows that the proposed HCGBP has better performance than normal PQ theory in mitigating
harmonic for line current at PCC.
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Fig.7. Waveform analysis of GCPV-DSTATCOM based HCGBP under
Non-linear Load in Steady-State Condition (a) Line Current, Load
Current, and Compensation Current, (b) Line Voltage, Load Voltage,
and DC link Voltage
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Fig.8. Waveform and FFT Analysis for Line Current (a) Phase A,
(b) Phase B, and (c) Phase C

Table 4
THD Analysis for GCPV-DSTATCOM based HCGBP under Non-Linear Load in Steady State Condition
THD (%)
Phase Line Current Load Current
Phase A 1.32 30.87
Phase B 134 30.86
Phase C 134 30.87

3.4 Performance of GCPV-DSTATCOM based HCGBP under Non-Linear Load in Load Balancing
Condition

Fig.9 presents the analysis of the High Capacity Grid Battery (HCGB) with GCPV Linear Load when
Phase A was disconnected from 0 to 0.5 seconds. The analysis includes an examination of the effect
on line current Total Harmonic Distortion (THD) values when one of the phase loads is disconnected.

In Fig.9 (a), the load current waveform during the disconnection of Phase A is shown. The results
demonstrate that when Phase A is disconnected, the load current drops to zero for that period. In
Fig.9 (b), the waveforms of the line and compensation currents during the disconnection of Phase A
are displayed. The results indicate that the disconnection of Phase A has a notable impact on the
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shape of the line and compensation current waveforms both before and after the disconnection. For
Phases B and C, the disconnection significantly affects the waveform amplitude and shape before 0.5
seconds.

Fig.10 and Table 5 provide the waveform and Fast Fourier Transform (FFT) analysis for line current
during load balancing, with Phase A's load being disconnected. The analysis reveals that the THD
value for Phase A is 1.34%, while the THD values for Phases B and C are both 1.33%. These THD values
comply with the IEEE-519:2014 standard, which specifies a THD of less than 5% for line currents. This
indicates that load balancing does not significantly affect the THD value in a non-linear load.
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Fig.9. Waveform analysis of GCPV-DSTATCOM based PQ Theory
under Non-linear Load in Load Balancing Condition (a) Line Current,
Load Current, and Compensation Current, (b) Line Voltage, Load
Voltage, and DC link Voltage
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Fig.10. Waveform and FFT Analysis for Line Current (a) Phase A,
(b) Phase B, and (c) Phase C

Table 5
THD Analysis for GCPV-DSTATCOM based HCGBP under Non-Linear Load in Load Balancing Condition
THD (%)
Phase Line Current Load Current
Phase A 134 30.86
Phase B 1.33 30.87
Phase C 1.33 30.87
Table 6

Comparison Performance of GCPV-DSTATCOM between PQ theory and HCGBP under Non-Linear load in
Steady-State and Load Balancing Conditions

THD (%)
Phase Steady-State Load Balancing

PQ Theory HCGBP PQ Theory HCGBP
Phase A 4.62 1.32 4.62 1.34
Phase B 4.58 1.34 4.58 1.33
Phase C 4.56 1.34 4.56 1.33
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4. Conclusion

The growing use of nonlinear loads in power systems has led to an increase in harmonic
disturbances and power quality issues. To address these challenges, one approach is to employ
DSTATCOM for mitigating current harmonics in distribution systems. This paper presents the use of
a GCPV-based DSTATCOM topology with a Hybrid Conjugate Gradient Back Propagation Neural
Network (HCGB) based PQ theory control algorithm. The result simulation demonstrates that the
proposed GCPV-based DSTATCOM topology with HCGB control algorithm effectively eliminates
harmonic currents, and the Total Harmonic Distortion (THD) values of line currents align with the
IEEE-519:2014 standard under conditions of non-linear loads in steady-state and load balancing.
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