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ABSTRACT Emerging trends and advances in techniques in power electronics, Unified Power Quality
Conditioner (UPQC) has a superior performance compared to other methods. The paper proposes the
application of a ANN based UPQC to enhance the power quality of a three-phase Low-voltage network
connected to a hybrid distribution generation (DG) system. The proposed work emphases the detailed
performance analysis of a distributed generation system that integrates a solar PV and wind energy system
by utilizing Unified Power Quality Conditioner (UPQC) with an artificial neural network (ANN) controller
with respect to proportional-integral (PI) controller. The core objective of the proposed ANN is to offer good
steady and dynamic state performance compared to the PID controller. The system called UPQC-ANN-RE
feeds energy generated by a photovoltaic array and a wind turbine into the electrical grid and loads attached
to a system of 3-phase 4-wire electrical distribution. In addition to inserting active/real power in the utility
grid, the system of UPQC-ANN-RE functions as a UPQC, improving power quality signs e.g., voltage and
current harmonics and power factor. A detailed analysis of the active-real power flow by converters is carried
out to allow a good understanding of the operation of the UPQC-ANN-RE. The simulation outcomes are
presented to assess the dynamic and steady state performance of the system of UPQC-ANN-RE connected
to an electrical distribution system and to compare the consequences with the PI controller.

INDEX TERMS Distributed generation system, unified power quality conditioner, artificial neural network,
power quality, renewable energy sources.
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p Maximum dc-bus voltage

dcmax
Videin Minimum dc-bus voltage
Vie DC-bus voltage
VL RMS Load Voltages
Vs RMS Grid Voltage
3P4W Three phase four wire
ANN Artificial Neural Network
DGs Distributed generation systems
DVR Dynamic voltage restorer
ESS Energy Storage Systems
FACTS Flexible AC transmission system controllers
LMBP Levenberg-Marquardt backpropagation
MPPT Maximum Power Point Tracking

NPC Neutral Point Clamped

P&O Perturbs and Observes

P-APF Shunt active power filter

PCC Point of common coupling

PF Power Factor

PI Proportional-Integral

PLL

PMSG Permanent Magnetic Synchronous
Generator

PQ Power Quality

PV Photovoltaics

RE Renewable energy

RES Renewable energy sources

S-APF Series active power filter

STATCOM  Static synchronous compensator

STC Standard test conditions

THD Total Harmonic Distortion

UPFC Unified power flow controller
UPQC Unified Power Quality Conditioner
WE Wind Energy

I. INTRODUCTION

In latest years, severe socio-economic issues and ecological
effects because of the building of latest and huge power plants
(nuclear and hydroelectric) along with the building of power
plants based upon the fossil fuels (oil, natural gas, coal, and
others) have provoked managements and scholars around the
world to pursue alternative way out and schemes to meet
the rising demand for energy. In this perspective, the pro-
duction of electricity from alternate and ‘‘hybrid-renewable-
energy system” (HRES) plays a vital role in increasing the
long-term energy supply. A hybrid system can address and
overcome the limitations of renewable energy resources with
efficiency, reliability, and economics. Therefore, in addi-
tion to reducing violent environmental influences, this situ-
ation permits for an increasing divergence of energy matrix
which injected in present framework of electricity production.
Several researchers presented HRES models including
renewable energies such as wind-biomass, hydro-solar,
wind-PV-hydro, PV-biomass or wind-PV-biomass, to plan a
power plant in stand-alone or grid-connected modes. Hence,
renewable energy sources (RES) based distributed generation
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systems (DGs) such as wind and solar power have emerged
as a vital and modern way out that can be integrated into
traditional energy production systems [1], [2], [3], [4], [5].
On the other hand, its integration requires numerous power
electronic devices e.g., converters, inverters, etc., which alter-
natively reduce the quality of the power both on source and
load side. Apart from this, the use of non-linear loads at the
point of common coupling (PCC) also inserts the harmon-
ics in system. Relatively common PQ problems are voltage
sags/swells, flicker and harmonics [6], [7], [8], [9].

With the need for clean energy, in addition to the rigor-
ous power quality desires of sophisticated loads and power
electronics devices, here is a requirement for multifunctional
systems capable of integrating clean energy production and
improving the quality of power. In [10] and [11], a 3-®
multifunctional solar power conversion system that recom-
penses the load-side PQ problems has been proposed. In [12]
and [13], a 1-® photovoltaic solar inverter has been pro-
posed with an active power filtering ability. Because of the
increasing spread of renewable energy sources, the use of
DGs is becoming increasingly popular. However, the primary
function of the DGs is to feed active power into the grid,
its multifunctionality can be extended to comprise active/real
power-line conditioning functions. In this state, at the same
time the integrated DGS may do active power line com-
pensation in addition to power generation and thus help
improve PQ indicators [14], [15], [16], [17], [18], [19], [20],
[21]. To alleviate PQ events passive filters, active filters,
and flexible AC transmission system controllers (FACTS)
are commonly utilized. Passive filters attenuate harmonics
individually and are bulky inherently. Active filters are using
to lessen harmonics and recompense reactive power. How-
ever, they are costly than passive filters. Numerous FACTS
controllers are too utilized to enhance performance and power
quality [6], [22], [23]. FACTS devices, including UPFC-
FLC, UPFC, SVC, UPQC and GUPFC are the most widely
used power quality enhancement devices. The employment
of FACT devices solves the voltage stability problem while
improving the power quality of the grid [24], [25], [26], [27].
The improvement of the grid stability and the decrease in
the THD has been obtained by applying the STATCOM in
relation to the ESS [24]. Likewise, the wind power production
system experiences THD and unstable voltage. So, STAT-
COM has also been applied with the grid-tied wind energy
(WE) system [25]. In [26], an integrated solar photovoltaic
system with a dynamic voltage restorer (DVR) has been
projected. All three FACTS devices including DSTATCOM,
DVR and UPQC have been employed to improve power
quality and voltage stabilization [27]. Also, in [28], the study
investigates the utilization of Unified Power Quality Condi-
tioner (UPQC) to alleviate power quality problems present in
the network and harmonics impregnated via non-linear loads.
This work supports UPQC through the Photovoltaic (PV)
and Battery Energy Storage System (BESS). In [29], the grid
system that integrates WE has been found to improve power
quality with UPQC. In [30], a method for implementing
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an automated transition of a solar photovoltaic system
and a unified battery-integrated power quality conditioner
(PV-B-UPQC) between stand-alone and grid-connected
modes of operation is presented and discussed. The system
addresses the issue of integrating power quality improvement
with clean energy generation.

Within FACTS techniques based on power electronics,
UPQC has a superior performance compared to other tech-
niques, mainly SVC, STATCOM and DVR. UPQC achieves
most of the required qualities, comprising voltage enhance-
ment, harmonic alleviation, current enhancement, and com-
plete system power quality improvement [28], [31]. UPQC
comprises of shunt and series active power filters (APF)
attached through a common DC-link. Shunt APFs recom-
pense reactive power and attenuate load current harmonics,
while S-APFs recompense harmonics, sags, swells, and flick-
ers in the source side voltages. The voltage of DC link swing
may be controlled through the shunt APF [6]. Particularly,
UPQC classifications may do both P-APF and S-APF func-
tionality concurrently. Therefore, UPQC is used in the pro-
posed research to overcome and enhance the power quality
owing to the existence of non-linear loads and integration of
renewable energy sources into the grid.

In [32], the UPQC provided by photovoltaic modules with
boost converter, MPPT P and O, PI, and p-q scheme has been
presented. The model was competent to recompense reactive
power and decrease load voltage/source current harmonics,
but did not address the alleviation of sags and disturbance
caused by PV penetration. In [33] PQ alleviation of UPQC-
BES on micro-grid provided via PV-Wind hybrid has been
employed. The result was that FLC and PI could enhance
power quality and diminish distortion in the power of output.
The UPQC-wind turbine linked to the UPQC dc-link circuit
has been employed in [34]. The proposed arrangement with
PI made it possible to recompense over-voltages, voltage dis-
ruptions and reactive power both off and on the grid. In [35]
the paper deals with the design and performance analysis
of a three-phase single stage solar photovoltaic integrated
UPQC (PV-UPQC). The proposed system with PI controller
combines both the benefits of clean energy generation along
with improving power quality. Grid-tied DGs built on wind-
PV-UPQC coupled to UPQC DC link have been implemented
in [36]. The proposed arrangement with PI has improved
PQ issues while providing real power to the grid. In [37],
ainclusive study that comprises the sizing and power flow via
series and parallel inverters in a distributed generation system
(DGs) that integrates the system of hybrid wind photovoltaic
with a UPQC is presented. The proposed arrangement with
PI has also improved PQ issues while providing real power
to the grid. Table 1 presented the comparison of existing
methodology with presented work.

The assembly of the standard PI or PID controller, requires
an accurate model that operates boundary limits and load
disruption affect. In latest years, extensive research has been
completed on control circuit strategies for UPQC. The goal
is to attain a trustworthy control system and quick response
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approaches to attain the switch control signals. Currently,
artificial intelligence e.g., artificial neural network (ANN)
is considered as a latest tool to design control circuits for
power quality appliances. Employment of ANN approach in
PV-UPQC has been mentioned in [38] to improve power qual-
ity. Using ANN delivers fast response compared to traditional
PID circuits. This method needs proper training and valida-
tion before being implemented in the power system. It takes
longer time to gauge the output response of the system, but it
provides precise and proper responses. The main contribution
of the proposed work is given below:

1. This research work proposes a UPQC with ANN-based
controller w.r.t proportional-integral (PI) controller to
improve the performance of a DGs that integrates solar
PV and wind system.

2. Improved PQ issues such as harmonic attenuation,
%THD and power factor (PF) owing to parallel-series
power line conditioning abilities. It should be noted
that even the PV-wind based system doesn’t work
because of maintenance work or even during the night,
the parallel- series active filtering may continue to
function.

3. Inject the power generated by a photovoltaic system
and a wind turbine into the grid. In this situation, con-
sumers may or may not be attached to the system. When
loads aren’t existing, the system functions similar to
traditional DGs, in that universal active filtering may
be deactivated.

4. To compare performance, the outcomes of the proposed
strategy are compared to PI-based control. The perfor-
mance of two controllers is utilized to determine source
current, load voltage, source voltage THD and load
current THD according to IEEE-519, in addition to grid
and load power factor.

This research paper is structured as follows: Section II
presents the explanation of the system of UPQC-ANN-RE,
the control of parallel and series NPC inverters and ANN
controllers are discussed. Section III discusses the power flow
through UPQC-ANN-RE, while Section IV takes an in-depth
look at the performance of the UPQC-ANN-RE system using
PI and ANN under dynamic and steady-state situations by
means of MATLAB/Simulink software. Finally, Section V
presents the conclusions.

Il. EXPLANATION OF THE UPQC-ANN-RE TOPOLOGY

Figure 1 displays the model proposed in this research.
Figure 1 (a) presented the simplified block diagram of
the proposed system and Figure 1(b) demonstrated the
detailed circuit diagram of the UPQC-ANN-RE System. The
RE source based DGs are coupled to the 3P4W distribu-
tion system with a frequency of 220 volts (L-L) and 60 Hz
via ANN-based UPQC. The assembly is divided into three
portions. The first consists of the DGS based on single-
stage photovoltaic and wind turbines. The second con-
sists of the NPC series inverter and the passive elements
(L filter(Lgec_ape)) and series coupling transformer. Lastly, the
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TABLE 1. Comparison of main features of existing methodology in this literature and this paper.

Considered criteria in the formulation of techniques

Adopted Static and
Ref. i ili
€ Methodology Sources I“tel'll:vlgency THDys (%) THD(%) dynamic Accuracy PF (g:‘i]‘;lhty
response
[18] UPQC with PI PV Low Greater Greater Slow Less Less t han
Controller Unity
UPQC-BES
[30] using FLC PV 'and High Greater Greater Slow Less Less t han
Wind Unity
controller
PV-UPQC with Less than
[33] PI Controller PV Low Greater Greater Slow Less Unity
Wind-PV-UPQC
[36] with PI PV'and High Greater Greater Slow Less Less t han
Wind Unity
Controller
PV-wind-UPQC
[37] with PT PV -and High Greater Greater Slow Less Less t han
Wind Unity
Controller
. PV-wind-UPQC .
This using ANN PV 'and High Lower Lower Fast High Approxlmat@ly
paper Wind equal to Unity
Controller

UPQC-ANN-RE System

Power Series Coupling | Non-Linear
| Supply Reel! l_-l Transformer | A Rele2 Load

A
Series L Filter Parallel LC
Filter
Series NPC DC link Parallel NPC
Inverter T

‘Wind and
Photovoltaic Energy
System

ANN based
Control

(@)

UPQC-ANN-RE System Vs )
o lra
L L
N K3 i o
Lo 1 , 3
val Le 0. o
" - PCC2 L
o Series NPC Parallel NPC
sed Inverter Inverter
"l;] _ﬁ] Riseca Lseca DC-Bus i1 paa Ripaca Lpaca 7 ;
ipacd
Risees Lseen Cecr==Vael - RL,;% e
x "ﬁ] x x . L o 1 . = L
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| o Cac2 T Ver m""l’“’“
—>
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Wind B || Loy
Rectifier
(b)
FIGURE 1. (a) Simplified block diagram of the UPQC-ANN-RE system; (b) Circuit diagram of the UPQC-ANN-RE system.
third portion consists of a parallel NPC inverter and filter DC link. Meanwhile the split arrangement of capacitor is

elements (LC filters (Lpac_ape and Cpq_apc)) As may be seen, utilized, its midpoint of the DC bus must be attached to
DGs based on PV- wind and NPC inverters share the identical the neutral conductor which makes local 3P4W system.
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The DGs deprived of storage consists of a photovoltaic net-
work composed of a single string of twenty photovoltaic mod-
ules connected in series and a permanent magnet synchronous
generator (PMSG) wind turbine that have the fixed voltage
and variable speed which produces electricity and is linked
to the dc link of UPQC via an AC/DC bridge rectifier.

The MPPT algorithm makes a vital role to producing max-
imum power under different weather conditions. Therefore,
the system of UPQC-ANN-RE is designed to function with
the reference of DC bus voltage v};. determined via the MPPT
process [39]. So, the maximum magnitude of the voltage of
DC bus (v}}, ,,4) is about 600 V, which allows the system
to operate under standard test conditions (STC) in the MPP.
In contrast, the least working voltage of the system (v}, ,...)
is fixed at 460 V, i.e. when this voltage is touched, the system
operates outside the MPP.

A. CONTROL OF UPQC-ANN-RE SYSTEM

The compensation scheme utilized in the system of UPQC-
ANN-RE is recognized as the dual compensation approach
and in detail is discussed in [40], [41], and [42], there the
advantages over traditional compensation schemes [43] uti-
lized to control utmost UPQCs described in the literatures
are discussed. With the dual compensation approach, the
NPC series inverter should be controlled like a sinusoidal
current source. In contrast, the NPC parallel inverter should
be controlled like a sinusoidal voltage source.

1) NPC SERIES INVERTER CONTROL

In it, the sine waves and symmetrical currents of the NPC
series inverter are controlled to remain in-phase with voltages
of grid. This recompenses for load imbalances and reactive
power and suppresses harmonic currents, ensuring effective
PF correction. Additionally, the path of high impedance
formed via the sine current-controlled NPC series inverter
pushes harmonic currents to flow from the load over the NPC
parallel inverter.

The procedures utilized to produce the grid current (NPC
series inverters) and DC bus voltages (MPPT P&O) refer-
ences are displayed in Figure 2. Primary, the load currents
are evaluated and converted from the abc axis to dg axis. thus
the current iz4 n be obtained directly as:

1 3 1 3
ira =+/2/3 |:c0s9— icose + %sin@— ECOSQ + %sin@]

iLu
x | i (1)

iLc
The current i; 4s formed by the load current harmonic and real
components, here cosf and sinf are the coordinates of the
rotating unit vector. A PLL [44] is using to gauge the phase

angle of the voltage of source 6 = ;.

The mean of i74(irq, ) is attained with a low pass filter
(LPF) such that iz, are real components of the abc load
currents. Finally, the reference of NPC series inverter input
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current on d-axis is given by:
i;kecd = ILdg T lde = If 2

Here i; is the ANN controller DC link voltage output signal
and iy is feed forward current. The iy illustrates the amount
of real power handled via NPC series inverter to make sure
the stability of the UPQC power and thus control the voltage
of DC bus. That is to say, ige modified the magnitude of
it,.q to regulate the power flow via the system of UPQC-
ANN-RE and performs energy stability. Along with i . the
quantityiy speeds up the balance of energy. Since currents
that are balanced and sine-waves, are expected in the power
grid, together the zero-sequence component (i}, ) and the
quadrature current (i) are set to be zero.

2) NPC PARALLEL INVERTER CONTROL

The core purpose of the NPC parallel inverter is to supply
voltages that are regulated, symmetrical and sinusoidal, to the
load. The voltages of output are all the time controlled to
remain in-phase with the positive sequence constituent of
the mains voltages in it. In that situation, merely real power
may be sent/ drawn to/from the grid through the NPC series
inverter to sustain the system power stability while the input
and output voltage magnitudes vary from one another. Addi-
tionally, the path of less impedance formed via the sine wave
voltage controlled NPC parallel inverter permits harmonic
currents of load to flow over the NPC parallel inverter. That
one may be pointed out that PQ happenings occur via series
coupling transformers resulting in indirect voltage recom-
pense/suppression.

The procedures utilized to produce the output voltage ref-
erences (NPC parallel inverters) are displayed in Figure 3.
The references of input voltage of NPC parallel inverter
are fixed to V; , ~and V', in abc and d-axis, respectively,
as displayed in Figure 3. As voltages that are symmetrical
and sine wave, are provided to the load, the zero-sequence
component V;, and the quadrature voltage V' g are fixed to be
zero [18], [36].

3) ARTIFICIAL NEURAL NETWORK

ANN is one of the Al approaches that perceives a very
suitable application for the control of power electronic sys-
tems. A latest study shows that ANN-based controllers offer
quicker dynamic reaction and enhanced the constancy of con-
verter structures over a vast range of operating situations. The
advantages of ANN comprise learnability, error tolerance,
adaptability, generalizability, contextual data processing, less
power utilization, traceability, robustness and fast conver-
gence [45], [46]. The main ANN design consists of three
layers and is presented in Figure 4.

1. Input Layer: It saves the data of input as well as the
inputs that will be given to the model are providing by
this layer.

2. Hidden layer: The input delivered via the input layer
is handled in hidden layer according to the weight of
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FIGURE 2. Control strategy of series converter.
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FIGURE 3. Control strategy of parallel converter.

the connection among the layers, any biases and the
functions of activation.

3. Output layer: the consequences of the calculations are
saved.

An artificial neural network algorithm characterized by the
following steps:

Step 1: Process each signal input to the node of the neural
network input layer and determine its weight W;

Step 2: Repeat the succeeding process until convergence:
(1) Fork =1to N,

Calculate the values of Oy, netj; and;
(2) Calculate dj for the same node j € M;

Step 3: Correct the weights;

Step 4: Given the neural network node attribute
sample set M, the neural network node attribute set
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F ={F,F,...F;...F,}. The number of branches N and the
branch stopping criterion, the specific steps of the procedure
are as follows:

(1) Judge whether the current node meets the stopping con-
dition according to the branch stopping criterion. If so,
return the empty tree and input the data A; Otherwise,
go to Step (2).

According to the neural network node attribute sam-
ple set M, for ¢ attributes in the neural network node
attribute set F'. When F; is used to judge the attribute,
the corresponding impurity change is the Gini index
change F;(M).

Select the attribute with the largest change of Gini index
value F;(M), and take this attribute as the split genus of
this branch F,;

(@)

3
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FIGURE 4. Basic ANN structure.

(4) (4) According to the splitting attribute Fy,, the neu-
ral network node attribute sample set is divided into
N subsets.

(5) Perform steps (1) ~ (4) on N subsets respectively, and
the new input is subset N; and attribute set F', so as to
obtain the relative score classifier T; (possibly empty
tree) for clade Nj;

(6) Pruning the established decision tree to obtain a series
of nested subtrees;

(7) V-fold cross validation was used to select the optimal
subtree;

(8) The optimal decision tree is selected to determine the
conditions of the new test samples, and the correspond-
ing classification results are output.

Step 5: After determining the output classification results
in Step 4 each time, the classification results shall be cor-
rected and learned to make errors. The signal is minimal until
the current node meets the stop condition, after which the
diagnostic data is output.

2. According to point 1, an artificial neural network algo-
rithm is characterized as follows: in step 1, if the input

If there is more than one signal, there are x input sig-
nals: Py, Py, P3...P,, the input signal is processed first,
and the weight value of each input signal is determined:
w3, w4 ..., Wy, and then calculate the weighted sum through
the formula:W = Wy, P1+ Wa, P2+ ...+ wy, px + b where
b is the bias index.

3. According to the artificial neural network algorithm
mentioned in point 2, its characteristics are as follows: the
artificial neural network may also have one or more hidden
layer nodes; For the input signal, it should first propagate
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forward to the hidden layer node, and then after the conver-
sion of the excitation function

The output signal of hidden layer node is propagated to the
output node, and finally the output result is given.

4. According to the artificial neural network algorithm
mentioned in point 3, its characteristics lie in: the excitation
function of the node: f(x) = §(x)

5. According to the artificial neural network algorithm
mentioned in point 4, its characteristics are as follows: the
excitation function of the node is the body relation is:

1
f) = 1+6—_X/Q 3)

where, Q is the Sigmoid parameter in the form of adjustment
excitation function.

6. According to an artificial neural network algorithm men-
tioned in point 1, its characteristics are as follows: the error
correction learning process is composed of forward prop-
agation and back propagation; In the forward propagation
process, the input information is processed layer by layer
from the input layer through the hidden layer and transmitted
to the output layer. The states of neurons in each layer only
affect the states of neurons in the next layer; If the output
layer does not get the desired output, it will turn to back
propagation and return the error signal along the original
connection channel. By modifying the weights of neurons in
each layer, the error signal will be minimized.

7. According to an artificial neural network algorithm
mentioned in point 6, its characteristics are as follows: the
calculation formula of the error correction learning pro-
cess of the algorithm is: suppose an arbitrary network with
N nodes, and the activation function of each node is purelin
type; For simplicity, specify that the network has only one
output Y, the output of any node I is O, and set N samples
(xk, yk) k=1,2,---N).

For some input xy, the network output is y,, the output of
node I is Oy, and the input of node j is:

netjk = Z W,-jOik “)
i

And the error function is defined as:
N

3 ok —5)’ ®)

k=1

E =

N =

where is yi the actual network output, defined an E;, =
A2
Ok = 3x)", 8 = Bnetk and Ojx = f (netj), then:
0E _ 0E; Onetji _ JdE)
oW N onetj, OWj; B onetjy

aEk aj’k ’ )
A Bnet,k — vk = 3x) £ (netz) (7

Oix = 31 Ojx. (6)

S =

If j is not an output node, yes?

0E) JdE, 00j 0E
Sjk = = == f (netjk)

Bnetjk 8Ojk 8netjk 80jk
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oE; _Z J0E  onety,;
00 — onety, 00jk

JdE, 0
; onety, d0jk Z mit/ik

J0E
- Z 8ne:nk Z Winj = Zamk W ®)
m m

i

Hence

ik =f/ (netjk) Z Sk Winj
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B _, o ©
an_j = OmkVik

8. An encapsulation document characterized in that it
includes an artificial neural network algorithm of any of the
points 1-7. By encapsulating the algorithm into a file, the
system calls the encapsulated text when a set of data devices
is entered to realize the data diagnosis output.

Levenberg-Marquardt backpropagation (LMBP) [47],
[48], [49] is one of the ANN training methods that achieves
quicker convergence, especially when the function is the
mean square fault. Although that one is a multi-layered Feed-
Forward system alike the well-known error backpropagation,
it is still different as it uses the resultant derivatives to update
the weights. Inputs from the layer of input are sent to the
hidden layers using weights assigned separately to every link.
The overall durability of a node’s input is checked by the
functions of activation, and based upon the outcomes, the
nodes of hidden layer activate their inputs to the layers of
output. The outcome to the targets are compared via output,
and still there is an error, then the weights of link are altered
so that for the succeeding iteration of inputs, the outputs are
as required. This procedure lasts till convergence. In this
research, an ANN-based UPQC is constructed to enhance
the PQ of a hybrid green power system with the following
parameters: ANN: number of hidden layers: 30, number of
epochs: 5000, number of inputs: 1 and outputs: 1 of error
controllers (PI or P). Table 2 presents the network parameters
that are used while training the system.

TABLE 2. Parameters of neural network used in training.

Train Correlation
Structur Training N Mean coefficient R
. Activatio
e of ANN algorith . Square .. .
n function Trainin Testin
model m d Error
(MSE) g g
1:30:1 trainlm purelin 6.03e-07 1 1

lll. ACTIVE/REAL POWER FLOW VIA THE UPQC-ANN-RE
SYSTEM

Table 3 illustrates the four possible operating conditions
that may be deliberated. In the proposed model, the way
of real power flow over the NPC parallel (Pp,) and NPC
series (Psec) inverter could vary depend on the succeeding
situations:
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TABLE 3. Conditions implemented to govern an active/real power flow
by UPQC-ANN-RE system.

Operating RMS PV and wind Load

conditions voltages power power
1 Vv > VL

a va—wind =0 PL #0
2 Vo<V
1 Vv > VL

b va—wind >0 PL =0
2 Ve <V
1 Vv > VL

¢ va—wind < PL PL >0
2 Ve <V
1 V>V,

d va—wind > PL PL >0
2 Ve <V

1. Quantity of real power produced via PV system and

wind turbine (Ppy—yind)-

2. Quantity of active power spent through loads (Pr).

3. The difference in the effective values of source voltage

(Vy) and load voltage (V).
Considering all the conditions presented in Table 3 and
Figure 5, at V; = Vi, the active power flowing over the
series converter (Pge) is 0 W. In that instance, the system is
deliberated theoretically ideal.

Figure 5(a) demonstrates the energy flow when PV and
wind turbines are not functioning. In that instance, the real
powers required via the loads flow to series inverter from
the grid and to load from the parallel inverter. Figure 5(b)
demonstrates the real power flow while the power required
at the load is 0 W. In this state, all power flows to the grid
from the DC bus. Most of power is still handled via the
parallel converter. Figure 5(c) demonstrates the real power
flow while the power produced via photovoltaic array and the
wind turbine is insufficient to feed the loads. In this instance,
the extra energy required via these loads must flow to the load
from the utility grid over the parallel and series converter.
Lastly, Figure 5(d) demonstrates when the energy produced
via the PV and wind turbine is greater ac compare to the total
energy spent via the loads. In that state, excess flow of energy
to utility grid from DC bus and the rest is referred to the load.

IV. RESULTS AND ANALYSIS
The UPQC-ANN-RE system performance analysis is ana-
lyzed by run the system in the software of MAT-
LAB/Simulink. The system simulations are implemented
depend upon the schematic presented in Figure 1. The
3-level NPC inverters constitute the parallel and series PWM
converters. Table 4 summarizes the core parameters of sim-
ulation. The nonlinear load comprising of a 3-phase diode
bridge rectifier with R load is utilized as load. The step size
of the solver used for the simulation is 5.0505¢e-6s.

To analyzing the proposed model, the four operating
conditions (OPC) are used. For OPC 1, which arises at
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FIGURE 5. Active power flow by UPQC-ANN-RE system (a) Ppy _ying = O W; (b) Py = OW; (<) Ppy_wind < Pri (d) Ppy_wind > Py

night-time (deprived of solar radiation), the model func-
tions only like a UPQC-ANN-RE. Thus, Pyy—ying = OW.
In OPC 2, the UPQC-ANN-RE system functions without the
load and simply inserts active/real power in the utility grid.
OPC 3 occurs when there is solar insolation and at the same
time energy is needed by the load linked with the system of
UPQC-ANN-RE so that Pp,_ying < Pr. Lastly, like OPC 3,
OPC 4 arises whenPy,_ng > Pr. Each OPC of UPQC
utilizing a PI and ANN controller, so the entire number of
situations is 8.

Utilizing Matlab/Simulink, the system is simulate under
the preferred situations to attain the waveforms of grid volt-
ages (Vy), load voltages (V), parallel NPC inverter currents
(ipac), grid currents (i), load currents (i), PV and Wind tur-
bine Current (ipy—ywing), PV and Wind turbine power Py, _ing
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and DC link voltages (Vy.). The procedure of the proposed
system is well described in Figure 6.

Then, value of THD of the grid current and voltage, load
current and voltage in every phase and the average value
of THD are attained according to the curves. The average
grid current and voltage, load current and voltage results for
3P4W system utilizing a UPQC-ANN-RE system powered by
PV-wind RE sources, are presented in Table 5. Afterward
THD in every phase and the average of THD are displayed
in the Table 6. In addition, the average power factor of the
grid and the load are also shown in Table 7.

Table 5 illustrates the UPQC-ANN-RE system utilizing
PI and ANN, conditions 1 generate a mean load voltage of
around 140 V (L-N) and conditions 2 to 4 generates a mean
load voltage of about 128 V (L-N). From the table we can also
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TABLE 4. Parameters assumed in the simulation.

Build PV-Wind-UPQC System in

MATLAB/Simulink

Three phase Grid
Nominal utility voltages (RMS) V =12727V e
s imulation
Utility grid frequency fs =60 Hz
Leakage inductance of series coupling L =03
transformers p = 0.3 mH
1 1 1 UPQC-ANN-RE performi;
Resistances of series coupling transformers R,=028Q ey poer iy
. All the load
. . active power is taken from the
Turn ratio of the series transformer n,=1:1 PO iy arid
. ) . UPQC-ANN-RE only
Inductive filters (series NPC inverter) L =1.75mH performs Active Power
sec insertion. Hence, all power Povarind <P
: - - oduced via the photovoltaic )
Internal resistances of the series NPC inverter R =020 D e and the i b andPy>0
inductors sec " fed into the grid
. . . UPQC-ANN-RE performs both Active|
Inductive Filters (parallel NPC inverter) L= 1.73 mH power insertion and PQ improvement,
All the energy produced via the PV
. d th ind turbine is madc
Internal resistances of the parallel NPC R =020 e o e on et
inverter inductors pac - remaining energy is taken from the
arid
Capacitive filters (parallel NPC inverter) Cpac =60 pF
UPQC-ANN-RE performs both Active
. . Ve d { 1
dc-bus equivalent capacitance Cge = 4700 uF P arovement. bar 4T the oaengy.
produced via the PV array and the
| 1 V,. =616V wind turbine is fed into grid, while the
de-bus voltage (MPP in STC) de remaining energy is sent to the load
*
Minimum dc-bus voltage Ve =460V {
c
PWM gain C pwm = 0.0002 Measured the Magnitudes of V., THD,PF Parameters
Photovoltaic l
Active Power 2.0 KW
Temperature 25°C Save the Results
Irradiance 600 W/ rnz
PMSG wind turbine
Active Power 1.5 KW End
Speed of Wind 8 m/s
Pitch angle of Blade 0 degree FIGURE 6. The simulation flowchart.
Non-Linear Load
Three-phase diode bridge rectifier with
P & R=40Q

resistive load

see that in both cases the value of an average grid current is
approximately the same.

Table 6 demonstrates that the average load voltage THD of
the system of UPQC-ANN-RE for conditions 1 to 4 with Pl is
in the limits of the IEEE-519 standard.

The uppermost and lowermost average THD of load volt-
age are attained in conditions 1 and 2 at 3.1% and 2.0%,
respectively. The PI can also attenuate the average THD grid

TABLE 5. RMS voltage and current of UPQC-ANN-RE system.

voltage and current and load current under all conditions. The
uppermost and lowermost average harmonic distortion of the
grid current is reached in conditions 3 and 4 with 5.3% and
1.5% respectively. That is also noticed that the average THD
of the load current is almost 28%, thus meeting the require-
ment of the IEEE519 standard. Table 6 also demonstrates that
the average load voltage THD of the UPQC-ANN-RE system
with ANN for conditions 1 to 4 complies with the limit values
of the IEEE 519 standard. The uppermost and lowermost
average load voltage THDs are attained in conditions 1 and 2
are 2.9% and 1.9%, respectively. The ANN technique is too

Ope: ating Grid Voltages V (V) Load Voltages V; (V) Grid Currents I (A) Load Currents I; A)
conditions
Ph“a” Ph*“b” Ph%“c” Avg Ph“a” Ph*“b” Ph Avg Ph Ph Ph Avg Ph Ph Ph Avg
“a” “b” “c” “a” “b” “c”
PI Controller
OPC1 127.6 127.6 127.6 127.6 140.3 139.9 140 7.98 7.98 7.97 7.98 6.68 6.70 6.69  6.69
OPC2 127.2 127.2 127.2 127.2 129.8 129.9 1299 1299  8.04 8.02 8.04 8.03 --- --- --- -
OPC3 127 127 127 127 126 126 126 4.34 4.35 436 4.35 7.18 7.19 7.18  7.18
OPC4 127.1 127.1 127.1 127.1 128.2 128.2 128.1 1282 2.85 2.84 2.84 2.84 6.03 6.02 6.01 6.02
ANN Controller
OPC1 127.6 127.6 127.6 127.6 140 140.1 140.1 140.1 7.99 7.98 7.98 7.98 6.69 6.71 6.70  6.70
OPC2 127.2 127.2 127.2 127.2 129.8 129.9 1299 1299  8.02 8.03 8.03 8.03 --- --- --- -
OPC3 127 127 127 127 126 126 126 4.6 4.6 4.6 4.6 7.19 7.17 7.19  7.19
OPC4 127.1 127.1 127.1 127.1 128.3 128.3 128.3 1283 3.1 3.1 3.1 3.1 6.03 6.04 6.01 6.03
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TABLE 6. Harmonics of UPQC-ANN-RE system.

Operating Grid Voltage THD (%) Load Voltage THD (%) Grid Current THD (%) Load Current THD (%)
conditions Ph“a” Ph*“b” Ph“” Avg Ph®“a” Ph“b” Ph“” Avg Ph Ph Ph Avg  Ph“a” Ph Ph Avg
“qn “py o iy “en
PI Controller
OPC1 1.0 1.0 1.1 1.0 3.1 3.1 32 3.1 2.0 1.9 22 2.0 29 28 29 28.7
OPC2 1.7 1.5 1.6 1.6 2.4 1.9 1.6 2.0 2.5 2.6 24 2.5 --- - --- ---
OPC3 1.7 1.8 1.7 1.7 2.5 22 1.7 2.1 5.5 5.5 4.8 5.3 29 29 28 28.7
OPC4 1.5 1.4 1.5 1.5 2.6 22 1.7 2.2 1.5 14 1.5 1.5 28 28 27 27.7
ANN Controller
OPC1 0.8 0.7 0.7 0.7 2.8 2.8 3.0 2.9 1.9 1.9 2.0 1.9 28 28 28 28
OPC2 1.5 1.5 1.7 1.6 2.3 1.7 1.6 1.9 24 2.4 24 2.4 --- - --- ---
OPC3 1.5 1.6 1.6 1.6 2.4 2.1 1.5 2.0 5.4 5.4 4.5 5.1 27 27 28 27.3
OPC4 1.5 1.4 1.3 14 2.5 22 1.5 2.1 1.3 1.4 1.3 1.3 27 27 27 27
TABLE 7. Power factor of UPQC-ANN-RE system.
Operating conditions Grid PF Load PF
Ph “a” Ph“b” Ph “c” Avg Ph “a” Ph “b” Ph “c” Ave
PI Controller
OPC1 0.98 0.98 0.98 0.98 0.96 0.96 0.95 0.96
OoPC2 -0.99 -0.98 -0.99 -0.99 - - - -
OPC3 0.98 0.98 0.98 0.99 0.96 0.96 0.96 0.96
OPC4 -0.98 -0.98 -0.98 -0.98 0.96 0.95 0.96 0.96
ANN Controller
OPC1 0.99 0.98 0.99 0.99 0.96 0.96 0.96 0.96
oPC2 -0.99 -0.99 -0.99 -0.99 - - - -
OPC3 0.99 0.98 0.98 0.98 0.96 0.96 0.96 0.96
OPC4 -0.98 -0.99 -0.99 -0.99 0.96 0.96 0.96 0.96
2 200 < 20
pog 5 £
5 g =
§ 100 3 § 10 ipaca ipm-:,( ipace
2 2 Qo | tb K A A J
s s 5 AN i Wb
s o s £ o fsimmiN bl
) > =
g -100] g g.m
o 3 2
& -200 S & 20
0.4 042 044 046 048 0.5 0.4 0.42 044 046 0.48 0.5 0.4 0.42 0.44 0.46 0.48 0.5
Time (sec) Time (sec) Time (sec)
(a) (b) (c)
< 50 =50
5 = 600
g g
3 [ =
2 % %400
R So x z V= 460.8 V
2 Ipv-wind 2 Py vind £ 200
= = 2
z ’5%_4 042 042 046 048 o5 5'5%_4 0.42 0.44 0.46 0.48 0.5 % 0.42 0.44 0.46 0.48 05
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(d)

FIGURE 7. OPC 1: UPQC-ANN-RE only performs active/real power-line conditioning with P,,_ing = 0 W and Vs < V; (a) Voltage and current
of Grid; (b) Voltage and current of load; (c) currents of Parallel NPC Inverter; (d) PV array and Wind turbine current, Power and DC link voltages.

capable to diminish an average THD of grid current and
voltage and load current under all situations. The uppermost
and lowermost average grid current THDs are obtained in
conditions 3 and 4 as 5.1% and 1.3%, respectively. That is
also noticed that the THD of load current is almost 27%,
so it meets the requirement of IEEE519 standard. In general,
the ANN implementation in the UPQC-ANN-RE system is
competent to attain the average THD of load voltage/grid
current slightly better as compared to PI.
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Table 7 shows an average grid and load related power
factor (PF) of the UPQC-ANN-RE system for conditions 1
to 4 using PI and ANN controllers. As can be seen, effective
PF corrections were obtained in both cases, but the ANN-
based UPQC system gives slightly improved results.

Figure 7 demonstrates the steady state performance anal-
ysis waveforms of the UPQC-ANN-RE system operating as
UPQC (OPC 1), i.e., with Pp,_inga = OW, while Vg < V.
As can be seen, the parallel inverter provided regulated,
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FIGURE 8. OPC 2: UPQC-ANN-RE performs simply active power insertion in the utility grid with P, = 0 W and Ppy_wind = 3500 W: (a) Voltage
and current of Grid; (b) Voltage of load; (c) Voltage of Load and currents of Parallel NPC Inverter; (d) PV array and Wind turbine current, Power

and DC link voltages.
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FIGURE 9. OPC 3: UPQC-ANN-RE performs active power insertion along with active filtering with P, ;g < Py: (a) Voltage and current of
Grid; (b) Voltage and current of load; (c) Voltage of Load and Parallel NPC Inverter currents; (d) PV array and Wind turbine current, Power and

DC link voltages.

symmetrical and sine wave voltages to the load. It is also
noted that the current of grid are in phase and sinusoidal with
their corresponding voltages, that is to say that rather than
the grid the harmonic constituents of the load current cross
the parallel inverter.

Figures 8 through 10 show the steady-state performance
analysis waveforms of the UPQC-ANN-RE system inserting
active power into the grid. In Figure 8, Pp,_ying = 3500 W,
load is detached and merely the real power is inserted in
the utility grid (OPC 2). As may be observed, the current
of grid are in opposition phase and sinusoidal at the cor-
responding voltage of supply. In Figure 9, Pp,_yina is less
than P;, (OPC 3). In this state, the system draws power from
the utility grid due to the power of the photovoltaic generator
and the wind turbine is lower as compare to the active power

VOLUME 10, 2022

needed by the load. Therefore, the UPQC-ANN-RE system,
together with the grid, provides the load. OPC 4 arises when
Ppy—wina is greater as compare to the load real power Py,
as presented in Figure 10. In this situation, the load is supplied
via the UPQC-ANN-RE system and the excess of the real
power produced is directed toward the grid. In addition, the
NPC series inverter produces sine wave currents in phase
opposite to the corresponding grid voltages. As can be seen,
the UPQC-ANN-RE system does active/real power-line con-
ditioning both in OPC 3 and OPC 4.

From the steady state outcomes illustrated in Figures 7-10
and Tables 5, 6 and 7, it may be proved that the system is
capable of operating under different operating conditions and
supplying the loads with regulated, sinusoidal and symmet-
rical voltages. Additionally, the system is able to efficiently
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FIGURE 10. OPC 4: UPQC-ANN-RE performs active power insertion along with active filtering with P, _i5q > Py : (a) Voltage and current of
Grid; (b) Voltage and current of load; (c) Voltage of Load and Parallel NPC Inverter currents; (d) PV array and Wind turbine current, Power and

DC link voltages.
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FIGURE 11. Performance of UPQC-ANN-RE System supplied by the hybrid PV-Wind power system using Pl and ANN.

inject/dissipate power to/from the 3-® grid with great Power
Factor.

Figure 11 shows performance of average THD of load
voltage and source current on UPQC-ANN-RE system.
Figure 11(a) shows that in OPC 1to 4, the employment of
ANN on UPQC-ANN-RE system is capable to attain average
THD of load voltage slightly better than PI controller and both
method have already met the limit in IEEE 519. Figure 11(b)
displays that in OPC 1 to 4, employment of ANN on UPQC-
ANN-RE system is capable to attain average THD of source
current slightly better than PI controller.

The waveforms of the dynamic outcomes of the UPQC-
ANN-RE system for sudden changes in solar irradiance and
wind speed, and load changes are shown in Figures 12 and 13.
Figure 12 (a) and (b) displays voltage (vy,) a current
(isq) of grid at the PCC 1, voltage of load (vi_upc)
the PCC 2, and power of PV generator and wind tur-
bine (Ppy—wing) during sudden change in solar irradiance
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and wind speed, taking into account operation with PI
or ANN controllers, respectively. As can be seen, the
UPQC-ANN-RE does active filtering only once the PV
and wind system is inactive. Afterward, the UPQC-ANN-
RE system delivers almost 3500 W of active power into
the utility grid and load while wind turbines and PV are
linked in conjunction with active filtering. Additionally,
Figure 12(a) displays that the grid current dynamic response
is slightly quicker than that shown in Figure 12(b) because of
the usage of the ANN controller. Figure 13 (a) and (b) shows
the simulation outcomes when load changes are made, e.g.
100% to 0% or 0% to 100%. The actual power spent by the
load is about 740W, while the actual active power generated
is about 3500W. As can be seen in Figure 13 (a) and (b),
the power inserted in the utility grid rises when the load
is disconnected. After the load is switched on again, the
opposite occurs, the power inserted into the grid decreases.
In this state the response of system is with ANN controller
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FIGURE 12. Sudden change in solar irradiance and wind speed: UPQC-ANN-RE performs active power insertion along with active filtering with
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and current of grid, voltage of load, and PV array and wind turbine power; (b) Sudden change in solar irradiance and wind speed with ANN
controller (100% to 0% and 0 % to 100 %): Phase “a” voltage and current of grid, voltage of load, and PV array and wind turbine power.
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is slightly better as compared with PI. The average THD of
load voltage in case of ANN controller is approximately 1.4%
and with PI controller the average THD of load voltage is
approximately 1.35%.

V. CONCLUSION

In this research work, a comparative performance analysis
of a distributed generation system that integrates solar PV
and wind power system using UPQC with ANN controller
w.r.t PI controller is presented. So, steady state and dynamic
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analysis are done to assess and determine which controller
would work best with UPQC. For this purpose, the simulation
study was carried out using MATLAB to demonstrate the
effectiveness of the proposed ANN based UPQC control sys-
tem to improve the power quality of the hybrid PV-WT power
system. To gauge the static performance, four operating con-
ditions were considered, which comprising the voltages of
grid, the features of the load and the energy generation of
the photovoltaic and wind turbine (OPC 1-4). In contrast, the
dynamic behaviors were assessed by considering the system
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exposed to quick changes in solar insolation and wind speed,
as well as load changes. The simulation outcomes illustrate
that the UPQC-ANN-RE system attenuates the harmonics
produced by the nonlinear load and is capable to attain aver-
age THD of the load and grid-side voltages and currents
slightly improved than the PI controller, and each approach
has already reached the limits of the IEEE-519 standard.
Additionally, the system is able to perform an efficient power
injection/dissipation to/from the grid with high Power Factor.
The system also proves to be stable against fluctuations in
irradiance and wind speed as well as load changes and reacts
somewhat faster than the PI controller. It may be observed
that the UPQC-ANN-RE system is able to do better series and
parallel power line conditioning than PI, as well as supplying
active power from PV and wind turbine arrangement. There-
fore, UPQC-ANN-RE is a good way out for new distribution
systems by integrating DGs with improving PQ.
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