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Abstract—Modern power electronics has developed a great
interest in grid integration of solar photovoltaics. The
penetration of renewable energy resources causes problems of
power quality, due to their intermittent behavior. These
problems include but are not limited to reactive power flow,
voltage dip or sag, over-voltage, distortions in current and
voltage waveforms. Similarly, non-linear loads have been
consistently increased on the consumer side. These power
electronics-based equipment bring harmonics into the power
system and as result demand of reactive power rises. This
research aims a Unified Power Quality Conditioner for grid
integration of solar PV. In the proposed technique, a part of
the PV power is used for the power quality management and
the rest of the power is sent back into the grid. The major
constituents of PV system are; DC-DC boost converter, PV
array, whereas, P &O algorithm is adopted to ensure the
maximum power point operation of the PV array. The
analysis and testing of the proposed approach have been
successfully accomplished in MATLAB/Simulink. The results
of the simulation reveal that along with the active power
injection to the grid, the conditioner is capable to; pay
compensation for harmonics, corrects sags and swells in
voltage and also regulates the load voltage at its nominal
value.

Keywords— Solar PV, Unified Power Quality Conditioner,
Power Quality, Grid Integration.

l. INTRODUCTION

The demand for electric power in several developing
countries, specifically in Pakistan, is growing gradually. Due to
environmental and economic concerns, renewable energy
resources have been emerging widely in order to meet this
demand, among these resources, sunlight is the most abundant
one. Useful electrical energy can be achieved from the
luminous energy of the sun by making use of solar
photovoltaic. The major advantages and characteristics of a
solar photovoltaic system are: environment friendly energy
without the emission of greenhouse gases, long-lasting
operation, installation is effortless, operational cost is
negligible, no moving or rotating components are entailed in
generating power, and most importantly, the PV system is

much cheaper than other renewable resources such as wind
energy system and hydropower system. Middle class people
cannot only recover some money as far as their electricity bills
are concerned but can vend the excess power to the utility by
supplying it back to the grid.

With the advances in modern power electronics, non-linear
loads have been strongly grown on the distribution network.
Moreover, the injection of a huge amount of harmonics in the
electrical system can increase the system reactive power
demand and hence, degrade the power quality. This low power
quality can damage the equipment on the consumer side. This
research gives energy consumers an opportunity to contribute
in power generation and sell it. Thus, the system suggested in
this work can contribute towards Pakistan’s power sector by
making use of solar energy for refining the power quality as
well as active power injection to the grid.

This paper is structured as Section Il provides an overview
about the background of the research, Section Ill presents a
general description of the proposed system, Section IV
describes the system in detail, whereas, Section V analyzes the
process of simulation and presents an overview of the results,
and the last section i.e. Section VI portrays the conclusion of
this research article.

Il.  BACKGROUND

Grid penetration of solar energy has been emerging since
the development of modern power electronics [1]. However,
integrating solar PV with grid is not a simple job because it
may give rise to problems of power quality [2].

Power quality has become the principal concern for the
realization of a smart grid [3]. Renewable energy resources
such as wind and Solar PV behave intermittently. As far as
weak distribution systems are concerned this behavior leads to
power quality problems [4]. Few of the power quality issues,
that may rise as a result of entrance of solar energy in the
power network, are distortions in current and voltage
waveforms, over-voltage (voltage swell) and voltage dip (sag),
reactive power flow [3]-[9]. Such disturbances in voltage may
also often initiate erroneous tripping and may damage the
switching equipment. Capacitor banks heat up as a result of
these disturbances [7], [10]. Likewise, non-linear loads are
considerably growing on the consumer side. such a wide range
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usage of power electronics-based, non-linear loads cause the
problems of power quality. As a result, the quality of power is
becoming a concern for the utilities and also for the consumers.
Such type of loads give rise to harmonics in current, which is
the main cause of power quality issues. The current harmonics
give rise to harmonics in system voltage. These power quality
issues badly disturb the operation of the equipment connected
to the power grid and can even cause damage to them. Due to
these disturbances, transmission and distribution losses may
also increase [11].

Several methods have been used to resolve the issues
concerning power quality. Some of the frequently adopted
methods to refine the quality of power are power filters,
passive or active or their mutual combination which is nhamed
as hybrid filters. Active Power Filters (APFs) have two basic
configurations based on their connection i.e. shunt or series
APF, Active power filters can be used together with passive
filters and such combination is termed as Hybrid filters.
Another possible combination is of series and shunt APFs
which is known as Unified Power Quality Conditioner
(UPQC), distribution static compensator and static Volt
Ampere Reactive Compensator (VAR compensator).

In this work an effort is made to inspect a technique for the
grid connection of solar PV that is also capable of mitigating
the issues of power quality. UPQC has proven to be effective in
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removing both the current and voltage distortions [11]. In
UPQC the voltage and current disturbances are handled by the
series and shunt APFs, respectively. PV array is connected in
between the two APFs (at the DC link) to deliver the power
necessary for compensating the power quality problems and the
extra power is supplied back to the distribution station. A
recent research uses a UPQC for the same purpose. The UPQC
proposed in [1] is fed by a solar PV array. However, the system
is limited only to harmonics compensation and problems like
voltage sag and swell are not tackled.

I1l.  PROPOSED SYSTEM

The overall layout of the proposed UPQC is illustrated in
Figure 1. This study uses a single-phase system. A simple and
easy control strategy is employed to control the series APF.
The phase angle of the voltage from the grid side is obtained
by means of a Phase Locked Loop (PLL). While, the nominal
value of RMS voltage of the grid is used in generating the load
reference voltage. The controller effectively monitors the
operation of the series APF to compensate for the issues
linked with grid voltage.

A single-phase Synchronous Reference Frame (SRF)
technique is used to design controller for the shunt APF. The
controller effectively monitors the operation of shunt APF to
remove harmonics in current and avoid their entrance back
into the grid.
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Figure 1. Layout of the Overall System
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IV. SYSTEM DESCRIPTION A. Solar PV Subsystem

This section describes the significant parts of the system The Simulink arrangement of the solar PV subsystem can
under study. Implementation and simulation of the system has  be viewed in Figure 3. Each part of this subsystem is described
been accomplished in Simulink/ MATLAB. The process of  below.
simulation has been depicted in Figure 2. Each subsystem is
described in the following subsections.
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Figure 2. Simulink Diagram of the Proposed System
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Figure 3. Simulink Diagram of the Solar PV Subsystem
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1) Solar PV Array Block

A negligible amount of power is produced individually by
each cell of the module. Therefore, for applications that require
high power, PV cells are connected in series and parallel
configurations to form module. Panels are made up of these
modules. Similarly, to configure the PV array for the desired
output power, a number of panels are connected together using
series and parallel connections.

The PV array block of the proposed system contains 8
parallel strings each with 10 modules tied in series. The PV
array has a maximum power of 20KW. The solar PV array of
the system is based on mathematical equivalent model of a PV
cell with single diode. Figure 4 shows a Thevenin-based
equivalent circuit of a single diode cell.

] / » :
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Figure 4. Thevenin-based Equivalent Circuit of PV Cell

The single diode model comprises of a diode connected
across a photon current source (I.), shunt resistance Rsn, and
series resistance Rs. Trina Solar TSM-250PA05.05 (datasheet
is given in Table I) has chosen for the proposed system. This
block takes two input signals i.e. irradiance (W/m?) and
temperature (°C).

TABLEI. SPECIFICATIONS OF THE PV MODULE
Quantity Value
Rs (Series resistance) 0.2351Q
Rsn (Parallel resistance) 286.8727Q
I (short circuit) 8.55A
V. (Open circuit) 37.4vV
P max 249.86W
Vwmee (MPP Voltage) 31V
Impe (MPP Current) 8.06A
Diode ideality factor (a) 0.96295
| photovoltaic 8.5728A
| leakage 9.6463x10A

2) Boost Converter

The PV array is coupled with a supercapacitor that helps to
minimize the variations in the PV output. The supercapacitor
is then coupled with a step-up boost converter. This converter
always has its output voltage more than its input voltage for all
the values of the duty ratio. A Pulse Width Modulation
(PWM) signal is produced that operates the Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) based
Switch. The converter intends to increase the voltage and

International Journal of Engineering Works

maintain the Maximum Power Point (MPP) operation of the
PV array.

The MPP is tracked through a proper MPP Tracking
(MPPT) algorithm by fine-tuning of the duty cycle of the
switching signal. The optimal working of the converter
requires the input resistance to be equal to the optimal
resistance [12] i.e. to fulfill the condition for maximum power
transfer [13].

Eq (1) and Eq (2) are used for estimating the parameters of
the converter, inductor and capacitor respectively.

D(1-D)?R

L = 2 &
D

C,=—F—— 2

c R(AVO/VD)f ( )

Estimated parameters of the boost converter can be viewed
in Table II.

TABLE II. ESTIMATED PARAMETERS OF BOOST CONVERTER
Parameter Value
Switching Frequency | 10KHz
Inductor 30uH
Capacitor 10mF
Dc Link Capacitor 5000uF

3) Perturb and Observe MPPT Algorithm

Various blocks from the Simulink library are used to create
P & O MPPT algorithm. The Simulink diagram is given in
Figure 5. In P & O scheme, the duty ratio in the beginning is
either steped up or down from its initial predefined value and
the path of process is maintained if the power moves up,
otherwise, the path of process is changed [14].

B. Shunt APF Control

Current compensation is provided through proper
generation of the compensating current. There are several
techniques that can be adopted for this purpose. Here, a
Synchronous Reference Frame (SRF) based controller is
employed to obtain the reference signal. The current or voltage
fundamental components are converted from stationary
reference frame (abc) into a rotating reference frame (dq-
synchronous) that rotates at a synchronous speed. The
Simulink diagram of the single phase SRF-based control
algorithm is given in Figure 6. The load current I, is chosen as
actual fictitious component I, and the component I is obtained
through a phase delay of z/2 radians, see Equation 3.

Eﬁ] B [IL (eILEH;/Z) )

Once, the dual-phase rotating reference frame dq has been
obtained from the dual-phase stationary reference frame, the
direct component of current, Id is then obtained using
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Equation 4. The line voltage angle is extracted by means of a
PLL (Phase Locked Loop) and the DC component of current,
Idpc is extracted using a low pass filter (second-order). The
shunt APF also regulates the DC bus voltage by making use a
PI controller. Difference of the actual DC link voltage and a
preset reference is obtained and is given to a Pl controller to
achieve lg. This control signal also signifies the over-all active
power transmitted from the PV to the DC bus. This signal
along with regulation of the DC link voltage also recompenses
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for the losses. Equation 5[15] is implemented to obtain the
sinusoidal reference current for the shunt APF.

id = ig.cos8 + ig.sin 6

it = (Idpe + 1,.) cos6
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C. Series APF Control

This control strategy generates a reference load voltage and
compares it to the actual load voltage to get rid of the line
voltage distortions. Thus, there is no distortions in the load
voltage. The Simulink model of this control strategy is given
in Figure 7. The angle of the line voltage is determined by
making use of a Phase-Locked Loop (PLL) is acquired to
determine the angle of the line voltage and then by using sine
function the quadrature unit vector sin wt is produced. Then
the desired value of amplitude is multiplied with the sinusoidal
waveform and in this way the reference load voltage signal is
generated. Finally, the actual voltage across the load and the
reference load voltage are compared. The output of the
comparator is then fed to a hysteresis band controller to

Terminator

generates a switching signal that operates the inverter (Series
APF) switches.

D. Utility Grid

This simulation uses a controlled voltage source as a grid to
properly apply the voltage-related issues to the system.
Harmonics in voltage waveform and voltage sag and swell can
be produced through the grid model to check this system under

these disturbances. The nominal grid voltage is taken as 230V
(RMS) under normal operating conditions.

E. Non-Linear Load

Model of the non-linear load is made up of of a full bridge
rectifier. The output of the bridge rectifier is coupled to a
resistor. Simulink schematic of the non-linear load is given in
Figure 8.
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Figure 7. Control Diagram for Series APF
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Figure 8. Simulink Diagram of non-linear load
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V. SIMULATIONS & RESULTS

The model has been simulated by applying different power
quality disturbances and the following cases have been
considered.

A. The Load Current Harmonics

The performance of the aproach is analyzed under
distorted load current. The waveforms of the distorted load
current, shunt APF supplied current and the supply current are
shown in Figure 9. THDs (Total Harmonic Distortions) for
both the load and supply currents are presented in figures 10
and 11 respectively. Total Harmonic Distortion (THD) of the
load current is 104.7%. Waveform and THD of the load
current confirm that the load current is entirely distorted by
the non-linear load. THD of the supply current is 2.57%.
Waveform of the supply current and its THD confirm that the
harmonics are successfully blocked from flowing back into the
grid. Waveform of the current supplied by the Shunt APF
verifies that the current generated by PV go back into the grid,
along with the necessary compensation.

40 y -
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o 20|
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=20 |

200 Compensation plus the Injected Current
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=200 |
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=200 |
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Figure 9. Current Harmonics
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Figure 11. Supply Current THD

B. Voltage Swell

The system is analyzed under voltage swell fault at the
supply side. Waveforms of the grid voltage, voltage provided
by the series APF and load voltage can be seen in Figure 11.
The diagram shows that the required compensation voltage is
generated by the series APF and there is no voltage swell on
the load side. Thus, the voltage across the load is maintained
at the nominal RMS voltage of the grid voltage. Consequently,
the sensitive loads are protected against the voltage swell.
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Figure 12. Voltage Swell
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C. Voltage Sag

A voltage dip from the grid side is introduced into the
system. The line voltage, load voltage and compensation
voltage are shown in Figure 13. Waveform of the load voltage
shows that there is no voltage sag on the load side. So, the
series APF effectively created the necessary compensation to
retain the load voltage at the estimated RMS value.
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Figure 13. Voltage Sag

D. Supply Voltage Harmonics

The supply voltage is distorted by introducing third, fifth:
and seventh harmonics. waveforms for different voltages are
given in figure 14.
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Figure 14. Voltage Harmonics
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The grid and load voltage THDs are displayed in figures 15
and 16 respectively. The THD of the load voltage is 4.94%
and that of the supply voltage is 21.32%. It is clear from the
waveforms and THD values that the harmonics of the supply
have been overcome and protection of sensitive load has been
improved.
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Figure 15. Supply Voltage THD
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Figure 16. Load Voltage THD

CONCLUSION

A UPQC with PV array at its DC link was implemented
and simulated in Simulink/ MATLAB. The system was
properly explained and the results were thoroughly analyzed.
Proper control techniques for the Series and Shunt APFs were
implemented to solve the voltage and current related
distortions, respectively. An SRF control method was
employed for the shunt APF. The compensation current
provided by this APF of the system was proved to be
successful in removing the current harmonics. This APF was
also responsible to send the active power of the PV array to
the grid and also maintain the voltage across the DC link at a
predefined reference.

PV system with a boost converter was used in the DC link
of the UPQC. The MPP operation was ensured using the
Perturb and Observe MPPT method.

The system was observed under harmonics in load current
and supply voltage. THDs of the voltage and current
waveforms were obtained on both the load side and supply
sides. The load current THD decreased from 104.7% to
2.57%. In other words, a 97.54% reduction in load current
THD was attained. Similarly, THD of the supply voltage was
decreased from 21.32% to 4.94% at the load side i.e. a
reduction of 76.83% supply voltage THD was attained. Thus,
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the THD values observed in simulation verify that the current
harmonics were successfully blocked from entering back into
the grid and voltage harmonics were blocked to keep the
voltage sensitive loads safe. Supply voltage sag and swell
faults were also corrected appropriately by the conditioner. In
addition to the specified functionality, the PV array active
power was successfully exported to the grid by the
conditioner.
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