INTERNATIONAL JOURNAL of SMART GRID
Z. Reguieg et al., Vol.8, No.1, March, 2024

Optimizing Power Quality: Simulation of UPQC
Integrated PV with Comprehensive Reliability and
Performance Analysis
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Abstract- The integration of Photovoltaic (PV) systems with a Unified Power Quality Conditioner (UPQC) is examined in this
presentation. Shunt and series voltage compensators linked back-to-back with a common dc-link compose the PV-UPQC. The
series active power filter ensures the maintenance of the desired magnitude without distortion. Meanwhile, the shunt active
power filter injects harmonic currents into the grid with equal amplitude and opposite phase, obtained by utilizing the PQ
theory technique for shunt APF control and the Unit Vector Template Generation (UVTG) approach for series APF control.
The study reveals promising results in terms of improved power quality, harmonics reduction, and effective voltage

stabilization.
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1. Introduction

Power quality (PQ) is really an important issue in the
power systems because it affects how well sensitive machines
work in industries and networks. With all the electronic
devices we use today, PQ matters even more. Some modern
machines can break or stop working if the power isn't good.
That's why it's important to pay attention to PQ, especially
for machines that can easily be affected by power problems.

In summary, the simulation results underscore the
UPQC's efficiency in optimizing power quality, validating its
potential application in real-world scenarios with PV
integration, nonlinear loads, and dynamic load variations.

In today's world, the widespread usage of non-linear and
delicate devices relying on power electronics within
distribution systems has led to an increase in power quality
issues [1]. These problems encompass voltage and current
harmonics, voltage flickers and current imbalances, among
others [2]. Such power system complications, like voltage
sag/swell, can trigger malfunctions in digital devices and
other sensitive loads [3]. Recent advancements in power
quality enhancement techniques have spotlighted the UPQC

as a comprehensive solution for voltage and current
challenges [4,5]. This innovative concept was first introduced
in 1998, with initial experimental results presented [6].

The UPQC comprises interconnected series and shunt
Active Power Filters (APF), linked through a shared dc link
capacitor [7]. The shunt APF works in parallel with the load,
the shunt active power filter injects harmonic currents into
the grid with equal amplitude and opposite phase [8,9], while
the series APF, connected to the power source, maintains
load terminal voltage stability [10]. Through the injection of
compensating currents, the UPQC negates harmonics and
stabilizes voltage [11,12]. It continuously senses load
terminal voltage and current, utilizing a control algorithm to
generate compensating currents [13]. The UPQC proves
remarkably efficient in enhancing power quality, reducing
losses, and boosting system efficiency. Its applications
extend to industrial and commercial sectors where a
consistent and high-quality power supply is paramount for
the reliable operation of equipment in the present era [14].

PV systems harness solar energy to generate electricity,
playing a critical role in sustainable energy solutions [15]. By
using semiconductor materials, PV panels convert sunlight
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into electrical energy, contributing to clean, renewable
energy sources [16].

The integration of a UPQC with PV systems improves
their efficiency and reliability [17,18]. This synergy enables
optimal use of clean energy, alleviates power quality issues,
and ensures a stable and constant power supply by actively
compensating for voltage fluctuations and harmonics in the
power grid [19,20]. In [21], The integration of PV and
battery-storage systems with the UPQC addresses power
quality issues effectively. Through this method, significant
improvements are observed in reducing total harmonic
distortion (THD) and voltage fluctuations, consequently
enhancing power factor. In [22], the author explores the use
of UPQC to effectively tackle power quality issues within the
grid and mitigate harmonics caused by non-linear loads.

This paper presents the design and performance
evaluation of a three-phase PV-UPQC. The research
examines the dynamic behavior of the PV-UPQC, taking into
account grid voltage fluctuations and changes in nonlinear
loads. Specifically, the load utilized consists of an
uncontrolled bridge rectifier connected to a voltage-fed load.

2. Design of Proposed System
2.1. UPQC Control Strategy

In the case of voltage sag/swell or fluctuations, the series
compensation devices known as Dynamic Voltage Restorer
(DVR) provide the load with an interrupted voltage supply.
The shunt APF is employed to address various current-related
issues, including power factor enhancement, reactive power
compensation, harmonic current compensation, and load
imbalance correction. Conversely, the series APF is linked to
the line through a series transformer. Additionally, Figure 1
illustrates the general structure of UPQC.

UPQC General Configuration

Shunt !
APF i I

o

Fig. 1. General structure of UPQC in the network

2.1.1  Control of Series APF

Achieving sinusoidal and balanced load voltage (VLanc)
with the necessary strength entails employing an inverter
configured with the correct voltage setting between the Point
of Common Coupling (PCC) and the load. This inverter
injects voltages opposing the imbalances and distortions
present in the source voltage, effectively nullifying them.

Consequently, the load voltage is kept balanced, ensuring a
consistent magnitude without distortion [23].

UVGT Method involves calculating the three-phase
supply voltages, Vsa, Vsb, and Vsc, which are then
multiplied by k=1/Vm.

2 @)
Vi = |3 (Ve + Vi, + V0

A phase-locked loop (PLL) is utilized to generate
sinusoidal unit vectors (Ua, Ub, Uc) by extracting the
transformation angle (ot) and synchronizing the supply
voltage as described below:

U, = sin(wt),
Uy = sin (wt - ZTH) , 2)
U. = sin (wt + ZTH)

Next, by comparing the sinusoidal unit vectors (Ua, UDb,
and Uc) to Vm, the load reference voltages ( Vi) are
generated as follows:

. . ©))
VLabc = VLm * Uabe

The modulation unit receives the measured load voltages
(Vla, VIb, and VIc) and the load reference voltages in order to
generate switching pulses (S1 to S6) that activate the DC/AC
inverter's switches. The Series APF control diagram based on
the UVGT approach is shown in Figure 2.

Functioning of this hysteresis controller relies on the
error signal produced when comparing the load's reference
voltage and the instantaneous load voltage signals [24].

Gating
Hystereses  signal to
controller — inverter

Fig. 2. Series converter controller employing UVTG
technique

2.1.2  Control of Shunt APF
A key factor in improving the efficiency and accuracy of

shunt active power filters is the estimation of harmonic
extraction. The reference current can be found using either
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time domain analysis or frequency domain analysis. Time
domain analysis uses circuit analysis and algebraic
transformations to decrease computation and speed up
control procedures. However, frequency domain analysis
requires a large amount of processing memory and is more
complex.

The selection of a control method for APF requires
careful consideration. In this context, the theory of
Instantaneous Active and Reactive Power, often known as
PQ theory, holds significant importance. This theory is
utilized to identify harmonic current (in the case of shunt
APF) and harmonic voltage (in the case of series APF), along
with various other crucial time-domain control techniques
[25].

Using MATLAB/Simulink for simulation, this study
presents the P-Q theory in the time domain. The 0-a-f
rotating coordinate system is created by applying a Clarke
transformation to the a-b-c stationary reference coordinate
system. Source voltages and currents are transformed into 0-
a-f components through this transformation, as shown in
Figure 3's block diagram representation.

. [ 1 _1lwv
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! 2 2 Ve
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The system under study in this research is a three-phase,
three-wire setup without a zero-sequence component. The
system's voltages and currents are represented by the symbols
v0, va, and vp in the 0-a-B coordinate system, and by the
symbols ia, ib, and ic in the a-b-c coordinate system. In the o-
B coordinate system, the complex sum of the active and
reactive powers (P and Q) is stated as follows:

p = Valq + Vpig (©)

q= Vaf'g - V'(gl'a

Q stands for the reactive power, and P stands for the active
power.

B_'Lm.
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Fig. 3. Shunt converter controller employing PQ theory

In the event of nonlinear loads, the instantaneous active
and reactive power components are divided into their AC and
DC components. The DC component () denotes the basic
voltage and current components, which show how power is
transferred from the source to the load. In the meantime, the

energy transferred between the source and the load is shown
by the AC component (). A high-order low-pass filter is
used to extract the instantaneous real power's average DC
component. The Q, or instantaneous reactive power
component, identifies the fundamental and harmonic
components that are responsible for energy flow between
load phases.

p=p+p and q=q+§
Both the total reactive power (Q) and the AC component

(p) of active power are required to produce harmonic

reference currents. To compensate for the voltage source
inverter switching losses and preserve the DC-link voltage,
the shunt active power filter draws a tiny amount of real
power from an external power source or a three-phase AC
source. After measuring the AC component (5) and
calculating the compensating reference currents, an inverse
transformation is performed to translate the results into the a-

b-c coordinates.
=3 g+ G
1'3 _A Vﬁ A Va q

iy "’ﬁ][ﬁ]
q

with : A= V2 + Vg (7

Thus, the reference current will be calculated by the
relationship:

iref al _ 1 Va _VB ﬁ
i S I | 1 ®
lref B AlVp a 114
Applying the inverse transformation, we can write:
i 1 0
iref “ 2 |- 1 ﬁ ire fa
ref b| = 3 2 2 i 9)
I.Jr'e fc _ —_ l —_ E ref B
2 2

2.2. Modelling of Solar PV Systems

In the upcoming section, we will delve into the modeling
of the solar panel, One of two diode models or a single diode
model can be used to explain the equivalent circuit of the PV
system, as shown in Figure 4. Compared to the double diode
model, the single diode model is preferred due to its ease of
use and less need for parameter evaluations [26].
Consequently, the single diode model is commonly adopted
and is the focus of this study. For a single diode PV system
with series and shunt resistance represented by Rs and Rsh
respectively, the output current can be expressed as shown in
equations (10) and (11).

Vpy + Rsfpv)
Rgp,
(10)

Tow = T = Lao [e5p (= Vao) = 1] = (Vao
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where Ip, = PV module current, I;, = reverse saturation

current of diode, V;,, = the thermal voltage.

Vey = Vao — Rslpy 11

Ip\-
—>

AMAN—o0
R.\'
R,, Vor
O

Fig.4. Solar Panel Modelling
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2.3. Maximizing Power Output with INC

The energy output of PV cells is primarily affected by
their sensitivity to changes in irradiance. Due to the
fluctuating conditions of solar irradiance and temperature, it's
crucial to continuously monitor and optimize the available
maximum power of the PV cells. This is achieved through
effective control of a commonly utilized boost converter,
employing the Maximum Power Point Tracking (MPPT)
technique. The core principle of this tracking method
revolves around extracting the maximum power from the PV
panels utilizing incremental conductance (INC) algorithms
[27-29].

The INC algorithm is a crucial technique utilized within
MPPT systems for optimizing PV power generation. Its
primary objective is to dynamically regulate the operational
point of the PV system, ensuring maximal power output
amidst varying irradiance and temperature conditions. Below
is a simplified outline of the INC algorithm's steps:

» Measure the current (1) and voltage (V) of the PV
system.

» Calculate the incremental conductance (dP/dV)
utilizing the current and voltage measurements.

» Compare the incremental conductance with the
reference conductance.

> Slightly adjust the voltage:

o If the incremental conductance is higher than the
reference, decrease the voltage.

e |If the incremental conductance is lower than the
reference, increase the voltage.

By iteratively adjusting the voltage based on the
comparison between the incremental conductance and the
reference conductance, the INC algorithm enables the PV
system to efficiently track and extract maximum power from
varying environmental conditions.

3. Simulation Results

The simulation analysis involves a three-phase source
providing 230 V at 50 Hz to power a non-linear load
comprising a thyristor converter connected to an RL circuit.
Two distinct RL circuits are considered for the loads: the first
load has parameters R1 = 58 Q and L1 = 20mH, while the
second load has parameters R2 = 300Q and L2 = 20mH.

In this study, MATLAB/Simulink is employed to explore
the application of the 3Phase-3Wire UPQC approach. This
approach addresses prevalent issues such as voltage
sag/swell, voltage dip, short circuit, and non-linear loads in
distribution networks. Specifically, control techniques
tailored for UPQC operation with non-linear loads are
investigated in these scenarios.

In Figure 5, during a voltage sag that lasts from 0.7 to 0.8
seconds, the voltage is injected by the UPQC's series
component to stabilize the load voltage at the load terminals.
Similarly, in Figure 6, the UPQC injects voltage to maintain
constant voltage at the load terminals when a voltage swell
occurs between 1.3 and 1.4 s.
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Fig.5 source voltage, injected voltage, and load voltage
during voltage sag
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Fig. 6. source voltage, injected voltage, and load voltage
during voltage swell
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During Nonlinear Load
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Fig. 9. THD of the Load Current
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Fig. 10 THD of the Second Load Current
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Fig. 11. THD of the Source Current under the Application of
the Second Non-linear Load

In Figure 7, the non-linear load (NL) generates
harmonics at the load side. The shunt part of the UPQC
injects harmonic current with the same amplitude but
opposite phase to mitigate harmonics at the source side.

In Figure 8, The source current in the case study has a
THD of 0.91%. In addition, Figure 9 shows the THD of the
NL, which is 27.72% higher than the international IEEE
standard.

The source current in the case study has a THD of
0.91%. In addition, Figure 9 shows the THD of the NL,
which is 27.72% higher than the worldwide IEEE norm.

The source current in the case study has a THD of
0.91%. In addition, Figure 9 shows the THD of the NL,
which is 27.72% higher than the worldwide IEEE norm.
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At 0.5 s in Figure 10, we observe a change in the NL to
assess the robustness of the UPQC. The filter injects current
directly to maintain THD within international standards,
showcasing its adaptability to load variations.

Figures 11 and 12 display the THD of the second NL and
the source current when this load variation is applied.
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During Nonlinear Load Variation
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Fig. 13. DC Bus Voltage, Load Voltage, and Source Current

Figure 13 presents the DC bus voltage, load voltage, and
source current, demonstrating the stabilization of the DC bus
and the sinusoidal waveform of the voltage and current.

4, Conclusion

The study highlights how well PV and the UPQC work
together. Power from the PV array is efficiently absorbed by
the shunt compensator, which also reduces load current
harmonics. In addition, the series compensator addresses
grid-side power quality issues, including voltage sags and
swells.
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