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ABSTRACT— The design and performance
evaluation of a three-phase single stage solar
photovoltaic integrated unified power quality
conditioner are the topics of this article (PV-UPQC).
Shunt and series voltage compensators are coupled
back to back with a shared DC-link to form the PV-
UPQC. Along with adjusting for load -current
harmonics, the shunt compensator also extracts energy
from a PV array. The PVUPQC performs better thanks
to an improved synchronous reference frame control
based on a moving average filter that extracts the load
active current component. Grid voltage sags and swells
are just two examples of the power quality issues that
the series compensator corrects. During sag and swell
circumstances, the compensator injects voltage that is
either in phase or out of phase with the point of
common coupling (PCC) voltage. The system being
suggested combines both the advantages of producing
clean energy and raising the standard of power.
Through simulation in Matlab-Simulink with a
nonlinear load, the system's steady state and dynamic
performance are assessed.

Key Words: Power Quality, shunt compensator, series
compensator, UPQC, Solar PV, MPPT

l. INTRODUCTION

The penetration of power electronic loads has
expanded with the development of semiconductor
technology. The efficiency of these loads, which
include computer power supplies, variable speed
drives, switched mode power supplies, etc., is quite
high, yet they require nonlinear currents. Particularly in
distribution systems, these nonlinear currents result in
voltage distortion at the point of common coupling.
Additionally, there is a growing focus on the
production of clean energy through the installation of
rooftop PV systems in both commercial buildings and
small dwellings [1], [2]. However, because PV energy
sources are sporadic in nature, more of these systems
being installed, especially in underdeveloped
distribution networks, causes voltage quality issues

including voltage sags and swells, which ultimately
lead to grid instability [3]-[7].

These voltage quality issues also cause power
electronic systems to frequently trip falsely, electronic
systems to malfunction and trip falsely, and capacitor
banks to heat up more quickly, among other things.
[8]-[10]. Modern distribution systems struggle with
significant power quality concerns on both the load
side and the grid side. Multifunctional systems that can
integrate clean energy generation and power quality
enhancement are required due to the demand for clean
energy as well as the strict power quality requirements
of advanced electronic loads. In [11], [12], a three-
phase, multi-functional solar energy conversion system
that corrects load side power quality issues was
proposed. In [13], [14], asingle phase solar pv inverter
with active power filtering capability has been
suggested Shunt active filtering and clean energy
generation have been the subject of extensive
investigation. Shunt active filtering is capable of
regulating the load voltage as well, but it also
introduces reactive power. As a result, shunt active
filtering is unable to simultaneously maintain grid
current unity power factor and PCC voltage regulation.
Recently, the usage of series active filters has been
suggested for use in small residences and commercial
buildings due to the strict voltage quality requirements
for sophisticated electronics loads [15], [16]. In [17], A
dynamic voltage restorer and a solar photovoltaic
system were integrated. In contrast to shunt and series
active power filters, a unified power quality
conditioner (UPQC), which includes both shunt and
series compensators, may regulate load voltage and
keep grid current sinusoidal at unity power factor
simultaneously. The integration of a PV array and
UPQC provides both clean energy generation and
universal active. The integration of UPQC and a PV
array has been documented in [18] through [20]. The
solar PV integrated UPQC has many advantages over
traditional ~ grid-connected inverters, including
increased fault ride through capabilities of the
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converter during transients, protection of key loads
from grid side disturbances, and improved power
quality of the grid. There is a resurgence of interest in
UPQC systems due to the increased focus on
distributed generation and microgrids [21], [22].

The creation of reference signals is a crucial
component of PV-UPQC control. The two primary
categories of reference signal generating techniques are
time-domain and frequency domain procedures [8].
Because real-time implementation requires less
computing, time domain techniques are frequently
used. Instantaneous reactive power theory (p-q theory),
synchronous reference frame theory (d-q theory), and
instantaneous symmetrical component theory are some
of the often employed methods [23]. The fundamental
problem with using synchronous reference frame
theory-based methods is that they produce double
harmonic components in the d-axis current when the
load is imbalanced. This calls for the employment of
low pass filters with extremely low cutoff frequencies
to filter out dual harmonic element Poor dynamic
performance follows from this [24]. In this study, the
fundamental load active current is obtained by filtering
the d-axis current using a moving average filter (MAF).
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Fig. 1. System

Fig. 1 depicts the PV-structural UPQC's
layout. The three-phase system is intended for by the
PV-UPQC. Shunt and series compensators are coupled
by a common DC-bus to form the PV-UPQC. The load
side is where the shunt compensator is linked.

Through a reverse blocking diode, the solar
PV array is directly connected to the DC-link of the
UPQC. The series compensator corrects for grid
voltage sags and swells while operating in voltage
management mode. Through interface inductors, the
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This provides the best attenuation while not affecting
the controller's bandwidth [25]. Recently, MAF has
been used to synchronize the grid utilizing phase
locked loops and improve the performance of DC-link
controllers (PLL).

The design and performance analysis of a
three phase PV-UPQC are provided in this research.
The dynamic performance during load active current
extraction is enhanced by a MAF-based d-q theory-
based control. The following are the system's primary
benefits:

* Integration of the production of clean energy and the
enhancement of electricity quality.

* A simultaneous improvement in voltage and current
quality.

* Better load current adjustment as a result of MAF use
in PV-d-q UPQC's control.

+ Stable under a range of dynamic circumstances,
including voltage sags/swells, load imbalance, and
irradiation variation.

Using Matlab-Simulink software, the suggested
system's performance is thoroughly examined in both
dynamic and steady state circumstances.

SYSTEM CONFIGURATION AND DESIGN

et Shaint Commgm nnntog

figuration PV-UPQC

grid is interconnected with the shunt and series
compensators.

Voltage produced by the series compensator is fed into
the grid via a series injection transformer. Harmonics
produced by converter switching are filtered using
ripple filters. The applied load is a nonlinear load made
up of the load is a voltage-fed load with a bridge
rectifier, making it a nonlinear load.
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2.1 Design of PV-UPQC

The appropriate sizing of the PV array, DC-
link capacitor, DC-Link voltage level, etc., is the first
step in the design process for PV-UPQC. In addition to
compensating for the load current's reactive power and
current harmonics, the shunt compensator is sized so
that it can manage the peak power output from the PV
array. The PV array is sized so that the MPP voltage is
the same as the intended DC-link voltage because it is
directly incorporated into the UPQC DC-link. The
rating is set up so that, in ideal circumstances, the PV
array sends both power to the grid and the active power
required by the load. In Appendix A, the particular PV
array specifications are listed. The series injection
transformer of the series compensator and the
interacting inductors of the shunt and series
compensators are the other planned components. The
PV-UPQC design is described in the sections below.

1.Voltage Magnitude of DC-Link: The magnitude of
DC-link wvoltage Vdc depends on the depth of
modulation used and per-phase voltage of the system.
The DC-link voltage magnitude should more than
double the peak of per-phase voltage of the three phase
system[8] and is given as
vde = 22V )
vam
where depth of modulation (m) is taken as 1 and VLL
is the grid line voltage. For a line voltage of 415V, the
required minimum value DC-bus voltage is 677.7 V.
The DC-bus voltage is set at 700 V(approx), which is
same as the MPPT operating voltage of PV array at
STC conditions.

2.DC-Bus Capacitor Rating: The DC-link capacitor is
sized based upon power requirement as well as DC-bus
voltage level. The energy balance equation for the DC-
bus capacitor is given as follows [8],

akﬂvphlsh

de 05 % (V:dc - Vim:'
_ 3% 01 x 15 x 2396 % 345 % 003

Ca= —55x (7002 — 677.79%)
Cgc=9.3mf (2)

where V. is the average DC-bus voltage, Vyq
is the lowest required value of DC-bus voltage, a is the
overloading factor, V, is per-phase voltage, t is the
minimum time required for attaining steady value after
a disturbance, lg, is per-phase current of shunt
compensator, k factor considers variation in energy
during dynamics. The minimum required DC-link
voltage is Ve = 677.69 V as obtained from (2), V4 =
700 V, V= 239.60 V, 15,=57.5 A, t=30 ms, a = 1.2,
and for dynamic energy change = 10%, k= 0.1, the
value of Cy is obtained as 9.3 mf.
where V,, is the grid line voltage and depth of
modulation (m) is assumed to be 1. The required

minimum DC-bus voltage for a 415V line is 677.7 V,
and the DC-bus voltage is set at 700 V
(approximately), which is the same as the MPPT
operating voltage of a PV array under STC conditions.

2.DC-Bus Capacitor Rating: The power needs and
DC-bus voltage level are used to size the DC-link
capacitor. The following is the energy balance equation
for the DC-bus capacitor [8],

VamVge V3 x1x700
= 12afeplcrpp T17 % 1.2 % 10000 % 6.9
=800uH =~ ImH 3)

where V. is the average DC-bus voltage, V1 is the
minimum required DC-bus voltage, an is the
overloading factor, V, is the per-phase voltage, t is the
shortest time necessary to reach steady state after a
disturbance, and I, is the per-phase current of the shunt
compensator, and the k factor takes energy variation
during dynamics into account. According to (2), the
minimum necessary DC-link voltage is Vg, = 677.69
V, V4= 700 V, Vpn = 239.60 V, I, =57.5 A, t = 30
ms, a = 1.2, and the value of Cy is 9.3 mf for a
dynamic energy shift of 10%, k = 0.1

3) Interfacing Inductor of Shunt Compensator: The
interfacing inductor rating of the shunt compensator
depends upon the ripple current, the switching
frequency and DC-link voltage. The expression for the
interfacing inductor is as

I V3mVy, V3 x 1 % 700
§ = =
© 12afeplrpy 12 x 1.2 x 10000 x 6.9
= 800uH ~ 1mH (3)

where m is depth of modulation, a is pu value of
maximum overload, fq, is the switching frequency ,
ler,pp IS the inductor ripple current which is taken as
20% of rms phase current of shunt compensator. Here,
m=1, a=1.2, f,=10kHz, VV4.=700V, one gets 800 pH as
value. The value chosen is approximated to 1mH.

4) Series Injection Transformer: The PV-UPQC is
designed to compensate for a sag/swell of 0.3 pu i.e
71.88 V. Hence, the required voltage to be injection is
only 71.88 V which results in low modulation index for
the series compensator when the DC-link voltage is
700V. In order to operate the series compensator with
minimum harmonics, one keeps modulation index of
the series compensator near to unity. Hence a series
transformer is used with a turns ratio,

K= ‘\?b(
Vs
The value obtained for Kge is 3.33. The value selected
is 3. The rating of series injection transformer is given
as,

=333~=3 4)
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Ssg = 31';5[55_2_; =3 xT2x46=10kVA (5)

The current through series VSC is same as grid current.
The supply current under sag condition of 0.3 pu is 46
A and hence the VA rating of injection transformer
achieved is 10 kVA.

5) Interfacing Inductor of Series Compensator: The
rating of interfacing inductor of the series compensator
depends on ripple current at swell condition, switching
frequency and DC link voltage. Its value is expressed
as,

i \71 X !H“,[ 1\.5[-' = \'5 < 1 x 700 x3
= 12af,.1,

12 x 1.2 x 10000 x 7.1

= 3.6mH (6)
where m is the depth of modulation, a is the pu value of
maximum overload, f is the switching frequency, I, is
the inductor current ripple, which is taken to be 20% of
grid current. Here, m=1, a=1.5, fx=10 kHz, V4.=700 V
and 20% ripple current, one gets 3.6 mH as selected
value.

I1. CONTROL OF PV-UPQC

Shunt compensator and series compensator
are two of PV-primary UPQC's subsystems. Problems
with load power quality, like load current harmonics
and load reactive power, are corrected by the shunt
compensator. The shunt compensator in a PV-UPQC
system also supplies power from the solar PV array.
Utilizing the maximum power point tracking (MPPT)
algorithm, the shunt compensator draws power from
the PV array. By injecting the proper voltage in phase
with the grid voltage, the series compensator shields
the load from grid side power quality issues such
voltage sags and swells.

A. Management of the Shunt Compensator

By running the solar PV array at its highest
power setting, the shunt compensator gets the most
power out of it. Powerpoint tracking at its maximum
(MPPT) The reference voltage for the PV-DC-link
UPQC's is produced using an algorithm. Perturb and
Observe (P& O) algorithm and incremental
conductance algorithm are two examples of popular
MPPT algorithms [28]. (INC).

In this work, MPPT is implemented using the
(P&O) algorithm. A Pl-controller is used to keep the
DC-link voltage at the generated reference. The shunt
compensator extracts the active fundamental
component of the load current to carry out the load
current compensation. In this work, the fundamental
active component of the load current is extracted using
the SRF technique to operate the shunt compensator.

In Fig.2, the shunt compensator's control
structure is depicted. 2. The phase and frequency data

collected by PLL is used to convert the load currents to
the d-g-0 domain. PCC voltage is the PLL input. The
fundamental component in the abc frame of reference
is extracted from the load current's d-component (ILd)
by filtering out the DC component (ILdf). A moving
average filter (MAF) is used to extract the DC
component so that the dynamic performance is not
negatively impacted. As follows is the moving average
filter's transfer function:
1 =g Tun
1\1/111“'(5‘) = —— (7)
Ts

where the moving average filter's window
length (T,) is concerned. Tw is preserved at half of the
highest harmonic because the lowest harmonic in the d-
axis current is a double harmonic component, Tw is
maintained at 50% of the fundamental time period. The
MAF has integer multiples of zero gain and unity DC
gain. The corresponding current component resulting
from the PV array is provided as,

.) X
Ly = él‘i (8)
s
where Vs is the size of the PCC voltage and Ppv is the
power of the PV array. Reference grid current is
represented as

I;d = ILdf + Iloss B Ipvg 9)

I*y is transformed into grid currents for the abc
domain. In a hysteresis current controller, the measured
and reference grid currents are compared to produce
the gating pulses for the shunt converter.

Chatmg Pulse
LLEG VSI

t1t4414

Hysteresis

Current

Caontralier

B A A

Fig. 2. Control Structure of Shunt Compensator

B. Control of Series Compensator

Pre-sag compensation, in-phase
compensation, and energy optimal compensation are
the three control strategies for the series compensator.
The series compensator in this study injects voltage in
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the same phase as the grid voltage, resulting in the
series compensator injecting the least amount of
voltage possible. Various compensation algorithms
utilised for controlling the series compensator are
described in detail in [29], [30].

Figure 3 depicts the control architecture of the
series compensator. Using a PLL to generate the
reference axis in the d g-0 domain, the fundamental
component of PCC voltage is extracted. The phase and
frequency data of the PCC voltage collected via PLL is
used to generate the reference load voltage. The
voltages from the PCC and the load are transformed
into the d-q-0 domain. The peak load reference voltage
is the value of the d-axis component of the load
reference voltage since the reference load voltage
needs to be in phase with the PCC voltage.

Keep the g-axis component at zero. The

reference voltage for the series compensator is
determined by the difference between the load
reference voltage and PCC voltage. The real series
compensator voltages are determined by the difference
between the load voltage and PCC voltage. To produce
the proper reference signals, P1 controllers receive the
difference between the reference and actual series
compensator voltages.
To provide suitable gating signals for the series
compensator, these signals are translated to abc domain
and fed via a pulse width modulation (PWM) voltage
controller.

Fig. 3. Control Structure of Series Compensator

V. SIMULATION STUDIES

By simulating the system in Matlab-Simulink
software, the steady state and dynamic performances of
PV-UPQC are examined. Three phase diode bridge
rectifier with R-L load is the nonlinear load being
employed. The simulation uses a solver step size of 1e-
6s. The system is exposed to a variety of dynamic
situations, including changes in PV irradiance and PCC
voltage that sag and swell. The appendix contains a list
of the specific system settings.

A. Performance of PV-UPQC at PCC Voltage
Fluctuations

Fig. 4 displays the PV-dynamic UPQC's
performance when PCC voltage sags or swells. The
illumination(G) is maintained at 1000W/m2. The
numerous detected signals include grid currents (is),
load currents (i, iLp, iLc), SEries compensator currents
(is), PCC voltages (vs), load voltages (V.), series
compensator voltages (Vsg), DC-link voltage (Vg),
solar PV array current (l,), and solar PV array power
(Ppv) (isHas isHb, ishc). There is a voltage sag of 0.3pu
between 0.7 and 0.75 seconds and a voltage swell of
0.3pu between 0.8 and 0.85 seconds.
Under these circumstances, the series compensator
maintains the load voltage at the rated voltage
condition by injecting a suitable voltage VSE in the
opposite phase of the grid voltage disturbance.

Fig. 4. Performance of PV-UPQC under Voltage
Sag and Swell Conditions

B. Performance of PV-UPQC at Load Unbalancing
Condition

Fig. 5 displays the dynamic performance of
PV-UPQC under load unbalance conditions. Phase "b"
of the load is disconnected at time t=0.8s. The grid
current is sinusoidal and has a unity power factor, as
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can be shown. Due to the decrease in total effective
load, the current fed into the grid increases. In addition
to being steady, the DC-link voltage is kept close to its
target regulated value of 700V.

) fig. 6. Performance PV-UPQC during Load
Unbalance Condition

C. Performance of PV-UPQC under Varying
Irradiation :The dynamic performance of PV-UPQC
under varying solar irradiation is shown in Figure 6.
The sun's irradiation varies from 500W/m2 at 0.8
seconds to 1000W/m2 at 0.85 seconds. It has been
discovered that as irradiation increases, PV array
output increases and grid current increases since the
PV array is feeding power into the grid. Shunt
compensators correct harmonics brought on by load
current and track MPPT. The harmonic spectra, THD
load current, and grid current are shown in Figures 7
and 8. In accordance with the IEEE-519 standard, the
load current THD was discovered to be 26.31% and the
grid current THD was detected to be 2.0%.
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V. CONCLUSIONS

Three-phase PV-design UPQC's and dynamic
performance have been examined in the context of
changing irradiation and grid voltage sags/swells.
Experiments on a smaller laboratory prototype have
been used to validate the system's performance. It has
been found that PV-UPQC reduces harmonics brought
on by nonlinear loads and maintains grid current THD
within the confines of the IEEE-519 standard. It is
discovered that the system is stable under changing
irradiation, voltage sags/swells, and load unbalance.

Specifically in load unbalanced conditions, the
performance of d-g control has been enhanced by the
employment of moving average filter. It can be seen
that PV-UPQC, which combines distributed generation
with power quality improvement, is a promising
solution for contemporary distribution systems.
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