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Introduction. To enhance the quality of power and ensure a consistent electricity supply, this study proposes the utilization of a unified
power quality conditioner (UPQC) system integrated with solar photovoltaic (PV) technology. The innovation involves single DC-link
connecting back-to-back voltage-compensating components arranged in series and shunt, forming the PV-UPQC. The shunt
compensator utilizes energy from a PV array to address harmonics in the load current. The objective is to mitigate voltage dips and
spikes by injecting voltage that is either in phase with or out of phase with the common coupling point through a series compensator. The
method combines the benefits of generating renewable energy to enhance electrical quality. The goal of the paper is the power quality
enhancement of grid-integrated solar PV system. The novelty of the proposed work consists of enhancement of grid-integrated solar PV
system with UPQC. The purpose of integrating a UPQC into a grid-connected solar PV system is to enhance power quality by mitigating
issues such as voltage fluctuations, harmonics and reactive power imbalance. Methods. The proposed topology is implemented in
MATLAB/Simulink with grid-integrated solar PV system with UPQC. Results. Integrating UPQC with a grid-connected solar PV system
yields substantial improvements in power quality. This includes effectively mitigating voltage fluctuations and harmonics, resulting in
smoother operation and reduced disturbances on the grid. Practical value. The proposed topology has proven to be extremely useful for
grid-integrated solar PV system with UPQC applications. References 15, table 2, figures 9.
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Bemyn. [Ina niosuwenns axocmi  enekmpoenepeii ma 3a0esneuenns 0Oe3nepediiino20 eneKmponoCmaiants npOnoHyEMbCs
suUKopucmosyeamu cucmemy yHigixosanozo cmabinizamopa saxocmi enekmpoenepeii (UPQC), inmeepogany i3 COHAYHOIO
@omoenexkmpuunoro (PV) mexnonociero. Innosayia 6xmouae 0OUHOUHY JNIHIIO NOCMIUHO20 CMPYMY, WO 3 €OHYE 3YCMPIUHO-
napaneivHi KOMHOHEHMU KOMNEeHcayii Hanpyau, po3mawlogai nocaiooewo, i wywm, ymeopwiouu PV-UPQC. [lynmyrouui
KOMneHcamop 8uUKOpucmosye enepeiio 6io macusy PV 6amapeil ons ycynennsa eapmouix cmpymy naganmasicenus. Mema nonszae 6
Mmomy, wob nom AKwumu npoeaiu ma CmpudOKU Hanpyeu WiaXoM nooavi Hanpyeu, sike abo 36icaemvcs no @asi i3 3a2aibHO0
moukolo 3’cOHanns, abo ne 36icacmuvcs no gasi 3 Helo uepes nocriooeHull Komnencamop. Memoo noednye nepesacu cenepayii
6i0H061I08aHOI enepeii nidguwjenns axocmi enexmpoenepeii. Memoro cmammi € niosuwents AKocmi elekmpoenepaii inmesposanoi 6
mepedicy consiunoi pomoenexmpuunoi cucmemu. Hosusna 3anpononosanoi pob6omu nonseae y nokpaweHHi inmeepo8aHoi y mepexicy
consiunoi PV cucmemu 3a oonomozoio UPQC. Memoto inmeepayii UPQC y mepedicesy consuny PV cucmemy € niosuwjenus skocmi
ejlekmpoenep2ii 3a paxyHoKk NOM SAKUIeHHA MAakKux npoobnem, AK KOMUGAHHA HANPY2U, 2APMOHIKU Ma OucOananc peaxmueHoi
nomyoswcnocmi. Memoou. 3anpononogana mononoeis peanizosana y MATLAB/Simulink 3 inmesposanoro ¢ mepexcy conaunoio PV
cucmemoro 3 UPQC. Pesynemamu. Inmeepayia UPQC i3 nioxnouenowo 0o mepesci conaunoo PV cucmemoro oae cymmege
noxkpawents akocmi enexmpoenepeii. Lle exuouac epexmugne nom aKuweHHs KOIUBAHL HANPY2U | 2aApMOHIK, WO NPU3B00Ums 00
Oinbw naasuoi pobomu i 3menwienns nepeuwikoo 6 mepedci. Ilpakmuuna wyinnicms. 3anpononosana mononoeia euAeunacs
HAO036U4AlIHO KOPUCHOIO 0751 ihmezposaHnoi 6 mepedicy consaunoi PV cucmemu i3 sacmocysanusamu UPQC. Bibn. 15, tabmn. 2, puc. 9.
Knouosi cnosa: mepe:xkeBa iHTerpauisi, yHidgikoBanmii cradbinizaTop sikocTi ejiekTpoeHeprii, sIKicTh ejieKTpoeHeprii,
(doroesexTpuyHa GaTapes.

Introduction. In contemporary times, digital, quality issues is voltage swell, encompassing challenges

electronic, and nonlinear devices under the control of
microprocessors find extensive applications in various
industries. The incorporation of these technologies has
become indispensable across diverse sectors. Such
systems can lead to power quality problems such as
voltage sag, voltage swell, flickering, harmonics, over-
voltage, lower power factor, etc. Data errors, memory
loss, automated restarts, uninterruptible power supply
alarms, equipment failure, circuit failure, software
corruption, and distribution network overheating are
occurred at various systems due to poor power quality.
The significance of power quality has grown in light of
these issues. Sensitive loads such as hospitals particularly
diagnostic equipment, and classrooms have been affected
severely due to poor power quality. This heightened
dependence on digital and electronic devices raises
concerns about the quality of electricity supplied to these
systems. Consequently, ensuring optimal power quality
has become a pressing concern to avoid disruptions and
potential damage to sensitive equipment. Batteries, fuel
cells, and ultracapacitors have been used for custom
power devices so far. Among the most significant power

related to harmonics, transients, flicker, and interruptions
[1-4]. Protecting sensitive and important loads requires
addressing power quality and voltage disruptions. Custom
power devices have emerged as the most effective and
efficient technique to addressing and correcting for
voltage disturbances in this industry, while other solutions
have been offered. Electric vehicles, microgrids,
distribution ~static compensators, high-power and
moderate-voltage motors, microcontrollers, and grid-
integrated or standalone systems are just a few of the
many industrial applications where multilevel inverters
(MLIs) play a significant role. They also play a pivotal
role in diverse sectors, such as active power filters,
photovoltaic (PV) systems, and more. The integration of
PV systems with dynamic voltage restorer (DVR) leads to
the simultaneous minimization of harmonics, voltage
dips, and improvement of power factors, effectively
meeting energy requirements. In the context of a PV-
supplied DVR, the implementation of a 23-level MLI
utilizing a rotating d-q reference frame controller [5-8]
plays a crucial role. The amalgamation of PV with MLI
DVR significantly enhances power quality by reducing
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instances of voltage sags and swells. The following
features are listed below for improving power quality:

e there are just 3 DC sources and 12 switches
(7 unidirectional and 5 bidirectional) throughout the entire
23-level MLI;

e the majority of switches can function at medium
voltages because of their minimal voltage stress.

A power quality conditioner with shunt and series
compensators can modify load voltage and preserve
sinusoidal grid current at one power factor. Active power
filters [3] come in 2 main varieties: shunt and series.
Using the unified power quality conditioner (UPQC) in
conjunction with a PV array might make the system
energy-independent and  environmentally  friendly.
Improved grid power quality, protection for critical loads
from grid side disturbances, and enhanced converter
capacity to ride over faults during transients are just a few
of how the solar PV integrated UPQC excels above
conventional grid-connected inverters. PV-UPQC control
faces a significant challenge in creating the reference
signal. Time-domain and frequency-domain approaches
are the 2 main subcategories of reference signal
generation techniques. Because real-time implementation
calls for less processing, time-domain methods are
frequently employed. Theories of instantaneous reactive
power, synchronous reference frames, and instantaneous
symmetrical components are the most often used
approaches [9-11]. The main difficulty for the
synchronous reference frame theory method is producing
a d-axis current with a two-harmonic component. This
becomes particularly prominent when uneven loads are
present. The double harmonic component is removed
using low-pass filtering techniques with incredibly low
cut-off frequencies. As a result, dynamic performance is
compromised. In this study, the primary load active
current is obtained by filtering the d-axis current using a
moving average filter (MAF). This provides the best
attenuation without affecting the controller’s bandwidth
[11-14]. Lately, MAF has been used to synchronize the
grid utilizing phase-locked loops and increase the
performance of DC link controllers.

The goal of the paper is listed below for improving
power quality enhancement of grid-integrated solar PV
system:

e Power quality improvement and renewable energy
generation together.

e Improving both
simultaneously.

e Better load current compensation as a result of d-g
PV-UPQC’s control using the MAF.

Using PV technology helps provide cleaner, greener
power while lowering pollution. In the case of a grid
outage, it can keep critical loads operating, improving
dependability and tackling energy issues simultaneously.

Grid-integrated solar PV system with UPQC.

DVR setup for solar power input. Figure 1 shows
the system’s components, which include solar PV array, a
three-phase, three-wire digital voltage regulator, a load,
and a boost converter. A power source, a voltage-applying
transformer, an LC filter, and a DC link capacitor make
up the DVR. The second part of the PV system is the

current and voltage quality

DVR equivalent circuit (Fig. 2). It includes both boost
and maximum power point tracking controller. A voltage
source Ve,n, is established in the DVR circuit by
connecting it to a load voltage ¥, another voltage source
V; and the impedances of the 2 sources (Zs and Z;). The
current /g divided in half at the point of common coupling
(PCC) source: [;, which stands for a sensitive load
current, and /o7y, which stands for a different type of load
current [15]. A voltage representation for PCC is V; and
DVR rectifies the voltage, which is Vpyz. By integrating
the equivalent components of Rpyr and Xpyr with Vpyg,
we can determine the resistance R and inductance L from
the impedance ratings of the filter and injection
transformer. There is an impedance of Zg for the supply,
Z; for the load, and Zpy for the DVR. The voltage of a
sensitive load is depicted as:

dip

VL(t) = VDVR(t)+VG(t)+RiL(t)+L dt .
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Fig. 2. DVR equivalent circuit

23-level MLI. In this particular setup, 3 DC sources
V., V, and V,) together with 7 one-way switches and 5
two-way switches are recommended [4] a cross-linked
arrangement of 4 bidirectional switches. The DC voltage
sources’ magnitudes are configured for asymmetric
operation as:

Va = lVdc; Vb = 3Vdc; VC = 7Vdc . (2)

According to levels Ny,,, the following provides the
necessary DC sources Npc:

Asym (N Lev — 5)
N Dcy = —eg . 3)
According to the levels N,,,, the number of switches

Ny needed is calculated as:
(N7, +1D
_ Lev ) ( 4)
2
All of the switches in the recommended architecture
are unidirectional power switches:

;;I;/m _ (NLezv +1) ) (5)

Asym
N Sw

Asym
Népk
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The following factors influence the highest voltage
output V; max:

As (Ngev —1)
vigm =MD, ©

By the suggested design, the output voltage has 23
levels and magnitudes that range from 0 V, positive (+V.
to +11V,.) and negative (—V,. to —11V7.) respectively.

Boost converter analysis for solar PV. Selecting
the appropriate PV panel is vital as the voltage and
current produced by the solar array are affected by factors
such as heat, irradiation, and the configuration of series
and parallel strings [5]. In this setup, the series
combination of two Trina Solar TSM-200 DC/DAOIA
solar panels is connected in parallel with another two such
stacks to form a PV system.

Output power Ppy can be expressed as:

Ppy =Vpy -Ipy (M
where V,,, 1,, are respective the PV panels output voltage

and current.
The current flow can be expressed as:

Ipy =Ig—1,—Ig= 1,1, L2/ (g)

Saturation current can be expressed as:
Ly = Lyrpy[1+ (T = Tg) B] ©

where I, is the photocurrent generated by light; 7, is the
recombination current; /; is the reverse saturation current;
Vp is the voltage across PV; Vris the thermal voltage; f; is
the switching frequency, and the ripple factors for the
output voltage (V) and current (/;) are crucial
parameters. It is essential to conduct a thorough
assessment of inductors and capacitors.

The change in current (Al;) should be restricted to
30 %, while the variation in voltage (V) is conventionally
considered as 5 %. Table 1 provides a concise overview of
the solar PV and boost converter characteristics.

Table 1
PV module and boost converter’s specifications

Module of 200 W Boost converter

% 37.6 L, mH 1.28
P,W 200 C, uF 1.31
LA 5.32 Vie=Vpy, V 112.8
Voer V 46 Duty cycle, D 0.718
L, A 5.6 Ve V 400

Management of PV-fed MLI-DVR. Various
compensation techniques are used by DVR to handle
different loads and voltage sag scenarios. A PV-fed DVR
is an integrated system designed to address voltage
fluctuations and provide a stable electricity supply using
both PV technology and dynamic voltage restoration
capabilities. It is recognized that not all loads are sensitive
to changes in voltage magnitude; some respond to both
variations and others to changes in phase angle.
Depending on the characteristics of the load, a control
strategy is chosen. One approach is the pre-sag
compensating method, which takes into consideration
both the magnitude and phase angles of the voltage sag
[6]. The PI controller for a DVR, which makes sure that

the amplitude and phase angle of the load voltage and pre-
sag voltage are equal, keeping them at the same level,
respectively. The DVR’s ability to provide active power
from an energy source and inject reactive power during
sag becomes increasingly crucial. Moreover, the DVR’s
regulation of external power consumption impacts the
efficiency ratings of batteries and grid electricity.

System construction of UPQC. PV-fed UPQC is a
specialized power electronic device used in electrical
power systems to mitigate power quality issues while
integrating PV systems into the grid.

The proposed system comprises series-shunt
compensating converters arranged in a basic block
diagram (Fig. 3). These basic blocks serve the purpose of
injecting voltage in series with the load to rectify the
sinusoidal nature of the voltage, thus mitigating the
effects of harmonics.

Va Vs v,
s s

. |‘|||| _ | Load

.
LI |

L,

i L,

;
E 3

Series APF Compensator

Fig. 3. PV fed UPQC

Additionally, the shunt converter plays a crucial role
in regulating the DC link and provides reverse blocking
capability for enhanced control. Power filtration is
employed to improve the reliability of the power supply.
The PV-UPQC is constructed using converters with
series-shunt compensation, where shunt and series
compensators are interconnected through a single DC bus.
The shunt converter is connected to the load side and
assists in voltage management. The series compensator
addresses grid voltage fluctuations such as sags and
swells while operating in voltage management mode.
Interface inductors facilitate the connection between the
grid and the shunt and series compensators. The proposed
system incorporates series-shunt compensating converters
to rectify voltage irregularities and mitigate harmonics,
with additional features like reverse blocking capability
and power filtration to enhance the supply reliability.
Since the proposed system is a hybrid system, it meets the
load demand from a PV source and from a grid.

Figure 4 illustrates the DVR pre-sag voltage
injection method and can be expressed as:

oy = N2 V)7 + (7, )P) - 2,V S cos(6,)) . (10)

where Vpyr is the DVR injected voltage; ¢ is the phase
angle between V; and /;; Vg.apg is the grid peak voltage at

sag; J1is the corresponding angle of phase jump to Vg“g .
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L =1y
Fig. 4. DVR pre-sag voltage injection method

Results and discussion. PV-fed DVR. 10 kVA
injection transformer rated at 400 V (1:1) connects the
DVR to the system. The PV array’s output voltage is

increased to 400 V with the help of a boost converter. An
8 kW linear load running at a 0.85 lag power factor and a
regular 400 V battery supply allow the system to maintain
a steady DC connection voltage. At maximum power point

the PV array’s output voltage is 112.8 V; however, with
the help of the boost converter, it is increased to 400 V,
making it compatible with the DC connector. In addition,
the phase voltage of the 23-level MLI is shown in Fig. 5.
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Fig. 5. The phase voltage of a 23-level MLI
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Figures 6, 7 display the load voltages at 0.5 pu sag
condition and 1.2 pu swell conditions and their associated

total harmonic distortion (THD) voltage value at
side.
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PV fed UPQC. Figures 8, 9 display the load voltages
at 0.5 pu sag condition and 1.2 pu swell condition and its
associated THD voltage value at the load side.
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In Table 2, a thorough comparison of the PV-fed
DVR and PV-fed UPQC is shown.

Table 2

Comparison of PV-fed UPQC and PV-fed DVR

- Load voltage THD
Conditions PV-fed DVR PV-fed UPQC
0.5 pu sag 1.61 % 0.32 %
1.2 pu swell 3.24% 1.80 %

Conclusions. Solar photovoltaic (PV) systems are most
impacted when connected to non-linear loads during sag-
swell circumstances because harmonics are created. To

mitigate these effects of harmonics, the unified power quality
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conditioner (UPQC) approaches help to improve the
operation of such systems. It is discovered that the PV-fed
UPQC system operates effectively while compensating for
voltage sag. A solar-powered asymmetrical 23-level
multilevel inverter (MLI) with dynamic voltage restorer is
equipped with a rotating d-q reference frame controller. By
using fewer circuit components, the proposed MLI’s
synthesized output voltage is produced with a lower THD.
The PV-UPQC system simulation has been put into practice.
It has been demonstrated that with such a configuration,
THD is greatly minimized and the system’s performance has
increased to a decent level.
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