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ABSTRACT

Accep1ef022

The power quality (PQ) is a major issue for both electrical utilities and their customers. The nonlinear loads
causePQ problems like current harmonics, voltage harmonics, frequency deviation, voltage sag and voltage swell. A
unified power quality conditioner (UPQC) is utilized in this research to minimize these PQ problems. The UPQC is made
up of two active power filts (APFs), one of which is connected to the line in series and the other in parallel. The Unit
Vector Template Generation (UVTG) approach is used to control the series APF, whereas the Synchronous Reference
Frame (SRF) technique is used to control the sWRF. The compensating properties of a sesiegnt APFs when the
loads become imbalanced have been explored. The system performance has been tested under conditions current
harmonics, voltage harmonics, voltage sag, and voltage swell. The voltage hasramnidentified and reparation in a
series APF using the UVTG technique, whereas the harmonics and unbalanced currents are identified and reparation in
a shunt APF using the SRF methddh IEEE519-compliant THD (Total Harmonic Distortion) of less thafbo5s
achieved by UPQC in simulations with unbalanced loakise indings indicate that harmonic currents and supply

voltage fluctuations were lessened by UPQC.
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1. INTRODUCTION

The emergence ofPQ issues is
unavoidable with the oreasing use of nonlinear
loads Further modernprocessing equipment is
becoming more sensig to PQ [1]. The main
issues with PQ include voltage sag, voltage swell,
transient, frequency deviation, flicker, harmonics
in voltage and cuent, increasedreactive power
burden and zero sequence currer®].[ These
devices, equipment, nonlinear loads, and so forth
draw nonsinu®idal currents from the utilityAs
a result, a typical power distribution system must
cope with 'harmonics' in additial to reactive
power supporf3]. In order to further enhance PQ
flexible AC transmission system FACTS devices
are used[4]. The UPQCis one of the diverse
FACTS devices.

The purpose of UPQC is to
recompenssupply voltage flicker/imbalance,
reactive power, negative sequence current, and
harmonics The UPQC canimprove PQ at the
point of common coupling (PCC) on power
distribuion or industrial power systeni§].

The UPQC is one of the finest options
for providing balanced, distortieinee, and
constant magnitude power to sensitive loads while
also limiting harmaics, imbalance, and reactive
power requested by the load and so making the
entire power ghtribution system more health@][

In (1998) Fujita andAkagi designed the
first practical application of UPQC, employing a
shunt APF and a series APF coatgel via a
shared DC connection7][ Since then, many
researchers have developed this device and
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created a variety of topologies, models, and
control methods for it.

In (2002)M. Basuand et aldesigned a
1-phase and also &phase UPQ). As a result
of this design, the series inverter injects voltage in
quadrature advance to the smereurrent,
consuming no activpower under steady state.
The UPQC that uses quadrature voltage injection
in series is known as UPQQ. Because the series
converter injects enougholtage to sustain the
load voltage at the appropriate level, the
simulation results showed that the supply voltage
sag had no influence on the load voltage.
Additionally, the shunt converter supplied
harmonicsandreactive poweto the load8].

In (2005 Y. Kolhatk et al. developed
3-phase UPQC with an enhang@VR)
structure.ln order to achieve the least voltage sag
with the least amount of imbalance or no
imbalance, the UPQC runs in the lowesA YV
optimizationmode.The DVR with Sliding-mode
control for improved tracking performance has
been includedThe load voltage wasegulated,
resulting in the least possible VA load on the
UPQC thanks to the injectioaf voltage at the
optimal anglg9].

In (2009) J. A. Mufioz and et al.
suggested a techniquer feelect the components
for a modular unified powequality conditioner
configuration based on singfghase cells. Due to
the power cells are based on singlase
converters on both the series and shunt sides, the
suggested architecture does compensation
each phase separately. Also because a modular
method may employ an arbitrary number of cells,
the suggested design technique allowed for the
selection of power semiconductors and capacitors
based on an economic evaluation that allowing
for the ideal nmber of cells to be chosen to
reduce total power cell cost(].

In (2011) V. Khadkikar and et al.
proposed a novel approach for optimizing the use
of a (UPQC).When voltage sags or swells, the
UPQC series converter is programmed to
compensate for this byarticipaion load reactive
power forshunt converterActive power control
theory was used to recompengg voltage
swell/'sag, andthe UPQC's PAC methois
includedto coordinatiorthe reactive power of the
load between the twoonverters This theory is
referred to as UPQGS. Simulations and
experimental studies affirmed the viability of the
proposed concept ebltage swell/sag and load
reactive power sharing for the UPQEries
converte [11].

In (2015) A. K. Panda and et al.
proposech novel PACSRFbased UPQC strategy

for 1-phase distribution networksThe PAC
concept is utilized to introduce a necessary phase
angle shift of the load voltage with respects to the
supply voltage to incorporate a reactive power
sharing feature for the UPC series inverterAn
SRFbased controller has bebring developed
for both serieandshuntconvertersof the UPQC

to eliminate distortion in load voltage and source
current.An SRFbased approach is more effective
for power computatiom distorted coditions
than other control systemidsing simulations and
reattime analyses, the researchachievedhat
the PAGSRFtechnology offers a comprehensive
tool for improving PQ{12].

In (2016) S. Devassyand et al.
proposed a modified-g theorybased control of a
unified power quality conditioner incorporated
into a solar photovoltaic (PV) array (FMPQG
S). By simulating the system in Matk&mulink
with a mix of Inear and noiinear loads, the
dynamt performance of the improvedgtheory
based PMYUPQGS was validated. Under nominal
conditions, the series VSC shares a portion of the
reactive power of the load, enhancing series VSC
usage while also lowering shunt VSC loading.
The suggested system cduloperate in the
presence of numerous disturbances, such as
irradiation variation and PCC voltage fluctuations
that occur at the same time. The -BPQGS
system combines the notion of clean energy
generation with the enhancement of power
quality, hence erdncing its usefulness 3L

In (2017), Jia Yea ancet al.
suggeste@ newmethod for assessing the optimal
UPQC size on the biss of compensation
requirementswhich sets the basic ratings of the
series invertershunt inverter, and sede
transformerBased on datdriven control (DDC)
and variable phase angle control (PAC) methods,
a UPQC system has beemplemented under
various compensation situations. In addition, the
findings from the MATLAB and OPALRT
simulation weredemonstratethe applicabilityof
the methd and the DDC based controll¢is}].

In (2018) A. Patel and et ghroposed
an improved(PAC) approach for UPQCDG to
effectively compensate for imbalanced loads.
PAC approaches for UPQDG have been
developedto improve VA usage of UPQODG
series and shunt APFs. Existing PAC approaches
result in reactive power circulation and increased
VA loading of the UPQEDG in the event of
unbalanced loads. Because it is based on (SRF)
theory, the suggested PACpapach is robust to
norrideal voltages. Redlme simulation in Opal
RT was used to evaluate the performance of the
suggested PAC approach. The simulation results
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display that employing the suggested PAC
approach in the UPQOG performs well in the
presene of unbalanced and ndimear loads [5].

In (2019), A. Szromba and et al.
developed a novel technique for controlling the
operation of UPQC serigzarallel active filters.
The S.Fryze's concept ofload equivalent
conductance wassed in his study.In addition to
improving the goodnessof supply voltage, the
proposed approach allows conventional repairs
for nonactive components of load curresud
harmonics in source voltag&here is no need to
extractionvoltage and current harmonics ftire
control technicality given. As a result, the
UPQC's control module's computing effort may
be greatly decreasedd]L

In (2020) A. K. Yadav and et al.
suggested unified power quality conditioning
system effective for compensating fa@upply
voltage and load current in a mtittus system.
One shunt and two series VSCs are including in
the MGUPQC configuration. The MOPQC is a
useful device for resolving PQ problems in
custom power applications. This approach is
applied between two tm@mission lines, or in
other words, between several feeders, for the
arrangement of voltage and current compensation
as well as nonlinear loads. The improvement in
power quality is examined by comparing the THD
values of proposed technique and withoul#]

In (2021) S. K. Dash and et al.
employed a new architecture forPd/ fed open
UPQC with an emphasis on voltage sensitive
loads. The suggested FdperUPQC system has
been developed and implementdde system's
robustnessagainst diferent voltage and current
distortions has been improved with adaptive
controllers for the UPQC series and shunt
compensators.The ANFbased SRF controller
was used to provide a suitable reference voltage
in the existence of substantial voltage distortion.
In a multitude of grid condions, including as
voltage sags voltage swells, imbalances,
harmonics, unexpected additions and subtractions
of loads, and variations in solar irradiation, the
system's performance was assessed to be
acceptabl¢18].

In (2021) M. P. Behera emploed a 3
phase system with a Photovoltaic Generator
(PVG)based (UPQC) controlled by a Fuzzy
Logic Controller (FLC).It was found that the
FLC-controlled system performed better than the
traditional (withoutFLC) control method under
steady state condition.has been shown that the
voltage across the load remains constant even
when the source voltage is changkdthis work,

a new control algoritm has been developed and

presented with supporting resuétfier comparing
it with the conventional methdd9].

In (2022) L. Meng and et al. studied the
generation of ddink voltageripple and its effects
on l-phase UPQCThe 1-phase UPQC's pallel
and series converters wemntrolled by two
different algorithmsto minimize the ripple in the
dclink voltage To avoid voltage ripple from
reaching the control loop in the case of a parallel
converter, aotch filter was installed in the
outsice voltage loomf the converter andto
reduce source current harmonidswas proposed
that particular order harmonics compensation be
included in the inner current looplhe series
converter used the dimk voltage feedback to
limt the impact of voltage ripple on
compensation function. According to the
simulation andexperimental findings, utilizing a
fixed dclink capadtance has beemeduced the
supply current THD compared to theaditional
controlmethod [20].

The steadystate study of UPQC under
various operating circumstances is the basis for
this paper In this work, section 2 discusses the
system architecture and the concept of UPQC
control techniques. While section 3 summarizes
the results of the MATLAB/Simulink simulation,
and Section 4 concludes the study.

2.UPQC CONTROL STRATEGY

The Unified Power Quality Conditioner
consists of a shunt and series ABF
collectionwith a DC link capacitor connecting
themas illustrated in(Fig. 1). The shunt APF is
the most viable for dealing with the current
issues,also known as DSTATCOM Z1]. The
seriescompensatiomevices known as DVR offer
interrupted voltage supply to the load in the event
of voltage sag/swellyoltage fluctuations, and so
on [22]. All currentrelated problems, including,
power factor improvement, current harmonic
compensation, reagt power compensatiand
load imbalance compensation, are cemgated
for using the Bunt APF [23]. In contrast,
theseries transformer issed to connect the series
APF to theline.

Vs Vse Is L
Tl

Suppl Unbalance

Nonlinear
Load

Fig. 1 Schematic of the UPQC
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Desired Load

Load Voltage

Voltage VLm VLa VLb VLc
Magnitude
K V*La
Input Vsa_> . Phase ] va Gate
Supply vsb_ K Loekes] Sincot Signals
s > Loop -217/3 g
Voltage ysc K (PLL) Phase vb w PWM |
Shift Controller
_ sin (wt-2173)
K= 1/vm o773 )
Phase vc VvrLe
Shift
sin (wt+21773)
Fig. 2 Series converter controller employing UVTG technic4¢ [
A. Control of SeriesAPF. load voltage (Viand to the actual load

The series filter is controlled by a simple
algorithm. The notion of (UVTG) is employed as
acontrol approach for series APHg. (2) depicts
a schematic of a UVTbasel series inverter
control block The load voltagdV a) should be
sinusoidal and balanced with the required
amplitude.To accomplish this, an inverter widm
appropriate voltage set between the PCC and the
load is utilized.It essentially injects voltages in
the opposite direction of the source vokay
imbalance and/or distortiprand these vaitges
cancelling one another ouAs a result, the load
voltage is balanced, maintaining the desired
magnitudewnhile presenting no distortidr24].

The UVTG signal is produced by
multiplying the measuredhput supply voltage by
a gaining equal t&=1/Vn, where \;, is the peak
amplitude of the basic supply voltage5]. For
synchronizing with a supply voltage, a phased
locked loop (PLL) is used, which produces a
phase angle for a voltage 0 correspondingo
phase (A)[26]. PLL output at fundamental
frequency is igntical to the terminal voltad@7].

The( ¥t ) i n(1)esgherausead dorconstruct
the threephase balanced unit vectgs].

wo i Qeo

(bfb i Qo pgm é. ()

w | MQeEo pem

When multiplying the eeded load
voltage magnitude M, by UVT (Van), the
reference load voltage signathtained as shown
below([25]:

VLabe = Vim Vane é. 2

The load voltageshould be equal to the
reference load voltage in order to ensure

distortionfree load voltages The series
inverters PWM controllers compare ¢hreference

voltage(Viang to generate switching signals for
the IGBT switches.

B. Control of Shunt APF.

The shunt APF presented in this study is
utilized to recompensitie nonlinear load's
current harmonics and reactive powg8]. The
shunt APF is controlled sing (SRF) theory, as
illustrated in (Fig.3) [29]. The suggested SRF
based shunt APF reference supplyrent signal
generating method ses source voltages, load
currents, and dc link voltagd&8]. As shown in
equation (3), the basic component of load current
is extracted by applying the akig0 (Park's)
transformation, and the ¢) signal required for
this conversion is generated bypdying the
sourcevoltages tdPLL [29].

OEil o i Q&1 oplc ., .
e L e 00 @
“OrF - Al1100 — i Qto0 — pIc op & . )
0 GHejio — Qo — pic Obw
0Q 00 @
‘O T 00 @
"O¢ ‘00 &

A Pl controller evaluges the needed
active current lgos9 by comparing the dbnk
voltage to its reference value . The load
current average componer} ,) As extracted
from the daxis component using a low pass filter,
as demonstrated equation(4) [30].

ILd=), &) , % . (4)

The source current fundamental
reference component is computed by combining
the needed active curremgfs) as well ag), Aas
shownin equation §) [28].

|Sd=), A‘ldloss é. (5)
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Vvdc* =N L dioss
= Gate
ILa 150=0 | Isa* signals
ILb abc to dgO Isd* dgo to ab_c 1sb* | Shunt AP_F
Transformation N Transformation " Hysteresis H )
ILe . Ita Isq*=0 Isc controller

sin. t - cos tI

Vsa

sin. t-cos t
Vsb

Isa Isb Isc

PLL

Vsc

Fig. 3 Shunt converter Contiler Employing SRF technique $2

To correct for harmonics, imbalance,
distortion, and reactive power in the source
current, the suggested technique sets the aech
negativesequence components of the source
current referencel¢o* andIsdf) in thezero and
g-axes to beero [B]. Using dg0 to abc irerse
Park's transform, the-Bhase balancetkference
supplycurrents(lsape) are obtained fronflsd) in
equation 6) [30].

) GA ) GA
)y GETL 1 é.(8)
) GA T

A hysteresis bandcurrent catroller
compares the generategferencesource currets
(Isan¢) with the measured source currefits,g to
provide IGBT switching signals that compensate
for all currentrelated issuesncluding reactive
power, current harmoniczero and negative
sequence componentsiclink voltage control,
and loadcurrent imbalance.
3.RESULTS AND DISCUSSIONS

Matlab/Simulink is utilized in this study
to investigate th&Phase8Wire UPQC approach,
where sag/swell source voltage, distorted source
voltages, unbalanced and distorted load
currentare popular issues in distribution
networks Table | shows the UPQC parameters.
As shown below, the control techniques for
UPQC with imbalance Loads were used in three
cases:
3.1UPQC performance for voltage and
current harmonics reduction.

A three phase load with various
impedances is connected to the ddadimulate an
imbalanced loadThe currentspulledby the load
have uneven amplitudeswhere the imbalance
nonlinear load was employed to assess UPQC
operation Throughout order to produce
supplyvoltage distortion in the entire-gthase, a
harmonic supplyoltage was created between
t=0.1sec and t=0.2sec by connecting a 5th (15
percent of the fundamental supplgltage) and a
7th (15 percent of the fundamental plyp
voltage) in series withthe major voltage as
shown in Fig 4(a). This distortion is done on

purpose to investigate the harmonic compensating
capabilities of UPQC to supploltage.The sum

of the 5th and 7th harmonics is injected into the
series APFd compensate for valge harmonics,
as shown in Figi(b), whichresulting adistortion
free voltage, as illustrated in Fig. 4(@he Shunt
APF compensates for the current harmonics
createl by the nonlinear loadto achieve
distortionfree source currentlso reparatiorthe
zero/neglive current sequencesto obtain

as shown in the

balanced source current,
schematic of F|g4(d)

400 (a)
0.05 0.1 0.15 0.2 0.25 0.3

Time (sec)
Fig. 4: The resilts of the simulation for cag@):
(&) Source voltage, (b) Compensating voltage,
(c) Loadvoltage, (d) Source current,
(e) Compensaticaurrent, (f) The current in &xs
(9) Dcvoltage.
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The THD of load voltage has reduced
from 21.26% to 1.29%, as shown in Fig. 5. The
source currents, as shown in Fig. 6, are
completely balaced with a THD of 1.62 %, while
the load current has a THD of 16.74%e THD
is maintained under the IEEE Standard 519
standard of 5%. The shunt APF injects
compensatory currents to provide a balanced
source current with low distortion, whereas the
seriesAPF maintains a steady voltage at the load
with minimal distortion.

Fundamental (50Hz) = 325.9 . THD= 21.26% _

(a) Scurca Voltage WVa

(B) Load Voltage VL

Fig. 5

the THD at ’voltage harmonics
compensation: (a) Load current, (b) source
current
L1
Fig. 6 the THD at current harmonics
compensation: (a) Load current, (b) source
current

Table(l) the UPQC parameters

Supply 400V, 50Hz
DC-link Vgc = 700V, Cdc= 5000 pF
Series APF Lse=5mH, Ge100UF, Rs= 5 V]
Shunt APF Lsi=2 mH Gr=200 pF
R 5Y
Unbalancelinear 15 q /20mH, 1
Load 5 q /10mH

Load13-phase diode rectifier

followed by R L load with

Unbalance Nonlinear, R=20q and L4
Load +

Load2:1 5 2mH

10 1§mH5q 10mH

3.2UPQC performance forvoltage sag
mitigation.

The operation of UPQC has been tested
using voltage sag with ambalanced lineaiohd
Between 0.1 and 0.2 seconds, 25% of the source's
threephase voltage sag occuiEg. 7(a-€) show
the source voltage, compensation voltage, load
voltage, source currentshunt current, load
current, and Ddink voltage, respectively. In
order to maintain a constant voltage magnitude at
the load terminals, a difference voltage was
injected through the series inverter during sag, as
shown in Fig. 7 (b).When the series inverter
injects actual power, the voltage on the DC
connection lowersThe load voltage is maintained
constant by using a series AB§displayedin Fig

(9)

0.05 0.1 0.15 0.2 0.25 0.3
Time (sec)

Fig. 7: The resilts of the simulation for cag@):

(&) Source voltage, (b) Compensating voltage,

(c) Loadvoltage, (d) Source current,

(e) Compensaticaurrent,(f) The current in loads

(9) Dcvoltage.
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The shunt APF draws actual power
from the grid and sends it to the series APF
through the Ddink capacitor. The shuribhverter
must take more current from the grid to maintain
system power balance. Under voltage sag

conditions, the compensated source currents are

fully balanced with a THD of 2.56%, while the
THD value for load voltage is 1.02%.
Notwithstanding tb the volage drop on the
supply which causes a drop in dc voltage, the
shunt hverter maintains a constant -daltage
at (700Vvdc) as shown in Fig 7(g).

]

|

/W Il ﬁ ﬁ MWJ

\/
\°1 =

400

N

S0 [
:"‘
;0

.l

00
50

P W e

WWAWW
o

3.25 AT /W /\ W\/\

-40

800

=
3
§ 600 -
400 : @ :
0.05 04 015 0.2 0.25 03
Time (sec)

Fig. 8 The reslts of the simulation for cag8):

(a) Source voltage, (b) Compensating voltage,
(c) Loadvoltage, (d) Source current,
(e) Compensaticaurrent, (f) Thecurrent in loads
(g) Dcvoltage

3.3UPQC performance for voltage swells
mitigation.

When the UPQC is not connected to the
system, any increases inethsystem's supply
voltage result in an increase in the load voltage,

which may cause damage tthe system's
connected device§ he functioning of the UPQC
was investigated during a 25% swell in the 3
phase source voltage that occurs between 0.1 and
0.2 sec Fig. 8(a) depicts the source voltage rise
during a voltage swell. The seriewerter
absorbs excess voltage in voltage swell situations
and keeps the load voltage at fixed magnitude, as
illustrated in Fig. 8 (c). As shown in Fig. 8(d), the
source currenis lowered to return the surplus
power produced by the voltage spike to the
supply. The THDof load voltage is 1.12%nd

the THD d source current is 3.09%nder swell
voltage conditions.

4. CONCLUSION

The control strategy (UVTG and SRF)
based UPQC in the presence of imbalance
linear/nonlinear loads are discussed in this work.
The Matlab/Simulinkbased simulation was
carried out to validate the provided analysis. Per
the simulation findings, the proposecbntrol
approach can successfully compensate for
current/voltage harmonics, voltagag, and
voltageswell, and the proposed methods can
efficiently compensate for neimearity and
imbalance in load. When utilizing UPQC, the
source current is uninfluengeby unbalanced
nonlinear loads, and the waveform becomes
sinusoidal, with the source current totally
balanced and its THD reduced to 1.62%, while
the load voltage's THD was reduced from 21.62%
to 1.29%. The suggested approach compensated
adequately for th load voltage and source current
harmonics in order to comply with IEEE Standard
519.
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