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ABSTRACT

This study presents a novel approach to enhance grid power quality by integrating a Unified Power Quality Conditioner

(UPQC) with a hybrid energy storage system consisting of solar panels and battery super capacitors. The increasing integration
of renewable energy sources in the grid has led to challenges in maintaining power quality due to their intermittent nature. The
UPQC is a versatile solution for mitigating power quality issues, including voltage sags, voltage swells, and harmonic
distortions. In this research, the UPQC is synergistically combined with a hybrid energy storage system to create a
comprehensive power quality enhancement solution. The solar panels contribute clean energy generation, while the battery super
capacitors offer rapid energy injection and absorption capabilities. This integrated system not only improves power quality by
compensating for grid disturbances but also facilitates the effective utilization of surplus energy. The control strategy for the
proposed system is designed to ensure seamless coordination between the UPQC and the energy storage components, optimizing
their performance for various power quality events. Simulation studies conducted on a representative grid system demonstrate
the effectiveness of the proposed integrated solution in mitigating power quality issues and enhancing grid stability. The results
showcase a significant reduction in voltage deviations and harmonic distortions, thereby underlining the system’s potential to
revolutionize grid-connected power systems.

KEYWORDS: Maximum power point tracking (MPPT), power quality, shunt compensator, series compensator, solar
photovoltaic (PV), Battery energy storage system (BATTERY AND SUPER CAPACITOR STORAGE SYSTEM), Super-Capacitor,
unified power quality conditioner (UPQC).

1. INTRODUCTION its need is rising rapidly. Rising energy demand in

Energy is essential for the survival of all living recent years has led to issues with power quality. The
beings. Electricity is a significant kind of energy among increase in need is being fueled by demographic shifts
the numerous available. It ensures life's flexibility, and and technological progress. Because they depend on

e
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nonrenewable conventional energy sources, our present
practices cannot keep up with the increase in demand.
Conventional energy production makes extensive use of
fossil fuels including oil, coal, crude oil, and natural gas.
Therefore, we need to integrate nonconventional energy
tidal,

geothermal, etc., with the conventional method to meet

sources like solar, wind, water, biogas,
future demand. Solar power is rapidly replacing other
renewable energy sources as the most popular option
because of its numerous advantages, such as cheaper
energy production costs and zero greenhouse gas
emissions. Power quality and reliability have
deteriorated as a result of increasing consumer demand
for electricity, the prevalence of nonlinear loads, and the
advent of renewable energy sources like Photovoltaic
(PV) and wind power [1, 2]. Due to the widespread use
of power electronics and other nonlinear devices,
electric power networks produce excessive quantities of
harmonics and reactive current. The impedance of the
circuit causes distortion of the grid voltage and a
slowing of the power consumption rate. In addition, the
widespread grid voltage fluctuation, three-phase
imbalance, and short outages will have a significant
influence on the performance of currently running
industrial equipment, leading to massive economic
losses. One of the most basic and critical issues in power
quality is, therefore, maintaining a steady and pure sine
wave for both the grid current and the load voltage.
Power electronic equipment including as passive LC
filters, Static var Generation, active power filters, and
dynamic voltage restorers are often utilized to address
modern-day power quality issues. However, its simplex
nature restricts their use to a limited set of power
quality problems. Because of its many useful functions,
UPQC may be a good choice for improving power
dependability. However, the Unified Power Quality
Conditioner's (UPQC) potential to enhance power
quality and correct for sag/swell voltages in distribution
networks has piqued the interest of many academics.
While the UPQC was first developed for use with shunt
and series power converters connected by DC-link [3], it
has since attracted attention from a wide variety of
disciplines and been applied in a wide variety of ways.
Sags and surges are examples of complicated power
quality situations [4], in which many power quality
concerns have joined together to generate a single

interruption. Voltage harmonics, swells, and sags may

all cause sensitive loads and other pieces of equipment
to trip, which can have serious consequences for
manufacturing plants. These misfortunes are all too
common in the sector and can lead to substantial
monetary losses. Industrial customers have started
installing devices from the series APFs to mitigate grid
interruptions [5-10]. Shunt active power filters (APFs)
are used to lessen the impact of harmonics generation
and sensitive load in modern power plants due to the
prevalence of power electronics [11-14]. This has
resulted in the development of a new norm that satisfies
the needs of the utility and its clientele. Customers'
loads don't alter the utility's supply unnecessarily, and
the utility's critical components are shielded from
voltage fluctuations, thus everyone wins [15]. To control
both the load voltage and the grid current, the UPQC
model is constructed by connecting series and shunt
APF compensators in a back-to-back arrangement [16].
Academics' interest in UPQC [17-20] has been spurred
by the rising prevalence of microgrids and decentralised
power plants. The use of fossil fuels, which contribute to
and are itself a cause of global warming, has come
under increased scrutiny, and so has the pursuit of
alternative, renewable power sources. Improved
renewable energy systems that can continue operating
in the event of a grid outage are urgently needed to
meet this demand. [21] successfully exhibited a fuel cell
(FC) coupled with UPQC to offer real power supply
during voltage breakdown, hence mitigating PQ issues
on the grid side. Despite this, their studies have not
advocated for decarburization of the grid-connected
system or stressed the combination of renewable energy
supplies with UPQC. Power quality issues and
renewable energy supply were combined in [22, 23]
with the proposal of a PV integrated with UPQC.
Prolonged interruption and considerable power sag,
however, were overlooked. Long-term load support
was also addressed by the dynamic voltage restorer
(DVR) in combination with a superconducting magnetic
energy storage system (SMES) [24]. Modern harmonics,
on the other hand, were disregarded. The PV-UPQC
may be connected to a variety of energy storage devices,
including batteries and super capacitors, to provide
uninterrupted power delivery to the load. UPQC's
battery and super capacitor storage solution becomes
loads like

semiconductor manufacturers, hospitals, and other

essential when applied to critical
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establishments that need continuous access to clean,
dependable power. As a result, the study recommends a
battery and supercapacitor-based energy storage
system to back up the UPQC. A single-stage DC-DC
buck-boost converter [25, [26]] connects the PV to the
DC-link and the battery and super capacitor storage
system. However, when the PV system is unable to do
so, like during a protracted voltage outage, the battery
and super capacitor storage system kicks in to provide
the load with active power. Researchers try to construct
the algorithm in [21] and [27-29] for controlling the
voltage across the DC-link capacitor. However, UPQC
controllers continue to increase in complexity and
computational burden. Using an external support
system, such as a PV-battery and super capacitor
storage system, may reduce the load on a UPQC's
DC-link capacitor. Since the PV array is wired into the
UPQC DC-link, designers needed to ensure that the
MPP voltage matched the DC-link's reference voltage.
Under normal circumstances, the PV array's rating
provides more than enough active power to run the
load, feed the grid, and charge the BESS. When the
DC-link load requires more power than the PV array
can provide, the battery and super capacitor storage
system kicks in to restore the DC-link voltage. In
addition, the battery and super capacitor storage system
will provide for the whole load need even if the PV
array is not producing any electricity. PV-UPQC
regulation relies heavily on the production of a
time-domain and

reference signal. Both

frequency-domain methods exist for generating
reference signals [30]. Due to the minimal processing
needs, time-domain methods are often employed for
real-time  implementation. —There are several
well-known methods to this problem [31], including the
p-q theory of instantaneous reactive power, the d-q
theory of synchronous reference frames, and the
symmetrized component theory. The most significant
barrier to using a solution predicated on the
synchronous reference frame theory is the presence of a
double harmonic component in the d-axis current under
a load unbalanced situation. Therefore, low-pass filters
with an extremely low cut off frequency are often used
to eliminate the double harmonic component. The result
is poor dynamic performance [32]. The d-axis current is
separated from the basic load active current by use of a

moving average filter (MAF). By doing so, we may

increase attenuation while minimising the load on the
controller's bandwidth [33]. Recent applications of MAF
include improving the efficiency of dc-link controllers
[35] and grid synchronisation through phase-locked
loop (PLL) [34]. Our study details the planning,
implementation, and analysis of a three-stage PV-UPQC
system. Dynamic performance is enhanced by active
current extraction from the load when a MAF-based d-q

theory-based control is used.

2. POWER QUALITY ISSUES

The Power System is experiencing severe issues with
power quality (PQ). Because poor power quality causes
companies to lose money and experience equipment
failure. Power quality issues manifest themselves in a
variety of ways, including voltage dips, short
interruptions, extended interruptions, voltage spikes,
harmonic distortion, fluctuations, flashes, and swells. It
is challenging to incorporate wind into the grid since
wind flow changes and we need to maintain a steady
power quality (PQ) without compromising system
efficiency. WECS PQ may be enhanced with the use of
reactive methods, UPQC

power compensation

controllers, and fact devices.

A. Voltage variation/Voltage flickering

The system's P and Q powers are directly proportional
to the fluctuations in voltage. Changes in solar
irradiance are the primary cause of voltage shifts. Cloud
cover, shadowing, and diurnal changes in sunshine
have long been obstacles to the widespread use of solar
energy. When solar panels are linked to the power grid,
the voltage at that point might be affected by these
variations. Voltage flickering is particularly concerning
since its rapid and repetitive voltage changes may
disrupt sensitive loads and lower the efficiency of
connected devices. Voltage sags or voltage dips are
temporary reductions in voltage that occur at the
system power frequency and last for half a cycle.
Several things may cause voltage dips, such as a sudden
change in demand, the shutting down of turbines, or
difficulties with the power grid's transmission or
distribution networks. Unregulated use of transformers,
issues in the power distribution system, and the sudden
addition or removal of significant loads are all potential
causes of voltage spikes. Voltage fluctuations may cause

all sorts of problems, including the destruction of
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expensive machinery, the failure of relays and circuit
breakers, the flickering of lights and screens, and so on.
Voltage flickering is a common problem with wind
power systems that are linked to the grid because of the
constant power fluctuations, switching activities, and

poor performance of sensitive electronic components.

B. Harmonics

Sinusoidal waves with frequencies that are multiples
of the fundamental frequency may be found in these
currents or voltages. Non-linear loads, current and
voltage waveform disruption, frequency mismatch
between system and equipment, etc. all play a role in
this phenomena, as does the functioning of power
electronics converters. Negative consequences of
harmonics include damage to protective equipment,
faulty transformer operation, increased system losses,
reduced system efficiency, motor and capacitor bank

overheating, and so on.

C. Transients

Internal faults and external faults are the two most
common sources of transients. Equipment activation or
deactivation, such as circuit breakers, relays, power
electronics, etc., is an example of an internal
malfunction. A surge in the current flowing through the
system may be caused by an external problem, such as a
lightning strike. A lightning arrestor should be fitted as
a precaution against lightning strikes before any

electrical equipment.

3. SYSTEM CONFIGURATION AND DESIGN

Fig. 1 depicts the PV-ESS-UPQC in its physical form.
The PV-BESS-UPQC model is compatible with the

APF
compensator, as well as a DC-link split capacitor, make
up the PV-ESS-UPQC. The DC-link is linked in parallel
with the PV array and the batteries. The PV is connected
to the DC-link through a boost converter. The DC-link is

connected to the BESS through a buck-boost converter.

three-phase system. A series and shunt

The supply voltage's spikes, dips, interruptions, and
harmonics are all neutralised by the series compensator,
which acts as a regulated voltage source. Shunt
load

harmonics. Connecting the series and shunt APF

compensators are used to reduce current
compensators calls for the use of inductors. Since
harmonics are created by the converter's switching
motion, a ripple filter is utilised to eliminate them. In
order to inject power into the grid, the series
compensator makes use of a series injection
transformer. A three-phase non-linear load is employed
in this investigation. Accurate measurements of the PV
array, split capacitor, reference voltage of DC-link, etc.,
are required before a PV-ESS- UPQC can be designed.
The shunt compensator is built to regulate the
maximum power output of the PV array in addition to
reducing current harmonics. Since the PV array is wired
into the UPQC DC-link, designers needed to ensure that
the MPP voltage matched the DC-link's reference
voltage. Power generated by the PV array is sent into
the grid and used to charge the ESS (energy storage
system) under normal circumstances. The BESS kicks in
to supplement the DC-link load when the energy
supplied by the PV arrays is inadequate. When the PV
array is not producing any electricity, the ESS will take

over and provide all of the necessary power.
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FIGURE 1. UPQC system configuration.
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4. SYSTEM ANALYSIS

D. Modeling of Solar PV system

Figure 2 illustrates the equation for the voltage/current
characteristic of a solar cell with a light source and a
diode. Connecting solar cells in series and parallel inside
a module allows the output of a solar panel to be
modified. The quantity of solar energy (in photons)
entering a solar cell is proportional to the photocurrent

Ipy, flowing

through the cell.
The current drawn by a solar panel may be

determined using Kirchoff's current law (KCL), as seen

in Fig.
Ipy = Ipp —Ip — Ipsp 1)
Environment variables such as irradiance and

temperature form the basis of Ip,. Here's how you figure

out your Ipy:
IPh - (Isc + a(TC = Tref)) ﬁ (2)

Ip is an exponential function representing the diode

current.

Ip =1 [exp (W) - 1] 3)

Saturation current in a solar cell shows the effect of
temperature and an exponential function. I; may be
calculated as

4 4, (;;)
T Trer TC
I = s (7<) exp | —2 4)

Saturation current in the opposite direction is
represented by the exponential function /ps.
Ips = _ (5)

e ()=

As can be seen in Fig. 2, Kirchoff's voltage law is used
to determine the current via the shunt resistor,

represented by Ipg;, . Following is the equation for Iygy,:

Vpy +Rsl
T ©)

To get Ipy defining feature, we can rewrite Eq. 1 as

follows.

(Vpv +Rslpy) Vpy +Rsl
aWpy +Rslpv)Y _ 1| _ Vev+Rslev 7)
AkT¢ Rsp

Vpy Rslpy
q(WJfW)
exp <—Ach -1 -

Ipy = Ipp — I [expi?3€

IPU = NPIPh - Npls

+Rgl
Ns stpPV 8
™ ()
1.
MV ©
I T ]r)l Rs

0

Fig 2. A PV cell's equivalent circuit

where,

Ipy : The output current of solar panel (4)

Vpy : The output voltage of solar panel (V)
I, :Short circuit current (4)

V,c :Open circuit voltage (V)

a : Temperature coefficient (V/°C)

T, :Solar panel temperature (K)

T,f : Solar panel reference temperature (K)
A :Irradiance (W/m2)

Aver : Reference Irradiance (W/m2)

K :Boltzman’s contant (1.38 x 10-23)

A :Ideality factor

q :Elementary charge (1.6 x 10-19 C)

E, :Band gap energy of the semiconductor (eV)

E. Battery System Model

a. ESS Batteries

Li-ion batteries are employed for the ESS in this study.
Li-ion batteries are often used in energy storage devices.
For lack of better options, Li-ion batteries have been
settled upon as the ESS for CS due to its high efficiency
(85%-95%), high energy density (1,000-2,000 mAh/kg),
and many re-use potentials. The method proved
effective in controlled laboratory settings. The ESS's
batteries were simulated using Simulink battery model,
with values taken from the corresponding product
datasheets. This kind has a voltage regulator and a series
resistance. The battery voltage, Vj,, (see Eq. (11), which
is derived from Eq. (9), is the difference between the
open-circuit battery voltage and the internal battery
resistance, R;,,. Knowing the battery type is crucial for

calculating E,,;, and the value of Ry, .
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State of Charge Equation:

t
2(t) = 2(0) - L ©)
2(t) = — Q’i—” (10)
Model Equation:
_ %0 1
Vo) = — 2204 1 (11)
(@) =Voe(2) =Vp = 1(t) - R, (12)

b. Li-ion Battery Circuit Model

Open-circuit voltage (Voc) at time (t) equals charge
(Q). Polarization RI Voltage Number Terminal voltage
(V}), current (A), and internal resistance are all shown. In
the Li-ion Battery Equivalent Circuit Model, the cell's
usable voltage is reduced due to polarization and the
internal IR drop. Open circuit voltage and maximum
potential energy can only be achieved by running cells at
extremely low operating currents. When polarization
and IR drop are minimal, charging and overcharging
currents perform well. Changing the open circuit voltage
and polarization of a cell causes an increase in equivalent
series resistance (ESR) and I drop, reducing the
battery's energy density.

Ve(®) = Vo) — Vo — 1(0) - R, (13)

Simply counting coulombs (Eq. (14), where Q is the
battery's maximum capacity) yields the battery's state of
charge.

SOC(%) = SOCo(%) — 100 (f—“bt—“”t) (14)

The kinetic behavior of this battery model was
demonstrated to be similar to the experimental behavior
for states of charge (SOC) between 100% and 20% during
charging and discharging. Our findings indicate that the
battery may be used securely at a state of charge (SOC)

of 20% to 100%, which means that severe discharge is not

required. Coulomb counting is often employed for SOC

determination since it requires less computer resources.
The experiment's Li-ion battery has fewer and milder
side effects compared to regular batteries. The mistake in
the present integration just becomes worse as time goes
on, which is a major problem with this strategy. This
method's accuracy depends on the test duration and
capacity knowledge, as well as the present accuracy of
the sensor. Errors in the current measures utilised in this
method compound up over time and have a significant
impact on the projected outcomes. Since only
simulations are shown, it is assumed that the current

measurement and, by extension, SOC are correct.

c. BESS converter configuration

The voltage in a hybrid system is optimised in a way
that
performance. The voltage feeder of the hybrid system

minimises energy waste without sacrificing

may be connected to renewable energy sources
including hydro, wind, and solar. As can be seen in
Figure 4, the ESSs are linked to the DC bus through a
bidirectional DC converter. DC-DC converter systems
are often used as an interface between the DC bus and
the energy storage device to stabilise the DC voltage. For
optimal system performance, it is essential that

bidirectional converters provide many modes of

operation.
! A
3 '—H—' +
b Si
—_ C
Vb _|
S2
Battery

Fig 4. Battery storage system with controller

Mode 1: When the battery is being charged, the
converter switches into buck mode via switch bl and
diode b2.

Mode 2: During power outages, the converter operates
in boost mode to satisfy the DC bus requirement, and
switch b2 and diode Dlconduct to allow the battery
power to serve the load.

Mode 3: Battery power is kept in float mode (trickle
charging mode) while it is not being used to keep the

voltage and state of charge steady.

F. Super Capacitor Modeling

A super capacitor has two electrodes separated by an
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ion-permeable separator to prevent electrical current
from flowing directly between them. Fast charging and
discharging rates, low internal resistance, and a long
cycle life give these batteries their distinctive high power
density and efficiency. Many alternative circuit models
including super capacitors have already been published.
Capacitors may be used to store electricity. Since there
are no chemical or phase changes during the process, the
discharge-charge cycle may be repeated indefinitely.
Electrochemical capacitors (ECs) are marketed under a
variety of names owing to their very high capacitance
values, including super capacitors, ultra-capacitors, and
electric double layer capacitors (EDLCs). Commercially
available capacitors in a common case size have recharge
capacitance values up to 400 Farads. Modern super
capacitors' capacitance density is second only to that of
batteries, making them perfect for many uses that
formerly needed batteries but now can make do with
much smaller devices. For large-scale energy storage
applications, a super capacitor is preferable than a
battery due to its better efficiency and higher cost,
among other benefits.

a. Design of super capacitor energy storage system

Before building a Super capacitor energy storage
system, it's important to calculate the overall capacitance
of the system. V(,;; is what decides how much power a
Super capacitor bank can store electrically. If the super
capacitor’s rated voltage is Ve, -
(15)

When n s super capacitor cells are linked together in

Vscmax = ng * VCell

series, a string is created. R, also provides the series

ESR of string, which is analogous to Ry, .
Rs = nsReen (16)

The series capacitance (C;) of a string of ng super

capacitor cells is

C
Cs — ZCell
ns

(17)
The formula gives I 4, as the maximum allowable

current across the bank of super capacitors.

I _ Iscmax
scmax T I
Cell

(18)

Each series string (Ic.;) of n_s series super capacitor
cells has a current lower thanl,,, , where P, is the
rated power of the super capacitor bank. It is possible to

calculate the number of series strings in parallel using

IscMax and ICell .

Iscmax
n, = > 19
b Iceu (19)
Equivalent super capacitance due to n, resistance of

each C;

Csc = my=Cs (20)

Equivalent series resistance (R;.) due to n, of each R;
Ry

&l (21)

Energy of super capacitor (E,.) with the help of V., and
CSC

1
Es = 3 * Cye Vs% (22)

The nominal voltage (highest voltage) V;;p and the
minimum voltage V., are used to get the super
capacitor capacitance cg,.

CSC — 2%Pg xtg

(23)

(Vscnam —Vsemin )2
Where Eg =Pty

b. RC Circuit Model

The ultra capacitor may be modeled using a simple RC
circuit, as seen in Fig. 5. It consists of the three
components necessary for a functional circuit: The ultra
capacitor loses energy when charging and discharging
owing to three factors: a capacitance c;., a series resistor
R (also known as the equivalent series resistor; ESR);
and a parallel resistor Rp (also known as the leakage
resistance). This model has been constructed in several
studies and has been corroborated by data. The current

state of affairs might be stated as
Rr

Rs

Vsc

&
<

Fig.5. Super capacitor Equivalent Model

dug(®) _ —u1(®) | Isc
dt RpCsc Csc

(24)
Vsc (t) = RsIsC + Uy (t) (25)

c. Bi-directional dc-dc super capacitor converter
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Since the super capacitor is unable to directly inject the
power, a converter must be used to link the DC
connection between the super capacitor and the hydro
generator. An inductor is connected in series with a
super capacitor to smooth out voltage and current
spikes. In Fig. 6, we can see the whole SCESS circuit
design. Two IGBT switches are used in this case. When
two IGBTs are connected in series, the result is buck
mode switching, but when two are connected in shunt,
the result is boost mode switching. There are four
different ways to use this circuit. The super capacitor is
charged when the DC link voltage is higher than the
reference voltage (buck mode), and discharged when the

DC link voltage drops below the reference voltage (boost

mode).
A 7
Isc > *

Si

Super = C

capacitor Vs 1(#
52

Fig 6. Super capacitor energy storage system with

controller

Mode 1:

converter is in buck mode and the switch S1 and diode

During super -capacitor charging, the
52 are active.

Mode 2: Switch S2 and diode D1 conduct, and the
converter enters boost mode to provide the DC bus with
the current needed to drive the load when the power
grid goes down.

Mode 3: The super capacitor is kept at a stable voltage
and state of charge (SOC) by switching to float mode
(trickle charging mode) while it is not being used.

5. CONTROL OF UPQC

The shunt compensator and the series compensator
are the two most important parts of a PV-UPQC system.
Harmonics in the load current and reactive power are
two examples of power quality issues that may be
mitigated with the use of a shunt compensator. In
PV-UPQC, the shunt compensator is also in charge of
feeding energy from the PV system into the grid. The
shunt compensator uses a maximum power point
tracking (MPPT) algorithm to draw power from the
PV-array. By injecting the correct voltage in phase with

the grid voltage, the series compensator safeguards the
load against power quality issues on the grid side, such

as voltage sags and surges.

G. Control of Shunt Compensator

The shunt compensator keeps the solar PV-array at
maximum efficiency so that all of the power it can
produce is used. In PV-UPQC, the dc-link reference
voltage is produced via the MPPT algorithm. Two of the
MPPT P&O and
incremental conductance. In this piece, the P&O

approach is used to execute MPPT. A proportional

most popular algorithms are

integral (PI)-controller is used to keep the dc-link voltage
steady at the preset level. A shunt compensator works by
switching the active fundamental component of the load
current. Here, the SRF technique is used to regulate the
shunt compensator and separate the primary active
component of the load current. Figure 7 depicts the
control layout for the shunt compensator. The load
currents are transformed from the d domain to the q zero
PLL's
information. The PCC supplies juice to the PLL. In the

domain using the phase and frequency
abc reference frame, the dc component (I}, 4) is the basic
component, and it is generated from the d-component of
the load current (I 4). A mass airflow sensor (MAF) is
utilised to isolate the dc component without
compromising the vehicle's dynamic performance. This
is the transfer function of MAF:

MAF(s) =

1—e Tws

(26)

w

where Tw is the MAF's window size. Tw is always set
to half the period of the fundamental since the double
harmonic component of the d-axis current is the lowest
harmonic. Zero gain is achieved in the MAF when the
window length is an integer multiple of the window
size. To represent the PV array's portion of the

comparable current, we write
_ 2Ppy

PVg 3 Vg ( )
W Gating Pulses
| S AL
PLL e e 3-LEG VS
++4+444
& CO5 &, 5in & [
fra i » Hysteresis
— i 2L
Lr ' frg | Noving Ly g Controller
— —™ Avcrage —|
e ] dgid Filter
T 7T
abe

dqgo

f.‘,'—UT TJ_'—_U

Fig. 7. Shunt compensator control architecture.
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Power from the PV array, Ppv, multiplied by PCC
voltage, Vs. The d-axis reference grid current is as

follows:

(28)

The Isd currents are derived from the abc domain's

I;d = IL df + ILoss + IPVg

reference grid currents. The shunt converter's gating
pulses in a hysteresis current controller are derived from
a comparison of the reference grid currents and the

measured grid currents

H. Control of a Series Compensator

Predictive compensation, in-phase compensation, and
energy-optimal compensation make up the series
compensator's control strategy. The compensation
methods used by a series compensator's administrators
are described in detail by the authors of [37] and [38].
The series compensator reduces the required injection
voltage by coordinating the power injection with the
The
architecture is shown in Fig. 8. The phase-locked loop
(PLL) is utilised to isolate the PCC voltage's fundamental

component, which is subsequently used as the d-q-0

grid voltage. series compensator's control

domain's reference axis. PLL is used to establish the
phase and frequency of the PCC voltage, which is then
applied to the reference load to produce the output
voltage. The voltages at the power converter choke
(PCC) and the loads are transformed from one domain to
another, from d to q to 0. The peak load reference voltage
is the d-axis value that must be in phase with the voltage
from the PCC. Constant zero focus on the g-axis. The
series compensator uses a reference voltage calculated
by subtracting the voltage from the load reference. The
voltages at the series compensators are the load voltage
minus the PCC voltage. The PI controller receives the
voltage difference between the reference and series
compensator outputs so that it can generate accurate
reference signals. Gating signals for the series
compensator are generated by sending these signals via
a pulse-width modulation (PWM) voltage controller

after being translated to the abc domain.

Vi I1a
v * abe i~
Lb -

Vi > dgl

f cosé, sind

PLI

#wa &, sin £

dq0 | Va

Gate Pulses
Series VSC

Fig.8. Control structure of a series compensator.

I. Control of a Battery and Super capacitor

Use Figure 9 depicts the battery and super capacitor
charging and discharging wusing a bidirectional
buck/boost DC-DC

proportional-integral (PI) controller of the bidirectional

converter control. The outer
buck or bidirectional DC-DC boost converter control
regulates the DC link voltage for both the battery and the
supercapacitor. Moreover, as shown in Fig. 9, the output
of the outer PI controller is the reference battery and
supercapacitor current. The inner PI controller is used to
monitor the current of the reference battery and
supercapacitor. In addition, the duty ratio of the
bidirectional buck/boost DC-DC converter is the output
of the inner PI controller. The reference battery and
supercapacitor current is derived from Figure 9. Refer to
DC link voltage and DC

respectively. Represent the integral and proportional

link voltage sensed,
constants of the outer PI controller. In addition, the duty
ratio of the bidirectional DC-DC converter is computed
and then applied to a PWM generator to generate pulses
for the switches of the bidirectional buck or boost

converter.

swi(gat)

Sw2(Bat)

swa(sc)

Fig.9. Energy Management Control Strategy for
Battery-Supercapacitor Energy Storage System

The duty ratio of the bidirectional DC-DC converter is
essential for determining the direction of the power
transfer

and controlling the output voltage. By

modifying the duty ratio, the converter can transfer
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energy between the battery and supercapacitor in an
efficient manner, ensuring optimal performance and
energy management. In addition, the PWM generator
plays a crucial role in generating precise pulses for
regulating the converter's switches, thereby facilitating a

seamless power transfer and minimizing the losses.

6. SIMULATION STUDIES
We use MATLAB-Simulink to model the PV-UPQC

system and examine its steady-state and transient
behavior. A R-L load in a three-phase diode bridge
rectifier serves as the nonlinear load. For this simulation,
we chose a solution with a step size of (le-6) s. The
technology is used in a dynamic setting, where factors
like PCC voltage and PV irradiance are subject to

change.

J.  Performance of PV-UPQC at PCC Voltage Fluctuations

Figure 10 depicts PV-UPQC's dynamic performance in
the presence of PCC voltage sags/swells. The value of G
is kept constant at 1000 W/m2. In addition to the grid
current (iS), the signals comprise the current through the
load (iLa, iLb, iLc),
compensator (iSHa, iSHb, iSHc), and the power output

the current via the shunt

of the solar PV array (Ppv). In the first quarter of a
second, the voltage drops by 0.3 p.u., and in the second
quarter, it rises by the same amount. The series
compensator injects a voltage vSE that is antiphase to the
grid voltage disturbance, keeping the load voltage at its

nominal value.
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K. Performance of PV-UPQC at Load Unbalancing =
Condition
The dynamic performance of PV-UPQC under an 200

unbalanced load state is shown in Figure 11. Phase "a" of < " """’"""""""""
the load is turned off at t = 0.25 s. gThe grid current is * » “m““““““““““““
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Fig.11. Performance PV-UPQC during load unbalance

condition.

L. Performance of PV-UPQC under Varying Irradiation

Figure 12 displays the dynamic performance of
PV-UPQC in response to variable solar irradiation. In
only 0.315 seconds, the sun's rays go from illuminating at
a rate of 500 W/m2 to a whopping 1000 W/m2. It has
been shown that as irradiance rises, so does the output of
photovoltaic (PV) arrays and, therefore, grid current. In
addition to smoothing out harmonics in the load current,
the shunt compensator follows maximum power point
tracking. Load current and grid current are depicted in
Fig. 13, as are the harmonic spectra and total harmonic
distortion (THD). IEEE- 519 requirements are met with a
total harmonic distortion (THD) reading of 16.96% for
the load current and 1.97% for the grid current.
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Fig. 12. Performance PV-UPQC at varying irradiation

condition.
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7. CONCLUSION

The complexity of power quality issues such harmonics,
voltage surges and dips, and voltage interruptions under
an unbalanced and distorted voltage grid has prompted
study into the design and installation of three-phase
UPQC. The UPQC provides the network with active
power capacity when paired with (energy) ESS and PV.
The capacity to generate and use active electricity from
PV is the primary advantage of integrating ESS with
UPQC. Because of this dependency on the external
environment, renewable energy sources are not always
reliable; this is where an ESS comes in. To sum up, ESS
and PV combined with UPQC are seen as a potentially
beneficial solution in distributed generation for
improving the power quality of the modern distribution
system. Due to the consistent power output of the
PV-ESS system, there will be no fluctuations in the
DC-link voltage. As a result, the algorithm utilised to
control the DC voltage might become simpler. Different
lighting  conditions, voltage fluctuations, and
asymmetrical loads are used to test the system's
dependability. In circumstances of load imbalance, MAF
has made d-q control more effective. PV-UPQC, which
combines distributed generation with power quality
enhancement, may have significant implications for
today's distribution system. Harmonic measurements of
the grid current after using the suggested method
proved conformity with the IEEE-519 standard. And last,
it's important to stress that the suggested approach has
the potential to boost efficiency across the grid power

system as a whole.
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