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ABSTRACT This study examines the use of Unified Power Quality Conditioner (UPQC) to mitigate the
power quality problems existed in the grid and the harmonics penetrated by the non-linear loads. The UPQC
is supported by the Photovoltaic (PV) and Battery Energy Storage System (BESS) in this work. Generally,
the PV system supplies the active power to the load. However, if the PV is unable to supply the power then the
BESS activates and provides power especially during the longer-term voltage interruption. The standalone
PV-UPQC system is less reliable compared to a hybrid PV-BESS system because of its instability and high
environment-dependency. Therefore, BESS will improve the voltage support capability continuously in the
longer-term, reduce the complexity of the DC-link voltage regulation algorithm, and keep producing clean
energy. The phase synchronization operation of the UPQC controller is directed by a self-tuning filter (STF)
integrated with the unit vector generator (UVG) technique. Implementation of STF will make sure the UPQC
can successfully operate under unbalanced and distorted grid voltage conditions. Thus, the requirement of a
phase-locked loop (PLL) is omitted and the STF-UVG is utilized to produce the synchronization phases for
the series and shunt active power filter (APF) compensator in UPQC controller. Finally, the proposed STF-
UVG method is compared with the conventional synchronous references frame (SRF-PLL) method based
UPQC to show the significance of the proposed technique. Several case studies are further considered to
validate the study in MATLAB-Simulink software.

INDEX TERMS Battery energy storage system (BESS), power quality, self-tuning filter (STF), solar
photovoltaic (PV), unified power quality conditioner (UPQC).

I. INTRODUCTION

Energy is the basic input of life. Electricity is one of the
significant energy among the different forms of energy.
It ensures the flexibility of life and the demand for this energy
is increasing rapidly. In recent decades, the ‘Power Quality’
term has achieved remarkable responses from the researchers,
most importantly in the electrical engineering sector. Energy
efficiency is maintained by compensating the power quality
problems which ensures a smooth generation of electrical
energy and to encourage decarbonization of the grid. Under
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different environmental conditions and requirements, the def-
inition of power quality can have several interpretations and
significances. For instance, the network can be affected by the
harmonics created by non-linear loads which is a great con-
cern for the utility and the disturbances existed in the supplied
voltage is a great concern for the consumers. Power losses,
undesirable and abnormal characteristics of equipment due to
power quality problems can cause interference in neighboring
communication lines, and disruption to different consumers.
IEEE-1159 [1] stated the behavior of a standard waveform
and categorized a different kind of disturbances. A complex
power quality scenario is a specific disturbance that consists
of an amalgamation of two or more individual disturbances,
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for instance, fluctuation or harmonics for a small period
distortion such as, sags or surges [2].

The voltage disturbances such as voltage harmonics,
swells, and sags are responsible for the tripping of equipment
like sensitive loads and the consequences can be detrimental
for industrial plants, for instance, termination of the industrial
process. These scenarios are familiar in the industry which
creates high economical losses. To overcome this situation,
mitigation devices of the series APFs are installed by the
industrial customers to secure their plant from the distur-
bances coming from the grid [3]-[8]. The use of power
electronics components is growing rapidly in modern plants
which results in harmonics generation and sensitive load
in the system, and for this reason, shunt APFs are imple-
mented to overcome issues [9]-[12]. Therefore, a new trend is
established to fulfill dual purposes, firstly serving the utility,
and secondly benefiting the customers. The significance of
this trend is to protect simultaneously both the utility and
customers so that the sensitive components are protected
from the disturbances in the voltage and to minimize the
distortion penetrated to the utility by the loads utilized by
the customers [13]. Therefore, The UPQC model is formed
with series and shunt APF compensator in a back to back
configuration that can control both the load voltage and grid
current concurrently [14]. The current trend of microgrid and
distributed generation increase the interest of the researcher
to work on UPQC [15]-[17]. In addition, there has been
an increased concern on the utilization of renewable power
sources, reduced dependence on depleting sources of fossil
fuels, which also caused global warming. There is a necessity
for renewable energy systems, which also enhance power
quality and also have the potentiality for operation during the
unavailability of the grid.

In [19], proposed a fuel cell (FC) integrated with UPQC to
mitigate PQ issues effectively on the grid side by providing
real power support during voltage interruption. However,
in their study, did not give any emphasize on the integration
of renewable energy resources with UPQC and also have not
encouraged decarbonization of the grid connected system.
In [20], [21], proposed a PV integrated with UPQC to pro-
duce clean energy and improve the power quality problems.
However, long interruption and deep voltage sag were not
considered in their study. Furthermore, the dynamic voltage
restorer (DVR) connected with superconducting magnetic
energy storage system (SMES) to support the load for long
term and thus, addressed the issue on long interruption [22].
Nonetheless, the current related harmonics problem was not
considered. In such case, energy storage system like BESS
can be interfaced with the PV-UPQC and can be a great
support for continuously providing real power to the load.
When UPQC operating in standalone mode, BESS is most
essential for renewable energy systems. The extra cost of
the BESS is justified when the system is applied for critical
loads such as semiconductor industries, hospitals etc. where
an uninterrupted supply of best quality power is of supreme
importance. Therefore, The UPQC is supported by the PV
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and BESS was design in this work. The PV is attached to
the DC-link through DC-DC boost converter and the BESS
is connected to the DC-link through DC-DC buck-boost con-
verter [23], [24]. Generally, the PV system supplies the active
power to the load but when the PV is unable to supply the
power then the BESS activates and provides power espe-
cially during the longer-term voltage interruption in order to
enhance the stability of the distribution power system. In [19]
and [25]-[27], researchers try to design the DC-link voltage
regulation algorithm to ensure stable and constant DC-link
capacitor voltage. But, the UPQC controller become more
complex and computational burden. However, PV-BESS can
be considered a better alternative since it can support DC-link
capacitor of a UPQC externally and can reduce the burden on
the DC-link capacitor.

The synchronization phase is one the most significant
parts of the control of an UPQC system. Note that the accu-
rate synchronization phase operation is required for gener-
ating reference current and voltage by the shunt and series
APF compensator, respectively [28]. The UPQC should be
able to perform the synchronization operation effectively by
injecting the voltage and current in phase with the grid. In
[15]-[21], most of the UPQC controller is developed utiliz-
ing a conventional SRF-PLL for the synchronization phase
algorithm which is not capable of dealing with unbalanced
and distorted voltage grid condition. Moreover, a conven-
tional PLL controller consists of a low pass filter that intro-
duce phase delay in the synchronization operation causing
undesired ripples in the reference current and voltage. Fur-
thermore, the PI controller of a PLL increase the control
complexity and require fine tuning which is time consuming
[29]. A possible solution to the phase detection synchro-
nization is utilizing the STF that have better phase tracking
and fundamental component extraction capabilities. In this
work, to produce to come up with simple controller structure
by its working principle involves generation of unit vectors
consisting of sine and cosine function for the process of
extracting harmonic current algorithm and voltage error algo-
rithm. Furthermore, the synchronization phases in term of
unit vector is apply on the reference current generation in
shunt compensator that design with integrating together with
strength STF with working concept of the direct-quadrature-
zero (STF-dq0) that not depending on any components of
PLL. In series compensator, the reference voltage genera-
tion also will be applying working concept of the dg0 with
utilizing synchronization phases for in-phase compensation.
Most importantly, the proposed technique that will applying
on UPQC controller need to be superior and more reliable
when dealing with unbalanced and distorted voltage grid
condition. It is also can maintaining grid current sinusoidal
with regulating the desired load voltage which minimizing
the phase difference to achieve almost unity power factor.

In this paper, PV and BESS connected parallelly with
UPQC is proposed to solve the complex power quality prob-
lems specifically in case of long voltage interruption. Various
case study is applied to validate the dynamic performance
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FIGURE 1. UPQC system configuration.

of the suggested UPQC integrated with PV and BESS. The
comparison between the performance of UPQC with only
DC-link capacitor and the UPQC integrated with PV and
BESS is also shown. In addition, the STF integrated with
the UVG technique (STF-UVG) is utilized to produce the
synchronization phases for the UPQC controller to address
the drawbacks of the conventional PLL. The performance
comparison of the STF-UVG and a standard SRF-PLL to
validate the superiority of the proposed technique. Finally,
the performance of the suggested UPQC system is investi-
gated utilizing MATLAB-Simulink software under dynamic
condition.

Il. SYSTEM CONSTRUCTION
The construction of PV-BESS-UPQC is displayed in Fig. 1.
The three-phase system is designed for the PV-BESS-UPQC
model. The PV-BESS-UPQC comprises of series and shunt
APF compensator linked with DC-link split capacitor. The
battery and the PV array are linked parallelly to the DC-
link. The PV is linked through a boost converter to the DC-
link. Moreover, the BESS is linked through a buck-boost
converter to the DC-link. The series compensator works like
a controlled voltage source manner and mitigates for the
supply voltage sags, swells, interruption, voltage harmonic.
On the other hand, the shunt compensator mitigates the cur-
rent harmonics for the load. Both the series and shunt APF
compensator are attached through interfacing inductors.

Due to the converter switching action harmonics are gen-
erated and therefore, ripple filter is utilized to filter out
harmonics. The series compensator uses a series injection
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transformer to insert voltage to the grid. In this work,
a three-phase non-linear load is utilized. The PV-BESS-
UPQC design procedure starts with the accurate measure-
ment of PV array, split capacitor, reference voltage of DC-
link etc. The design of the shunt compensator follows the
way that apart from mitigating current harmonics it controls
the peak output power from PV array. Since the PV array
is connected to the UPQC DC-link directly, the PV array is
constructed in a way such that the maximum power point
(MPP) voltage is equivalent to the reference DC-link voltage.
During nominal conditions, the rating of PV array ensures
that the load active power is delivered by the PV array and
power is supplied to the grid and charging BESS by the PV
array as well. Besides, the BESS is designed in a way that,
when the PV array generate less power than the DC-link load
demand, the BESS provides the insufficient power equivalent
to the decrease in DC-link voltage. Moreover, when there is
no power produced by PV array, the BESS will supply the
total load demand.

A. DESIGN OF UPQC

1) DC-LINK VOLTAGE MAGNITUDE

The minimum value of DC-link voltage, Vg min relies on
phase-voltage of the system. The voltage magnitude of the
DC-link needs to be nearly twice the peak value of the phase-
voltage of the supply. The equation of V. i is given as
follows:

2\/5 (VLL,rms)
V3(m)

where, m indicates the index of modulation depth that
assigned as 1 and Vi, s indicates the phase-voltage of the
grid which is selected as 400 V,,,; considered by Malaysia
Energy Commission following IEC standard. Therefore,
Ve min 1s obtained as 653.2'V for a Vi, s of 400 V5. DC-
link voltage, V. is chosen as 700 V after considering the
value of PV-BESS as external source of DC-link.

ey

Vdc,min =

2) DC-LINK CAPACITOR VALUE
The equation of the DC-link capacitor is presented as follows:

3Vpnisnark,t
2 2
1/2 (Va'c,sel - Va’c,min)

Here, V), indicates the phase-voltage, iy, indicates the phase-
current for shunt APF, ar indicates the overloading factor,
t indicates the time to achieve the steady-state,k, indicates
the variation of energy during dynamic condition, Ve ser
indicates the voltage which is equivalent to the reference
voltage and V. nin indicates the minimum required voltage
of the DC-link. The calculated minimum voltage of the DC
link, Ve min = 677.69V, Ve ser = T00V, Vpp = 2309V,
isp. = 57.5A,t =30ms, ar = 1.2, and energy variation
during dynamics = 10% (k. = 0.1), the measured value of
Cac.min 18 9330.28 uF and it is approximated as 9400 uF.
Then, two split capacitors are set on 4700 uF each.

(@)

Cdc,min =
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3) INDUCTOR RIPPLE FILTER FOR SHUNT APF

The shunt APF is attached through an inductor with the
network as a passive filter which relies on the switching
frequency denoted as fsg, Icr,pp denotes ripple current and
Vic.ser denotes the DC-link voltage. The interfaced inductor
equation is shown as follows:

L B Va,)
of ,min — (3)
lz(af)(fSH)(Icr,pp)

Here, m indicates the modulation depth, a indicates the
maximum overload value in pu unit, I., p, indicates the ripple
current for the inductor which measured as 20% of Shunt
APF rms phase current. fsg indicates the switching frequency.
Considering Io; pp = 20%, fs=10 kHz, m = 1, VDC
=700 V, and a = 1.5, the value of Ly ;, is measured as
1.79 mH. Here, the set value is considered which is 3mH in
this investigation

4) SERIES INJECTION THREE-PHASE ISOLATION
TRANSFORMER

The injection transformer is considered for attaching the VSC
of a series APF in series with the grid. The transformer
voltage rating relies on the voltage that need to be injected and
the DC-link voltage. For compensating a voltage variation
of £60%, the voltage to be injected, Vsg is calculated as
138.54 V. In that case the modulation index becomes low
for the series compensator at 700 V DC-link voltage. The
maximum value turns ratio of the injection transformer for
the series APF is expressed as follows:

Vir. .
KSE — rms
V3(VsE)

where the K is calculated was 1.667 approximate to 2. The
VA rating of the injection transformer is expressed as follows:

Sse =3 (Vsg) (iSE(undersag)) )

The current across the series APF is equivalent to the grid
current. During the voltage sag condition of 0.6 pu, the supply
current is measured as 36 A. Therefore, the achieved injection
transformer VA rating is 15 kVA.

“

5) INDUCTOR RIPPLE FILTER FOR SERIES APF

The series APF is attached through an inductor with the
network as a passive filter which relies on the DC-link volt-
age, ripple current and switching frequency. The interfaced
inductor equation is shown as follows:

Lo — (v3)m) (Ve e )(KsE) ©)
’ 12(ap)(fse)Ur)

Here, m denotes the modulation depth, a denotes the maxi-
mum overload value in per unit, /. denotes the ripple current
for the inductor which computed as 20% of Series APF rms
phase current. fsr denotes the switching frequency. Where,
m = 1,ar = 1.5, fsg = 10 kHz, 20% ripple current and
Vie,ser = 700V, so the measured inductor value is 3.6 mH.
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B. DESIGN OF UPQC CONNECTING WITH PV-BESS AS
EXTERNAL SUPPORT OF DC-LINK

The suggested model displayed in Fig. 2 comprises the PV
system, BESS, boost converter, buck-boost converters, and
controller. The BESS is attached parallelly to the DC-link
capacitor utilizing buck-boost converter, so the stability of the
UPQC is improved for compensating power quality problem.
In the model, the total power flow is expressed in the (7).
Furthermore, the PV system parameters and the parameters
of Li-ion battery implemented in this paper are tabulated in
the Table 1.

Protal = va + Ppgss — PLoadDC,I,-,,k @)

PV-BESS as External Source of DC-link

L2 IR I
Ly . + [ *
v Wi b 2C DC-
Voo L S o Vocounk  link
= UPQC
e -1 1=
[T — —s sw,
| iy —>  PV-BESS | __ g, |
VYoo == Controller
IBESS iy [—> Sw;
| = |
MM 1 |
ipEss Lpgss SWJi
e O T S |
FIGURE 2. PV-BESS system configuration.
TABLE 1. Parameters of devices implemented in the work.
Device Parameters Values
Rated Power 21492 W
Open circuit voltage (Voc) 483V
PV panel Short circuit current (Zsy) 5.8A
single panel Voltage at maximum power (Vyp)  39.8 V
(SunPower Current at maximum power (Iyp) S4A
SPR-215- Number of cells in parallel 11
WHT-U) Number of cells in series 18
Temperature 25 <C
Rated Capacity 350 Ah
Maximum Capacity 450 Ah
Li-ion battery Nominal voltage 650 V
Fully charge voltage 756 V

1) PV SYSTEM MODELLING

In this paper, the PV model is utilized from the Simulink
library. The PV model consists of some strings of PV mod-
ules connected in parallel. Besides, series PV modules are
included on each string as well to achieve the required current,
voltage and power ratings. In a module, each PV cells can
be modelled by utilizing single-diode equivalent circuit as
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FIGURE 3. Single-diode PV cell equivalent circuit.

displayed in Fig. 3. The construction of the single-diode
equivalent circuit consists of a current source parallelly con-
nected with a forward diode, a series connected resistance
and a resistance connected in parallel. Whenever the PV
cell detect the sunlight, it starts producing current. Utilizing
Kirchhoff’s current law, PV cell output current is derived as:

ipv = iph — g — Ish (8)

Here, iy, denotes the photocurrent, iy indicates the current
flowing across the forward diode and iz, denotes the cur-
rent flowing across the shunt resistance. Substituting relevant
expressions for iy and iy, in (9) can be described as follows:

. o Q (Vpy + ipv,cRy)
lpv,c = lph — ls | €Xp T -1

va,c + ipv,cRs

Ron ®

where iy denotes the leakage current or reverse saturation
of the diode (A), Q denotes the electron charge (1.602 x
1071 C), n denotes the diode ideality factor following the
type of PV cell technology (Si-mono) which is 1.2 used in
this work, k denotes the Boltzmann’s constant (1.381 x 10723
J/K), T, denotes the actual temperature of the cell (°C),
Vpv,c denotes the cell output voltage (V), iy, denotes the
cell output current (A), Ry, denotes the shunt resistance of
the cell (2) and R; denotes the cell series resistance (£2).
Furthermore, when the PV cells are attached in series to create
a module, the output voltage and output current relationship
expressed in (10) can be rewritten as:

o [ (Q (Vo + inpv,mRs)) }
pv,m = lph — Ls | €xp -1

NsnkT,

. va,m + Nsipv,mRs (10)
NsRsh

where iy, ,, indicates the module current (A), Vj, ,, indicates
the module voltage (V) and Ny indicates the series connected
PV cells number for a module. Moreover, the PV modules
can be attached in parallel or in series to attain the required
output voltage and power. The array is formed by the series
and/or parallel connected PV modules. The modification of
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(10) builds the PV array as follows:

0 (va,m+ % (ipv,rile)) )
—1

NgnkT¢

ipv.m = iphNp — isN, e(

Vo + N ipy mRs)
— (11)
IT;(Rsh)

where N, denotes the number of cell strings in parallel. From
(8), the photocurrent, iy, relies on the solar irradiation G,
the actual cell temperature, 7, and on the surface of the PV
cell. Thus, the iy, can be expressed as:

iph = (iphn + K1 AT) < (12)
Gn

where G denotes the solar irradiance (W/m2), G, denotes
the solar irradiance at STC (W/m2), i; , denotes the pho-
tocurrent (A) at STC, K; denotes the temperature coefficient
of short circuit current (A/°C), AT . denotes the variation of
the 7, actual cell temperature (°C) and T, , denotes the cell
temperature at STC (°C). From (9)-(11), the diode saturation
current, i relies on the cell temperature and it can be stated

as:
. . Tc 3 Q(Eg(’) 1 !
_ _ _ 1
ly lS,il (Tc,n) eXp |: nk Tc,n TC ( 3)

where Eg, denotes the energy band gap of the material (eV)
and 1.12eV is selected as the value according to the cate-
gory of semiconductor material utilized in this work and i ,
denotes the diode saturation current at STC. The i , can be
expressed as follows:

Q(Voc,n)i| (14)

NgnkT,

The shunt resistance Ry, and series resistance Ry enhance
the cell performance by managing the slope of voltage and
current relationship. The Ry, and Ry can be approximated as
follows in (15) and (16). Where V,,. denotes the open circuit
voltage (V) and iy, denotes the short circuit current (A).

Is;n = Iph,n €XP [

10V,
Ry, > — = (15)
Lsh
1
Ry < w (16)
Ish

The construction of the PV system model follows the param-
eter of PV panel specified to acquire the desired current,
voltage and power ratings that is desired by the UPQC system
in MATLAB Simulink. The parameter utilized for the PV sys-
tem in this work is tabulated in Table 1. The parameters of cell
and array of the PV model is developed to follow SunPower
SPR-215-WHT-U PV module. The PV characteristic curve
with specified temperature (25 °C) for the PV module and
varying irradiance is displayed in Fig. 4. The I-V characteris-
tic illustrates in Fig. 4(A) and the P-V characteristics is shown
in Fig. 4(B) for solar array.
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The characteristic curve with specified irradiance
(1000 W/m2) and varying temperature is shown in Fig. 5.
I-V characteristic illustrates in Fig. 5(A) and the P-V charac-
teristics is shown in Fig. 5(B) for solar array.

Next, the solar radiations achieved by the solar panel
are varied continuously which results in low quality perfor-
mance of the solar panel. Likewise, higher temperatures are
also responsible for lowering the performance quality of the
solar module. The Variation in insolation modifies all the
parameters (Pmaxs Vinaxs imax> Voes isc) of the solar module
illustrated in the PV cell characteristics curves in Fig. 6.
Maximum power point tracking (MPPT) can be utilized to
improve the efficiency of a PV module under a specified
irradiance and temperature. The DC-DC boost converter duty
cycle is regulated to maintain the algorithm of the MPPT.
In this work, a simple method named Perturb and observe
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FIGURE 6. Solar PV module I-V and P-V feature.

(P & O) is selected and this method can track the MPP more
accurately. The P & O algorithm is easy to implement and
demonstrated as the flowchart in Fig. 7. PV module output
voltage V), and output current i, are the input of the MPPT
algorithm. To execute this method, the current and voltage of
PV modules need to be measured initially to determine the
power of PV modules, Pp,. The observation and perturbation
process is continued until the operating point reaches the
MPP. The algorithm compares the voltages and power of
time (n) with the sample at a time (n — 1) and estimates
the time to reach to MPP. The P & O algorithm traces by
increasing or reducing the voltage at the MPPT regularly of
the PV module. When the positive power alteration occurs,
a slight voltage perturbation can change the power of solar
panel and voltage perturbation is maintained in similar track.
Whereas when negative delta power occurs, it shows that the
MPP is at far distance and the perturbation is reduced to attain
the MPP. The P & O algorithm is summarized in Table 2.
Therefore, the complete PV curve is examined by small-scale
perturbations to locate the MPP that extend the response time
of the algorithm. On the other hand, if the perturbation size
is expanded, it produces steady-state oscillations about the
MPP. The P & O algorithm output is the approximated MPPT
voltage Vi,pp. The MPPT voltage is employed to regulate
the DC-DC converter to achieve the PV open-circuit voltage

continuously. The PV system output power, Pp, is boosted by

the DC-DC boost converter that control by controller shows

in Fig. 8. The controller of the DC-DC boost converter is

operating by getting DC voltage error, Vpc error- The voltage

error is calculated by comparing the given reference voltage,

Vyer which is 700V.

The reference voltage is assigned with instantaneous DC-
DC Boost converter output DC voltage Vpc. Afterwards,
V[’;C’ error 18 @pproximated by reducing the Vpc error (1) using
a PI controller. In mathematic terms, the approximation can
be explained as found from (17) and (18):

t
Vgc,emr = kp,l(VDC,error(t)) + ki,l /0 (VDC,ermr (t))dt
(17)
VDC,error (t) = Vref + VDC(t) (18)

where k1 and k; 1 indicates the two fixed values that denotes
as proportional gain and integral gains of the controller PI;.
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TABLE 2. Scheme of Perturb & Observe algorithm.

Perturbation AP Perturbation Output
+ve +ve tve
+ve —ve —ve
—ve +ve —ve
—ve —ve +ve

The values are allocated as 0.1 and 0.1, consecutively. How-
ever, the controller of the DC-DC Boost converter will break
off the PV system output power, P, during battery’s state of
charge SOCpEgss is over or equal to 98% of battery capacity.
The reason is to keep away the battery from being over-
charged and unstable. Moreover, the lifetime of the battery
can be reduced due to overcharging.

2) BATTERY ENERGY STORAGE SYSTEM MODELLING

Batteries generally consist of one or more electrochemi-
cal cells in series and/or parallel to achieve the desired
nominal voltage and capacity for the BESS modelling.
Generally, the classification of battery models depends on
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electrochemical model and electric circuit model, and from
these models the other models are normally obtained. For
example, using Peukert’s equation, the model of a battery is
improved by integrating current. Besides, Stepherd’s equa-
tion which is an electrochemical model. The mathematical
model is utilized in this work because of efficient tools like
SIMULINK/MATLAB. The Li-ion battery is used in this
work due to its high-power density and energy, slow self-
discharge and low maintenance cost, comparing to the other
batteries. The parameter utilized for the BESS system in this
work is tabulated in Table 1.

The equivalent electrical circuit of battery is constructed by
a controlled voltage source connected with a constant internal
resistance in series. The charging/discharging model of the
Li-ion battery is stated in as follows:

Vbattery,charge = Efl,z (i, i, 1) — IR (19)

where  Vparery,charge indicates the battery voltage (V),
Ef, , (ir, i, i) indicates the no-load voltage (V), R indicates
the internal resistance (£2), and i indicates the battery current
(A). Next, the controlled voltage source can be expressed for
charging and discharging in charge model and discharging
model. Then, the charging model of Li-ion battery is given as
follows:

. o
Koo+ Xo-Tia"

+ Aexp(—B. / idt)  (20)

Efl (ll‘vllvl) =EO -

Then, the discharging model of the Li-ion battery is stated in
as follows:

¢
0— [igdt"
+ Aexp(—B. / idt) (1)

Ep, (ig, i1, i) = Ey — K ii— K

O+ir
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From the (20) and (21), where Ey indicates the battery con-
stant voltage (V), K indicates the polarization voltage (Ah™ b,
Q indicates the battery rated capacity (Ah), f irdt indicates
the extracted battery capacity current rate (Ah), A indicates
the exponential zone amplitude (V), B indicates the exponen-
tial zone time constant inverse (Ah~!) and J; indicates the
low frequency current (A). Next, the term A,,,(—B. f irdt)
symbolizes the exponential area of the voltage when it is fully
charged to the edge of exponential zone of the discharge char-
acteristic curve. Thus, the gain of undetermined parameters of
A and B can be specified from the exponential part as follows.
The voltage drops during the exponential zone express in as
follows.

A= Efull - Eexp (22)

where Ej,; indicates the fully charged voltage and E,y,, indi-
cates the voltage at the boundary of exponential zone. The
exponential zone time constant inverse is:

3
Qexp

where Q,, indicates the charge at the boundary of expo-
nential zone. Here, the parameter Ej utilized in (20) and
(21) symbolizes the transition quantity between the starting
of voltage when it is fully charged and the boundary of
exponential zone. Thus, the value of Ey can be calculated
from the voltage in fully charged condition and it can be stated
as follows:

B

(23)

Ey=Epn +iR—A (24)

The term —K(Q/Q — f i;dt)i; utilized in (20) and (21) indi-
cates the nominal area from the boundary of exponential zone
to the boundary of nominal zone of the discharge character-
istic curve. Thus, the gain of K can be specified from the
nominal part as follows:

Q - Qnom. (25)

O(Qnom + 1)
where E,,, indicates the end voltage of the nominal zone
and Oy, indicates the end voltage of the nominal zone. The
value of the completely charged voltage, charge of nominal
zone, the end voltage and charge of the exponential zone can
be determined from the discharge characteristic curve of that
battery.

The Battery State of Charge (SOC) Regarding Charging
and Discharging: The SOC presents one of the most impor-
tant feature for batteries, however it represents many different
concerns. Generally, the SOC of a battery is determined as the
ratio of its current capacity to the nominal capacity.

The manufacturer provide the nominal capacity and it
shows the charge that can be stored in maximum amount
in the battery. The counting method by Coulomb esti-
mates the charging current and discharging current of a
battery is integrated over time in order to measure the
SOC. Coulomb counting technique is done to measure the
SOC (1) charge OF SOC () gischarge at time in (%), which is

K =(Ey— Euwom — iR+ Aexp(—BQnom)
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FIGURE 9. Feature of Li-ion battery current discharge.

calculated from the charging current, igss,charge (t) or dis-
charging current, iggss.dicharge (t) With battery capacity in
(Ah), and prior calculated SOC values, SOC (f — 1) qrge OF
SOC (t = D)gischarge- SOC is mesured by the following (26)
and (27)

soc (t)charge = S0C (1 — 1)charge

1 t
/ iBESS,charge (t) dt (26)
CgEss Ji—1

SoC (t)discharge = SOC (1 — l)discharge

1 o
- / IBESS, discharge (1) dt) (27)
Cgess Ji—1

However, there are some factors that affect the perfection
of Coulomb counting method involving the battery history,
temperature, discharge current, and cycle life.

The discharge featured waveform of Li-ion battery is illus-
trated in Fig. 9. The discharge features are separated into three
section and which are nominal section, exponential section
and the last is discharge curve. Voltage reduced rapidly in the
exponential area, whereas the nominal battery voltage is the
mid-point voltage throughout the charging and discharging
and flatter curve represent minor inequality in voltage in this
region. In the fully charged stage the voltage is superior over
the nominal voltage. However, when end of life is appeared,
the voltage is lower comparing to the mid-point voltage.

3) FREQUENCY SHARING STRATEGY OF A BESS-PV
In Fig. 10, shown the bidirectional converter Buck-Boost
DC-DC controller for charging and discharging mode that
contains embedded internal control loops and external control
loops.

The stability of the frequency is maintained by the provided
active power with proper configuration of the external control
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FIGURE 10. BESS DC-DC Buck-Boost converter controller scheme.

TABLE 3. Frequency droop features under several working conditions.

g)‘:ﬁ;&%ﬂs Frequency Droop features Power distribution
Solar PV Increases Regulate the BESS absorbs the
generation rise in extra power
> frequency and equivalent to the
DC-link voltage within rise in frequency
Load the suitable and bus voltage
demand limits. until it attains the

maximum
charging limit.

Solar PV Stable Maintain the PV system supply

generation stable voltage the load- demand.
= and frequency BESS function at
DC-link at its nominal standby state.
Load value.
demand
Solar PV Decreases Controlling the BESS delivers the
generation fall in frequency  insufficient power
< and voltage equivalent to the
DC-link within the fall in frequency
Load suitable limits. and bus voltage
demand until it attains the
lowest
discharging limit.
No Solar Decreases Controlling the BESS delivers the
PV fall-in total load-demand.
generation frequency and

voltage ata
steady state
value.

with a frequency droop fureop. The design of internal control
loop is constructed with a control loop of voltage to stabilize
the system voltage and for fast dynamic response the filter
output current is adjusted by the current control loop. The
BESS active power can be measured as:

Ppess = Ppc—rink — Ppy (28)

Here, Ppc—rink is the DC-link active power, Py, is the total
active power supplied by the PV. The active power of BESS,
PpEss obtained from (28) present the frequency droop,

fdmop = fatno—load — M [PBESS(mﬁ,/[_[oad) - PBESS(amo—load)]
(29)
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The fy00p can be adjusted within their suitable limits to gain
system stability. The methodology is suggested based on the
frequency stability approach where load is divided between
low and high-frequency elements by utilizing of a filter as
demonstrated below in (30) and (31).

1
= (m) (Vpo) (30)

1
(m) (iBEss) 3D

The PV module DC-link voltage of a, Vgc,ref is compared
with the DC voltage reference, Vs and is then delivered
to the voltage controller outer loop using PI> controller to
generate current reference. Mathematically, the approach can
be expressed as obtained from (32) and (33).

VDCoarror (1) = Vieg = Vi, (1) (32)

*
VDC,ref

iBESS,ref =

t
iT,reff = kp,Z(VDC,ermr(t)) + ki,Z/ (VDC,ermr (t))dt
0
(33)

where kj > and k; 5 are the two fixed values that denotes as
proportional gain and integral gains of the controller PI,.
The values are allocated as 1.477 and 3077. Furthermore,
the output reference BESS current, iggss. ror i compared with
the reference current from voltage control loop, ir s and
is then delivered to the inner current loop controller using
controller PI3. The approach can be seen in mathematical
term in (34) and (35).

t
IBESS oy = Kp3(UBESS ooy (1)) + ki3 /0 (iBESS 1y (1))dt
(34)
IBESS error (1) = IT ref — IBESS, ref () (35)

where kj 3 and k; 3 are the two fixed values that denotes as
proportional gain and integral gains of the controller PI3. The
values are allocated as 0.043 and 0.65. When the active power
of a PV module increases than the load demand of DC-link
for UPQC, then the voltage frequency components is high.
But, When the active power of a PV module decreases than
the load demand of DC-link for UPQC, then the voltage fre-
quency components is low. The lower frequency components
delivered, and the gate signals are generated for the DC-
DC converter of a BESS for discharging mode. In Table 3
explains the interpretation of the frequency droop features for
power distributing under several working conditions of the
PV-BESS-UPQC system.

IlIl. WORKING PRINCIPLE OF THE PROPOSED CONTROL
OF PV-BESS-UPQC USING SELF-TUNING FILTER
TECHNIQUE

A. STF-UVG SYNCHRONIZATION TECHNIQUE

The proposed STF-UVG technique extract the synchroniza-
tion phases in a simple method from the supply voltage and
the method is non-iterative. In Fig.11 shown the STF tech-
nique in UPQC controller scheme. In (36) the matrix form of
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the three-phase supply voltage is demonstrated, and Clarke
transformation matrix is used to convert the source voltage
from abc-domain to ¢f0-domain.

1 1
=3 3
Vs \%
o 2 a
Vs, | =./= Vi3 Vp (36)
’ 319 3 2
Vs 1 1 1 Ve
2 2 2

The distorted supply voltage is separated into fundamental
component and harmonic component by considering only two
phases in af-domain. The relationship is shown in (37).

VS} |:VS(f d)+VS(; ):|
o — o (jun a(har (37)
|:V5ﬂ Vspgunay + VSpirar

Here, Vi o(fund) indicates the fundamental (fund) component
and Vi q(her) indicates the harmonic (har) component in o8-
domain. Both the fundamental component in «-domain is
required to produce synchronization phases. The fundamen-
tal components are extracted by self-tuning filtering (STF)
method. The STF method is applied to suppress the existed
harmonic components in the distorted supply voltage. There-
fore, the synchronization phases are extracted more perfectly,
and the quality of the extraction is improved. The Laplace
transformation is performed and a typical STF transfer func-
tion is expressed in (38).

Vsa(ﬂmd) (S) — ﬁ VSO( (S) - VSa(fmld) (S)
Vsﬁ(ﬁmd)(s) S VSﬁ (S) - VSﬂ(ﬁ,y,d) (S)
ancl |: _VSﬂ(ﬁmd) (S)
+ v
N Soz(fund) (S)

] (38)

Here, K| denotes constant gain parameter and f.; denotes
the cut-off frequency. The rating of K; can be estimated in
between 20 to 80 and the rating of f.; follows the system
frequency. In this project, the rating is estimated 20 for K1 and
50 Hz for f1. Synchronization phases of sin (wt) and cos (wt)
can be attained with the availability of Vs o (una) and Vs, g(funa)
and demonstrated in the (39).

|: sin (wt):| _ 1 [ VS aiguna) }
cos (wt - o
(w ) \/(VSa(fwld) )2 + (VSﬁ(ﬁmd) )2 Sﬁ(fund)

39)

The action of conventional PLL element can be omitted by
utilizing (39) as UVG technique and the generation of syn-
chronization phases can be effectively done in the presence
of supply voltage distortion in UPQC.

B. CONTROL OF SERIES APF COMPENSATION

The three-phase reference voltage signal, V;‘;fq abe 10 abc-
domain is calculated as follows in (40) by utilizing the
information of phase and frequency of STF-UVG. Here, the
value of maximum peak voltage magnitude, Vi max—peak 1S
obtained from peak amplitude of the fundamental load volt-
age. The reference voltage signal should be in phase with
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supply voltage at PCC, peak amplitude load reference voltage
is the d-frames components while the g-frames components
should be zero.

SRR sin (wt)
Vier, . 27
V:;fb = meax—peak s (wt B 2?) (40)
k
L mey i sin (wt + ?ﬂ)
1 1
_ _ 1 - 5 T3 |-
Vr*ef %
% 2 3 3 refu
Virs | =y3] 0 % - % Vier, | (4D
* *
L Vrefo i 1 1 1 Vrefc
] 2 2 2
Vri%f a | _ [ costen sin (wt) Vr:nga 42)
e, | —sin(wt)  cos(wt) Vrefﬂ

Then, three-phase reference voltage signal demonstrated in
matrix form in (41) and Clarke transformation matrix is used
to convert the reference voltage signal from abc domain
to aB0-domain. Next, the fundamental component of the
distorted supply voltage at PCC is extracted by using the
proposed STF-UVG to generate synchronization phases and
frequency that obtained in (39) is used for producing the
reference axis in the dg-frames. Considering only two phases,
the reference voltage signal is acquired in the dg-frames
by using (42) where Park transformation matrix is utilized.
Moreover, the Equation (43) is utilized to transform the three-
phase load voltage, Vi, b from abc-domain to af0-domain
utilizing Clarke-matrix. Then, load voltage signal in «S0-
domain is converted by considering only two phases in dg-
frames by using Park-matrix with the consideration of syn-
chronization phases and frequency from STF-UVG for pro-
ducing the reference axis in the dg-frames and demonstrated
in (44).

| —
—

T 2 2
%3 \%3
o 2 a
ICE 11 1 Vi
] 2 2 2
Vig | | cos(wt) sin (wt) Vi, (44)
Vi, | | —sin(wt) cos(wt) || Vi,

Next, the Equation (45) is utilized to transform the three-
phase supply voltage, V; i from abc-domain to «0-domain
utilizing Clarke-matrix. Then, supply voltage signal in
aB0-domain is converted by considering only two phases
in dg-frames by using Park-matrix with the consideration
of synchronization phases and frequency from STF-UVG
for producing the reference axis in the dg-frames and
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demonstrated in (46).

1 1
- b 7
Vs Vs
o 2 a
Vso 11 1 Vs.
) 2 2 2
Vs, | _ | cos(wt) sin (wt) Vs, (46)
Vs, | [ —sin(wt) cos(wt) || Vs,

In the series active power filter controller compensator, the
compensation strategies are using the comparison technique
between the load voltage, Vy 4, and supply voltage, V; 4, at
PCC both in the dg frames to give actual voltage error of
series compensator. Next, the reference voltage signal, V;Zf’ dg
that already in phase with supply voltage at PCC is compared
with the supply voltage,Vy 4, at PCC both in the dg frames
to obtain actual reference voltage of series compensator.
Moreover, the comparison between actual reference voltage
and actual voltage error of series compensator will attain
the injection reference voltage, VS*E dg- Both the equation is
demonstrated in (47) and (48).

Vie, = (Vig,~Vsi) = V=Vs) @D
Ve, = (V:;fq_VSq) - (V,—Vs,) (48)

Then, the VS*E 4 and V;E q is converted from dg-frames to
abc-domain and demonstrated in Equations (49) and (50).
The injection refere.nce voltage §eries compensator, VS*E’abC
are passed through in a hysteresis voltage controller to gen-
erate appropriate gating pulses for the series converter

_ VS*Ea | | sin(wr) cos (wt) VS*Ed 49)
Ve s | L—cos(wr) sin(wr) V;Eq
1 0
[ V;E l 1 \/g *
‘ 2 - X Vse,
Vs, | = \/; 2 2 [ Ve, } (50)
| Ve, | 1 J3 [
2 2

C. CONTROL OF SHUNT APF COMPENSATION

The extraction of the load current harmonic component is
done by the suggested STF on «8-domain. The (51) is utilized
to transform the three-phase load current if 44 from abc
domain to oB0-domain utilizing Clarke-matrix. Emphasiz-
ing on af-domain, the signal of load current iy g can be
divided into fundamental component and harmonic compo-
nent. Therefore, the relationship can be stated in (52).

1 1
- L R T e
I 175
L 2 .
i, | =50 V3o ? i, | (51
Ly | 1 % 1 L
2 2 2
[Z:La — |:l:Loz(fund) + l:Loc(har) :| (52)
ILg W gunay T Wpihar)
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Here, iy 4(funa) indicate the fundamental (fund) components
and iy, ¢ (ner) indicate the harmonic (har) components of load
current on «-domain. The representation of load current
component in f-domain is same as o-domain. The Laplace
transformation is performed and the STF technique is imple-
mented for the extraction of load current fundamental com-
ponents (iL o (fundyand ip g(fund)) on of-domain. The formula
is shown in (53).

|: iLo((fund) (S) i| — ﬁ |: iLot (S) - iLa(fund) (S) i|

ILg(funay (5) s Lirg (8) = iLg(una (5)

+ 27ch‘2 _iLﬂ(ﬁmd) (S)
S iLa(fund) (S)

] (53)

Here, K> denotes constant gain parameter and f., denotes
the cut-off frequency. The rating of K can be estimated in
between 20 to 80 and the rating of f, follows the system
frequency. In this project, the rating is estimated 20 for K
and 50 Hz for f.1. The harmonic components (if, ¢(har) and
iL,B(har)) Can be achieved by utilizing the fundamental com-
ponents (i o (fund) and ir g(fund))- The calculation is expressed

in (54):

|:l:Loz(har) :| _ [lLa ~ Launa) :| (54)

LLg(har) l'L,g — iL‘g(ﬁmd)

Equation (54) shows the process of extraction of harmonic
components. The process follows by the subtraction between
the fundamental components (the extraction is done using
STF filter) and the load current component if o in of-
domain. Therefore, the harmonic components are extracted in
an indirect manner. Next, the harmonic components attained
from (54) and synchronization phases attained from (39)
are used to achieve the harmonic components in d-frame
following the (55).

Lathary = Wahary SN (@) = L4, €OS (1) (55)

The wave of the original load current in «8-domain, i, g and
the identical synchronized phases are implemented to operate
the transformation of «8-domain into frame-g by utilizing the
following approach in (56):

ir, = ir, COs (wf) + ir sin (wt) (56)

In the @B0-domain, 0-domain does not require to be trans-
formed. However, the DC component of the d-frame denotes
the fundamental load current magnitude and the oscillating
AC component denotes the harmonic current magnitude.
Besides, g-frame carries the phase data of the load current.
Noteworthy fact is frame-0 of reference frame dg0 which is
straightly acquired from the domain-«S80 is required to stabi-
lize the dc-link voltage. Likewise, the harmonic component
of d-frame loads current iy 4(har), load current iy 4 in g-frame
and load current i o, in O-frame are three different unde-
sirable component of load currents that denote unbalanced,
harmonic and reactive currents.

Next, i¢rror,dc 1S measured by reducing the error ej(t)
obtained between total instantaneous dc-link voltage and
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FIGURE 11. Control block diagram of the self-tuning filter (STF) technique in UPQC controller scheme (A) STF-UVG (B) Shunt APF control

scheme (C) Series APF control scheme.

reference dc-link voltage Vg s with a PI controller. The
mathematic calculation is given in (57) and (58):

(57)
(58)

t
lerrorge = p,4el(t) +ki,4/ e (¢)dt
0
el (1) = Vdc,ref - (Vcap| )+ Vcapz(t))

where k, 4 and k; 4 are two fixed values that denotes as
proportional gain and integral gains of the controller Pl4. The
values are allocated as 0.3 and 2 in this study. Therefore,
the grid reference current in the d-frame is given as in (59):

(59)

lLd - lLd(har) lerrordc

Then, the signal iz, 4 and ig 4 is converted into abc-domain
injection reference grid currents. From (60) and (61) are
applied to produce the reference current isy 5. The injection
reference supply currents and the measured supply current
are compared in a hysteresis current controller to produce the
shunt converter gating pulses.

iy ] sin (wt) cos (wt) | [ i}

Lo | = . L (60)

i, —cos(wt)  sin(wt) iL,

_ 1 0
ISH, ) R E I
fSHb V3 2 2 ,'zu 61
i5p, LA ’
2 2
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IV. SIMULATION RESULTS

The operation of proposed PV-BESS-UPQC using STF-
UVG combine with STF-dg0 filter technique (knowns as
STF technique) is presented and the operation is analysed
using MATLAB-Simulink platform (R2018a). The simula-
tion studies include connection of the proposed PV-BESS-
UPQC circuits, design of the PV-BESS-UPQC control system
and performance assessment. A standard two-level inverter
for the shunt APF compensator and series APF compen-
sator sharing common DC-link which is a combination of
the DC link capacitor, PV and BESS. At the shunt APF,
standard split DC-link capacitors of 4700 uF are utilized
and each of them stores the reactive power from the unbal-
ance non-linear load. Then, the output of shunt compensator
is attached to a 3 mH L-typed filter while by attaching a
3.6 mH L-typed filter to the series APF, switching ripples
is minimized. In this study, the DC-link reference capac-
itor voltage is assigned as 700 V. Meanwhile, unbalance
nonlinear loads are considered, and they are comprising of
nonlinear loads allocated as three single-phase in unbal-
anced manner. The unbalance non-linear load parameter is
summarized in Table 4. The performance of the proposed
model is analysed in a comparative manner, performance
simulated by UPQC that connected with PV and BESS (with
PV-BESS) as external support of DC-link capacitor is com-
pared with standard conventional UPQC (without PV-BESS)
to validate the significance of UPQC after connecting the
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FIGURE 12. Simulation waveform acquired under Case Study 1 for UPQC connecting with PV-BESS, with include (A)
three-phase source voltage (B) Injection voltage of Series APF (C) Load Voltage (D) Load Current (E) Injection Current

of Shunt APF (F) Source Current.

TABLE 4. Configuration of nonlinear load for simulation studies.

Nonlinear load Load description

Single-phase uncontrolled rectifier
supplying a series attached 1500
mH inductor and 70 Q resistor

Phase-a

Single-phase uncontrolled rectifier
supplying a series attached 1300
mH inductor and 60 Q resistor

Unbalance
Single phase
load

Phase-b

Single-phase uncontrolled rectifier
supplying a series attached 1100
mH inductor and 55 Q resistor

Phase-c

external support of DC-link. Furthermore, the PV-BESS-
UPQC is tested while applying the proposed STF technique
for the compensator controller and compared with the per-
formance of the standard conventional SRF-PLL combine
with a reference current generation applying moving average

VOLUME 8, 2020

filter (MAF) filter technique (knowns as SRF-MAF tech-
nique). Several case studies are conducted in the steady-
state condition where different power quality problems are
considered.

A. CASE STUDY 1: UPQC USING STF TECHNIQUE
CONNECTING EXTERNAL SOURCE OF PV-BESS

1) SCENARIO A: BALANCE HARMONIC SOURCE VOLTAGE
WITH NON-LINEAR LOAD AT CONSTANT IRRADIANCE

800 W/M? AT 45° (CONNECTING WITH PV-BESS AS
EXTERNAL SOURCE OF DC-LINK)

The performance of PV-BESS-UPQC under context of source
voltage harmonics at PCC and the combination of harmonic
and sag are displayed in Fig. 12. The irradiation is main-
tained constant at 800 W/m? and the temperature 45 degree
Celsius that follow the Malaysia tropical climate. The differ-
ent observed signals are grid voltages, series compensated
voltages, load voltages, load currents, shunt compensated
currents, source currents. From Fig. 12(A), it can be noticed
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FIGURE 13. Simulation result acquired under Case Study 1 for UPQC connecting with PV-BESS, with include (A) DC-Link
Voltage (B) Current of PV (C) Power of PV (D) Output power of DC-Link (E) Power of BESS (F) SOC of BESS.

that during 0.3s to 0.45s, there is voltage harmonics and
during 0.6s to 0.65s, there is a combination of voltage har-
monic and voltage sag of 0.7 pu and during 0.65s to 0.7s,
there is a combination of voltage harmonic and voltage sag
of 0.4 pu. An appropriate voltage Vs is injected by the series
compensator to mitigate the source voltage, Vs under these
contexts during the condition of voltage sag which can be
seen in Fig. 12(B) to keep the load voltage, V; equivalent
to the rated voltage. It can be noticed from Fig. 12(C) that
the load voltage is sinusoidal and equal to the rated voltage.
Fig. 12(D) shows the distorted load current, i;, created by the
unbalanced non-linear load. Three-phase unbalance load is
considered in this work. Since the non-linear load is utilized,
the shunt compensator mitigates for the source current, ig by
injecting a current igy shown in Fig. 12(E) to keep the grid
current sinusoidal. The sinusoidal grid current can be seen
from Fig. 12(F). From Fig. 13(A), it can be noticed that the
DC link voltage is stable at 700 V during the voltage harmonic
and the combination of voltage harmonic and voltage sag. The
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PV current is around 46.2 A observed in Fig. 13(B) and the
power of the PV can be seen in Fig. 13(C) which is 32 KW.
The DC link power can be observed in Fig. 13(D) and it is
increased during 0.3s to 0.45s so that the voltage harmonics
can be compensated. Moreover, during 0.6s to 0.75s the
power of the DC is increased so that the harmonics can be
mitigated, and the load can be supported during insufficient
voltage supplied from the source as well. The power of the
BESS is seen in Fig. 13(E) and it can be observed that during
0.3s to 0.45s the power of the BESS is slightly increased and
during 0.6s to 0.75s when the combination of harmonics and
sag happened the power of the BESS is increased little high
since the current of the BESS is increased. The state of charge
(SOC) shows in Fig. 13(F) and can be noticed the charging
operation of the BESS throughout the process.

The THD for current under voltage harmonic condition is
shown in Fig. 14(A). It can be observed that the THD is very
low which is 2.05%. Moreover, Fig. 14(B) shows the THD for
current under voltage harmonic with sag condition and can be
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FIGURE 14. Simulation findings acquired under Case Study 1 for UPQC connecting with
PV-BESS, (A) THD for current under voltage harmonic condition (B) THD for current under
voltage harmonic with sag condition (C) THD for voltage.

i

FIGURE 15. Simulation findings obtained under Case Study 1 for UPQC
connecting with PV-BESS (A) Total capacitor voltage (B) Total capacitor
current.

noticed that the THD is only 2.09%. Furthermore, Fig. 14(C)
shows the THD for voltage and can be seen that the THD is
only 0.28%. All these THD results fulfil the IEEE standard
519. From Fig. 15, it can be noticed that the rise time of the
capacitor voltage is very fast. At 0.01s the capacitor voltage
achieved the desired voltage. When the capacitor voltage
reaches to the desired voltage faster, rapid compensation by
the series compensator and the shunt compensator can be exe-
cuted. Moreover, the capacitor voltage is stable during 0.3s to
0.45s when the voltage harmonic happened and during 0.6s
to 0.75s when the combination of voltage harmonic and sag
happened. These results verified that the shunt compensator is
working properly since the shunt compensator is responsible
for capacitor voltage balancing. The capacitor current is also
shown in the Fig. 15. It can be observed from the Fig. 15 that
transient response exists until 0.01s in the capacitor current
and then it becomes stable throughout the operation. How-
ever, the UPQC without PV and BESS does not show quality
result like the PV-BESS-UPQC. In the scenario B, UPQC
without PV and BESS will be discussed and comparison with
PV-BESS-UPQC will be shown in Table 5 and Table 6 in
terms of THD.
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2) SCENARIO B: BALANCE HARMONIC SOURCE VOLTAGE
WITH NON-LINEAR LOAD AT CONSTANT IRRADIANCE

800 W/M? AT 45° (WITHOUT CONNECTING EXTERNAL
SOURCE OF PV-BESS)

The performance of UPQC under context of PCC voltage
harmonics and the combination of harmonic and sag are
displayed in Fig 16. The case study is done without connect-
ing PV and BESS. The irradiation is maintained constant at
800 W/m? and the temperature 45 degree Celsius. The dif-
ferent observed signals are grid voltages, series compensated
voltages, load voltages, load currents, shunt compensated cur-
rents, source currents. From Fig. 16(A), it can be noticed that
during 0.3s to 0.45s, there is voltage harmonics and during
0.6s to 0.65s, there is a combination of voltage harmonic
and voltage sag of 0.7 pu and during 0.65s to 0.7s, there is
a combination of voltage harmonic and voltage sag of 0.4 pu.
The series compensator mitigates for the source voltage under
these contexts by injecting an appropriate voltage Vsg during
voltage sag which can be seen in Fig. 16(B) to keep the
load voltage, V; equivalent to the rated voltage. It can be
observed from Fig. 16(C) that the load voltage is sinusoidal
and equal to the rated voltage. Fig. 16(D) shows the distorted
load current, iy created by the unbalanced non-linear load.
Three phase unbalance loads are considered in this work.
Since the non-linear load is utilized in this work, the shunt
compensator is supposed to mitigate for the source current
under non-linear load context by injecting an appropriate
current igy shown in Fig. 16(E) to keep the source current,
is sinusoidal. However, the capacitor voltage takes long time
to attain the determined voltage and most of the capacitor
voltage is utilized by the series compensator and for that
reason the shunt compensator does not have enough support
from the capacitor to inject appropriate compensation current
to mitigate for the source current. From Fig. 16(F) it can be
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FIGURE 16. Simulation waveform acquired under Case Study 1 for UPQC connecting without PV-BESS, with include (A)
three-phase source voltage (B) Injection voltage of Series APF (C) Load Voltage (D) Load Current (E) Injection Current of

Shunt APF (F) Source Current.

noticed that the source current is high at the beginning and
not pure sinusoidal like the PV-BESS-UPQC case study.
The THD for current under voltage harmonic condition
is shown in Fig. 17(A). It can be observed that the THD
is 4.66% which is higher than the PV-BESS-UPQC case
study. Moreover, Fig. 17(B) shows the THD for current under
voltage harmonic with sag condition and can be noticed that
the THD is 5.49% which is also higher than the PV-BESS-
UPQC case study. Furthermore, Fig. 17(C) shows the THD
for voltage and can be seen that the THD is only 0.29% which
is slightly higher than the PV-BESS-UPQC case study. From
Fig. 18, it can be noticed that the capacitor voltage is rising
very slow and the stability is not achieved accurately. Since
the capacitor voltage reach to the desired voltage very slow,
rapid compensation by the series compensator and the shunt
compensator is not possible. Moreover, the capacitor voltage
is not stable during 0.35s to 0.45s when the voltage harmonic
happened and during 0.6s to 0.75s when the combination of
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voltage harmonic and sag happened. These results verified
that the shunt compensator is not working properly since
the shunt compensator is responsible for capacitor voltage
balancing. The capacitor current is also shown in the Fig. 18.
However, the UPQC without PV and BESS does not show
quality result like the PV-BESS-UPQC.

The summary of the findings of source current and load
voltage is tabulated in Table 5 and Table 6. The comparative
analysis between the UPQC with PV-BESS and UPQC with-
out PV-BESS can be realized from the Table 5 and Table 6.
From Table 5, it can be noticed that before connecting the
UPQC during voltage harmonic condition the THD values
for the source currents are 53.28%, 52.92% and 53.28% for
a, b and c phases. Afterwards, UPQC is integrated in the
system with PV and ESS and the THD values are significantly
reduced and the values for a, b and ¢ phases are 2.05%,
2.54% and 3.05% respectively. To verify the significance of
PV-BESS-UOQC system, the PV and the BESS is removed
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FIGURE 18. Simulation findings obtained under Case Study 1 for UPQC
without PV-BESS (A) Total capacitor voltage (B) Total capacitor current.

and observed the performance of the UPQC with DC link
capacitor only and it can be observed that the THDs are
increased which are 4.66%, 5.63% and 5.69% for a, b and ¢
phases respectively. Besides, during the condition of voltage
harmonic with sag without attaching the UPQC the THD val-
ues for the source currents are 49.49%, 49.57% and 49.43%
for a, b and c phases respectively. After attaching the UPQC
in the system with PV and BESS and the THD is observed
for phase a, b and c and which are 2.09%, 2.83% and 3.07%
respectively. To verify the significance of PV-BESS-UOQC
system, the PV and the BESS is removed and observed the
performance of the UPQC with DC link capacitor only and it
can be observed that the THD is increased which is 5.49%,
6.35% and 6.43% for phase a, b and c respectively.

From Table 6, it can be noticed that before connecting the
UPQC during voltage harmonic condition the THD values
for the load voltages are 18.81%, 18.82% and 18.82% for
phase a, b and c respectively. Next, UPQC is connected in
the system with PV-ESS and the THD values are reduced
remarkably and the values for phase a, b and ¢ are 0.28%),
0.28% and 0.28% respectively. To validate the significance of
PV-BESS-UOQC system, the PV and the BESS is detached
and consider the performance of the UPQC with DC link
capacitor only and it can be noticed that the THD is increased
slightly which is 0.29%, 0.29% and 0.29% for phase a, b
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TABLE 5. Comparative source current analysis of the proposed UPQC
with PV-BESS and without PV-BESS under Case Study 1.

Voltage Harmonic Voltage Harmonic with

. sag

‘;::gnszster (at 0.7 & 0.4 pu)

Phase Phase Phase Phase Phase Phase

a b c a b c

Before attaching UPQC

THD

5328 5292 5328 4949 4957 4943
value (%)
Phase
Difference 7.0 6.5 4.2 5.0 42 4.0
©)
Power 0.808 0812 0905 0903 0810 0.910
Factor

After attaching UPQC with PV-ESS
THD
value (%) 2.05 2.54 3.05 2.09 2.83 3.07
Phase
Difference 0.5 0.3 0.4 0.6 0.4 0.5
©)
Power 0999 0999 0999 0999 0999  0.999
Factor

After attaching UPQC without PV-ESS
THD
value (%) 4.66 5.63 5.69 549 6.35 6.43
Phase
Difference 0.5 0.3 0.4 0.6 0.4 0.5
©)
Power 0999 0999 0999 0999 0999  0.999
Factor

and c respectively. Besides, during the condition of voltage
harmonic with sag without attaching the UPQC the THD
values for the load voltages are 32.62%, 34.11% and 34.11%
for a, b and c phases respectively. Next, attaching the UPQC
in the system with PV and ESS and the THD is noticed
for a, b and c phases which are 0.28%, 0.28% and 0.28%
respectively. To validate the significance of PV-BESS-UOQC
system, the PV and the BESS is disconnected and noticed
the performance of the UPQC with DC link capacitor only
and the THD is increased slightly which is 0.29%, 0.29% and
0.29% for a, b and c phases respectively.
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TABLE 6. Comparative load voltage analysis of the proposed UPQC with
PV-BESS and without PV-BESS under Case Study 1.

Voltage Harmonic Voltage Harmonic with

. sag

Parameter (03 & 0.6 pu)
Phase Phase Phase Phase Phase Phase
a b c a b c

Before attaching UPQC

(T(,/H)Dval“e 18.81 1882 18.82 3262 3411 3411

0

Phase

Angle (%) 0 2120 120 0 -120 120
After attaching UPQC with PV-ESS

(T(,/H)Dval“e 0.28 028 028 028 028 028

(]

Compen-

sation 100 100.1  99.78  99.939  99.66  99.54

Magnitude

(%)

Phase

Angle ) 0 21200120 0 -120 120
After attaching UPQC without PV-ESS

(To}{)') value 59 029 029 029 029 029

0

Compen-

sation 99.969 9948 1002 99.969 9933 993

Magnitude

(%)

Phase

Angle ) 0 21202 199.9 0 21202 1202

B. CASE STUDY 2: CONSTANT PV IRRADIANCE AT

800 w/m? AT 45°C

1) SCENARIO A: SINUSOIDAL-BALANCE SAG AND SWELL
SOURCE VOLTAGE CONDITION WITH HARMONIC
NON-LINEAR LOAD AT CONSTANT IRRADIANCE 800 W/M?
AT 45°C

In the case study 2, the operation of PV-BESS-UPQC is
operated utilizing the constant PV irradiation, which is main-
tained at 800 W/m? and the temperature is maintained at
45 degree Celsius that follow the Malaysia tropical climate.
For the scenario A under case study 2, the PV-BESS-UPQC
is considered under context of sinusoidal-balanced source
voltage sag and swell condition at PCC. The performance
simulation of PV-BESS-UPQC under context of sinusoidal-
balanced source voltage sags and swells at PCC are displayed
in term of simulation waveform are shown in The different
observed waveforms are supply voltages, series compensated
voltages, load voltages, load currents, shunt compensated
currents, source currents. From Fig. 19(A), it can be noticed
that source voltage, Vs at PCC during 0.3s to 0.35s and 0.4s
to 0.45s, there is 0.7 pu voltage sag and 0.35s to 0.4s, there
is 0.4 pu voltage sag. Moreover, from 0.6s to 0.65s and 0.7s
to 0.75s, there is 1.3 pu voltage swell and from 0.65s to 0.7s,
there is 1.6 pu voltage swell. An appropriate voltage Vg is
injected by the series APF compensator to mitigate for the
source voltage at PCC under these contexts. The injected
voltage is in phase with the grid voltage during the condition
of voltage sag and opposite phase with source voltage during
the condition of voltage swell which can be seen in Fig. 19(B)
to keep the load voltage,V, is equivalent to the rated voltage.
It can be noticed from Fig. 19(C) that the load voltage is
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sinusoidal and equal to the rated voltage. Fig. 19(D) shows the
distorted load current, if, created by the unbalanced non-linear
load. Three phase unbalance loads is considered in this work.
Since the non-linear load is utilized in this work, the shunt
APF compensator mitigates for the source current, is under
non-linear load context by injecting an appropriate current
isy shown in Fig. 19(E) to keep the source current sinusoidal.
Therefore, the source current is maintained sinusoidal and can
be seen from Fig. 19(F).

From Fig. 20, it can be seen that the compensation mag-
nitude of load voltage, Vy, is achieved appropriately which
is equal to the rated voltage. It shows the compensation by
the series APF compensator during the condition of voltage
sag and voltage swell. It can be observed that 0.3s to 0.35s
and 0.35s to 0.4s, there is voltage sag of 0.7 pu and 0.4 pu
respectively. The series APF compensator injected appropri-
ate to compensate for the source voltage on both conditions.
Therefore, the load voltage achieves the rated voltage during
the voltage sag. Moreover, there is 1.3 pu voltage swell and
1.6 pu during the period of 0.6s to 0.65s and 0.65s to 0.7s
respectively. An appropriate voltage in opposite phase with
the source voltage is injected by the series compensator to
compensate the grid voltage.

The THD for current under balanced voltage sag condition
is displayed in Fig. 21(A). It can be observed that the THD
is 2.09%. Moreover, Fig. 21(B) shows the THD for current
under balanced voltage swell condition and can be noticed

that the THD is 2.02%. Furthermore, Fig. 21 (C) shows the
THD for voltage and can be seen that the THD is only 0.28%.

From Fig. 22(A), it can be noticed that the measured DC
link voltage is stable at 700 V during the condition of voltage
sag and voltage swell. The PV current is around 46.2 A
observed in Fig. 22 (B) and the power of the PV can be seen
in Fig. 22(C) which is 32 KW. The DC link power can be
observed in Fig. 22(D) and it is increased during 0.3s to 0.45s
so that the load can be supported during insufficient voltage
supply. On the other hand, the DC link power is reduced
during 0.6s to 0.75s because of over voltage supply from the
grid. The power of the BESS is seen in Fig. 22(E) and it
is increased during the voltage sag from 0.3s to 0.45s since
the current of the BESS is increased whereas the power of
the BESS is reduced during voltage swell from 0.6s to 0.75s
since the current of the BESS is decreased. The state of charge
(SOC) shows in Fig. 22(F) and can be noticed the charging
operation of the BESS throughout the process.

In Fig. 23, it can be noticed clearly that the suggested
STF-UVG in Fig. 23(A) and standard conventional SRF-PLL
technique in Fig. 23(B) are capable of detecting the syn-
chronization phase value accurately in sin (wt) and cos (wt)
from the grid voltage which sinusoidal-balanced under sag
and swell condition at PCC. Besides, Table 7 summarizes
the comparative analysis for source current when simulating
the PV-BESS-UPQC with proposed STF-UVG extraction
method and the conventional SRF-PLL extraction method.
Besides. the comparative analysis for load voltage is tabulated
in Table 8 considering the PV-BESS-UPQC with proposed
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STF-UVG extraction method and the conventional SRF-PLL =r T T T T A

extraction method. The comparative analysis is done under = —~ — el
the sinusoidal-balanced source voltage sags and swells con- ol [ . £ 3 = ]
dition at PCC. The both techniques are mitigating harmonic Pl %,

. . 30 ™ —
currents produced by non-linear load and the grid currents are S Lo/

maintained as sinusoidal shape with THD values suggested = =

by IEEE standard 519 which is beneath the 5% harmonic

limit. The results show that the THD is slightly lower in FIGURE 20. Simulation finding showing the detected voltage magnitude
the proposed STE-UVG and STF-dq0 filter technique than :::::t i(:)ans-e study 2: Scenario A for balance voltage sag and swell
using the SRF-PLL and MAF filter technique. Furthermore,

the resulted phase differences between the source voltage both methods perform identically during the source voltage
and current is large and reduced by the STF-UVG and STF- operating condition of sinusoidal-balanced sag and swell for
dqO filter techniques of UPQC. In other words, it proves that case study 2: scenario A.

the STF-UVG and STF-dq0 filter both techniques can syn-
chronize UPQC with the grid effectively. This is because the 2) SCENARIO B: SINUSOIDAL-UNBALANCE SAG AND SWELL

phase values are detected accurately in sin (wt) and cos (wt) SOURCE VOLTAGE CONDITION WITH HARMONIC

by both techniques. Therefore, the grid current operates in NON-LINEAR LOAD AT CONSTANT IRRADIANCE

phase with the grid voltage and so unity power factor is nearly 800 W/M? AT 45°

achieved which is 0.999. Overall, the STF-UVG extraction In Scenario B for case study 2, an unbalanced source voltage
method and the conventional SRF-PLL extraction method of swell and sag condition at PCC is considered to test the
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FIGURE 21. Simulation findings acquired under Case Study 2: Scenario A for balance
voltage sag and swell condition, (A) THD for current under balance voltage sag condition
(B) THD for current under balance voltage swell condition (C) THD for voltage under both
conditions.
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FIGURE 22. Simulation result acquired under Case Study 2: Scenario A for balance voltage sag and swell condition,
with include (A) DC-Link Voltage (B) Current of PV (C) Power of PV (D) Output power of DC-Link (E) Power of BESS (F)
SOC of BESS.

performance of PV-BESS-UPQC. The performance of UPQC 800 W/m?. From Fig. 24(A), it can be noticed that during
under context of PCC unbalance voltage sags and swells are 0.25s to0 0.5s, there is voltage swell of 1.2 pu in phase a, 1.4 pu
displayed in figure. The irradiation is maintained constant at in phase b and 1.6 pu in phase c and from 0.65s to 0.85s, there
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FIGURE 23. Simulation findings showing the detected synchronization reference phase value in sin (ot) and cos (ot)
under Case study 2: Scenario A for balance voltage swell and sag condition, with include (A) Detection of
synchronization phase by the STF-UVG (B) Detection of synchronization phase by the conventional SRF-PLL.

TABLE 7. Comparative source current analysis of the suggested UPQC
using STF technique and standard SRF-MAF technique under
Case Study 2: Scenario A.

TABLE 8. Comparative load voltage analysis of the proposed UPQC using
STF technique and standard SRF-MAF technique under Case Study 2:
Scenario A.

Balance Voltage Sag Balance Voltage Swell Balance Voltage Sag Balance Voltage Swell
Analysis (at 0.7 & 0.4 pu) (at 1.3 & 1.6 pu) zlznalysist o (at 0-; lfz 0.6 pl;))h o (at 1-; fz 1.6 pli))h
Parameter  Phase Phase Phase Phase Phase Phase arameter :se ba se jse ;se ;; se :se
a b c a b c
Bef ing PV-BESS-UP
Before Connecting PV-ESS-UPQC D cfore Connecting PV-BESS-UPQC
19.73 2254 2254  12.14 12.14 12.14
(T',;:)D value 5328 5292 5328 4949  49.57  49.43 ‘l;?ll;see(%)
Phase Angle (°) 0 -120 120 0 -120 120
Difference 7.0 6.5 42 5.0 42 4.0 After Connecting PV-BESS-UPQC with the suggested STF
©) technique
Power THD
Factor 0.808 0.812 0905 0903 0810 0910 value (%) 0.28 0.28 0.28 0.28 0.28 0.28
After Connecting PV-BESS-UPQC with the suggested STF Compen-
THD value 09 267 315 202 279 292 sation 100 9941 9953 100 1006 1005
(%) Magnitude
Phase (%)
Difference 0.4 0.3 0.5 0.4 0.2 0.6 Phase
©) Angle ©) 0 -120 120 0 -120 120
Power 0999 0999 0.999 0.999 0.999 0.999 After Connecting PV-BESS-UPQC with the standard SRF-MAF
Factor technique
After Connecting PV-BESS-UPQC with the standard SRF-MAF THD 028 214 245 028 245 292
THD value value (%) ’ ’ ’ ’ ’ ’
(%) 2.12 2.75 3.14 1.99 2.80 3.11 Compen-
Phase sation
Difference 0.5 0.4 0.7 0.6 0.4 0.8 Magnitude 100 98.9 99.27 100 100.7 100.6
©) (%)
Power Phase
Factor 0.999  0.999  0.999  0.999  0.999  0.999 Angle (°) 0 -1203  119.8 0 -1202 1199

is voltage sag of 0.8 pu in phase a, 0.6 pu in phase b and 0.4 pu
in phase c. An appropriate voltage Vg is injected by the
series compensator to mitigate for the source voltage under
the context of unbalance sag and swell source voltage which
can be seen in Fig. 24(B) to keep the load voltage equivalent

VOLUME 8, 2020

to the rated voltage. The sinusoidal load voltage can be
noticed from Fig. 24(C) and it is equal to the rated voltage.
Fig. 24(D) shows non-linear load distorted current. To keep
the source current sinusoidal the shunt compensator, inject
the compensation current which is displayed in Fig. 24(E).
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FIGURE 24. Simulation waveform acquired under Case Study 2: Scenario B for unbalance voltage swell and sag condition,
with include (A) three-phase source voltage (B) Injection voltage of Series APF (C) Load Voltage (D) Load Current (E) Injection

Current of Shunt APF (F) Source Current.

FIGURE 25. Simulation findings acquired the detected voltage magnitude
under Case study 2: Scenario B for unbalance voltage sag and swell
condition.

Since the non-linear load is utilized in this work, the shunt
compensator mitigates for the source current under non-linear
load context by injecting an appropriate current iy to keep
the source current sinusoidal. Therefore, the source current
is maintained sinusoidal and can be seen from Fig. 24(F).
From Fig. 25, it can be seen that the compensation is achieved
appropriately during the unbalanced voltage sag and swell.
The figure shows the compensation by the series compensator
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during the voltage swell from 0.25s to 0.5s and voltage sag
from 0.65s to 0.85s. The series compensator injects differ-
ent voltage magnitude according to the demand. The result
proves that the compensation is successfully achieved. There-
fore, the load voltage achieved the rated voltage during the
condition of unbalanced voltage sag and swell. The DC link
voltage can be seen from Fig. 26(A) and it is stable at 700 V
during the voltage distortion in the supply, and Fig. 26(B)
shows that the PV current is around 46.2 A and the power
of the PV is shown in Fig. 26(C) and the DC link power
is 32 KW. The DC link power is reduced during voltage
swell from 0.25s to 0.5s so that the load can be protected
in the overvoltage condition. On the other hand, the DC link
power is increased during voltage swell from 0.65s to 0.85s
to support the load in the insufficient voltage condition and
shown in Fig. 26(D). The power of the BESS is observed
in Fig. 26(E) and it is increased during the voltage sag from
0.65s to 0.85s since the current of the BESS is increased
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FIGURE 26. Simulation result acquired under Case Study 2: Scenario B for unbalance voltage sag and swell
condition, with include (A) DC-Link Voltage (B) Current of PV (C) Power of PV (D ) Output power of DC-Link (E)
Power of BESS (F) SOC of BESS.
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FIGURE 27. Simulation findings acquired under Case Study 2: Scenario B for unbalance voltage
swell and sag condition, (A) THD for current under unbalance voltage swell condition (B) THD
for current under unbalance voltage sag condition (C) THD for voltage under both condition.

whereas the power of the BESS is reduced during voltage Fig. 27 shows the THD values under unbalance voltage
swell from 0.25s to 0.5s since the current of the BESS is swell and sag for source current and load voltage. In Table 9,
decreased. The state of charge (SOC) shows in Fig. 26(F) that the comparative analysis for source current of the proposed
the BESS is charged throughout the process. UPQC-STF and UPQC-SRF techniques are tabulated. From
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TABLE 9. Comparative source current analysis of the proposed UPQC
using STF technique and standard SRF-MAF technique under Case Study
2: Scenario B.

TABLE 10. Comparative load voltage analysis of the proposed UPQC
using STF technique and standard SRF-MAF technique under Case Study
2: Scenario B.

Voltage Unbalance Voltage Unbalance Sag
Analvsi Swell (at 0.8, 0.6 & 0.4 pu)
nalysis (at1.2,1.4 & 1.6 pu)
Parameter
Phase Phase Phase Phase Phase Phase
a b c a b c
Before attaching PV-ESS-UPQC
THD value 308 5200 5328 4949 4957 4943
(%)
Phase
Difference 7.0 6.5 4.2 5.0 42 4.0
©)
P
ower 0.808  0.812 0905 0903 0810 0910
Factor

After attaching PV-ESS-UPQC with the suggested STF technique
THD value

2.62 2.89 3.00 2.62 2.93 3.25

(%)
Phase
Difference 030 040 060 030 070  0.50
©
Power 0999 0999 0999 0999 0998  0.999
Factor
After attaching PV-ESS-UPQC with the standard SRF-MAF
technique
THD value o0 490 513 455 469 500
(%)
Phase
Difference 040 040 070 030 070  0.60
©
Power
Factor 0998 0998 0998 0998 0998  0.998

the Table 9, it can be noticed that both UPQC-STF and
UPQC-SRF reduced the THD value significantly. Before
connecting the UPQC system in the PCC, the THD values
were 53.28%, 52.92% and 53.28% for a, b and c phases
respectively for unbalance voltage swell and 49.49%, 49.57%
and 49.43% for phase a, b and c respectively for unbalance
voltage sag. On the other hand, both PV-ESS-UPQC with
STF technique and SRF technique reduced the THD. For STF
technique, the THD values are 2.62%, 2.89% and 3.00% for a,
b and c respectively for unbalance voltage swell and 2.62%,
2.93% and 3.25% for a, b and c respectively for unbalance
voltage sag and the almost unity power factor is achieved.
For SRF technique, the THD values are 4.51%, 4.92% and
5.13% for a, b and c respectively for unbalance voltage swell
and 4.55%, 4.69% and 5.09% for a, b and c respectively for
unbalance voltage sag and the almost unity power factor is
achieved.

In the Table 10, the comparative analysis for load voltage is
summarized considering the PV-BESS-UPQC with proposed
STF-UVG extraction method and the conventional SRF-
PLL extraction method. The comparative analysis result is
obtained considering the unbalanced voltage sags and swells
condition at PCC. The results show that before connecting
the UPQC system the THDs for load voltages are 12.67%,
13.79% and 14.92% for unbalanced voltage swell condition
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Unbalance Voltage Unbalance Voltage Sag
Swell (at 0.8,0.6 & 0.4 pu)

Analysis (at1.2,1.4 & 1.6 pu)
Parameter
Phase Phase Phase Phase Phase Phase
a b c a b c
Before Connecting PV-BESS-UPQC
THD val
%) VAMC 1267 1379 1492 1820 2279 3428
(1)
Phase
0 -120 120 0 -120 120
Angle (%)
After Connecting PV-BESS-UPQC with the suggested STF
technique
THD val
%) VAME 028 037 038 028 033 035
()
Compen-
i
sation 100 1007 1012 100  99.65  99.29
Magnitude
(%)
Phase
Angle ©) 0 -120 120 0 -120 120
After Connecting PV-BESS-UPQC with the standard SRF-MAF
technique
THD val
s VAME 028 137 231 028 194 272
()
Compen-
"
sation 100 1005 1016 100  99.45  99.54
Magnitude
(%)
Phase
0 -119.9 119.4 0 -120.2 120.1
Angle (°)

for a, b and c respectively. Besides, for unbalanced voltage
sag condition the THDs for load voltages are 18.20%, 22.79%
and 34.28% for a, b and c respectively. Next, the PV-BESS-
UPQC system is connected using the STF technique and
can be noticed that the THDs for load voltages are 0.28%,
0.37% and 0.38% for unbalanced voltage swell condition for
phase a, b and c respectively and for unbalanced voltage sag
condition the THDs for load voltages are 0.28%, 0.33% and
0.35% for a, b and c respectively. On the other hand, utilizing
PV-BESS-UPQC with SRF-MAF technique the THDs for
load voltages are 0.28%, 1.37% and 2.31% for unbalanced
voltage swell condition for a, b and c respectively and for
unbalanced voltage sag condition the THDs for load voltages
are 0.28%, 1.94% and 2.72% for a, b and c respectively. It can
be observed that the THDs are slightly lower in the proposed
STF-UVG technique than the SRF-PLL technique.

Based on Fig. 28(A), it can be observed that the synchro-
nization phase value in sin(w?) and cos (wt) are detected
accurately by the suggested STF-UVG method which is
equivalent to the expected phase value. On the other hand,
minor displacement can be noticed between desired phase
value and the detected phase value in the Fig. 28(B) where the
standard conventional SRF-PLL technique is implemented.
Therefore, it indicates that the standard conventional SRF-
PLL technique is not able to extract the phase value accurately
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FIGURE 28. Simulation findings of the detected phase value of synchronization reference in sin (ot) and cos (wt)
under Case study 2: Scenario A for unbalance voltage swell and sag condition, with include (A) Synchronization
phase detected by the STF-UVG (B) Synchronization phase detected by the conventional SRF-PLL.
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FIGURE 29. Simulation waveform acquired under Case Study 3: Scenario A for voltage interruption condition, with
include (A) three-phase source voltage (B) Injection voltage of Series APF (C) Load Voltage.

as desired during an unbalance three-phase source voltage
swell and sag condition across the PCC.

C. CASE STUDY 3: VARYING PV IRRADIANCE AND
TEMPERATURE PV PANEL

1) SCENARIO A: NON-SINUSOIDAL-UNBALANCE
PERMANENT INTERRUPTION SOURCE VOLTAGE WITH
HARMONIC NON-LINEAR LOAD AT LOW UNBALANCE PV
IRRADIANCE

The operation of UPQC under context of PCC voltage sags
and interruption are displayed in Fig. 28. The irradiation is
reduced to 0 W/m? from 800 W/m? during 0.35s to 0.9s.
The different observed waveforms are supply voltages, series
compensated voltages, load voltages, load currents, shunt
compensated currents, source currents. From Fig. 29(A) it
can be observed that during 0.25s to 0.35s, there is 0.6 pu
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FIGURE 30. Simulation findings acquired the detected voltage magnitude
under Case study 3: Scenario A for voltage interruption condition.

voltage sag and 0.35s to 0.45s, there is 0.3 pu voltage sag.
Moreover, from 0.45s to the end of the simulation the voltage
supply is interrupted. An appropriate voltage Vsg is injected
by the series compensator to mitigate for the source voltage
under these contexts and support the load completely during
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FIGURE 31. Simulation result acquired under Case Study 2: Scenario A for voltage interruption condition,
with include (A) DC-Link Voltage (B) Current of PV (C) Power of PV (D) PV Irradiance (E) PV temperature
panel (F) Output power of DC-Link (G) Power of BESS (H) SOC of BESS.

voltage interruption occurred in the grid voltage. The voltage
injection is displayed in Fig. 29(B). The load voltage is shown
in Fig. 29(C) and it can be noticed that the load voltage is
equivalent to the rated voltage. Fig. 30 shows the source volt-
age magnitude and the load voltage magnitude. The dotted
lines indicate the source voltages and the straight lines show
the load voltages. It can be seen from the Fig. 30 that the com-
pensation is achieved appropriately. The Fig. 30 shows the
compensation by the series compensator during the voltage
sag from 0.25s to 0.45s and from 0.45s the source voltage
is zero and the total load voltage is supplied by the series
compensator using the PV and BESS.

An appropriate voltage is injected by the series com-
pensator in phase with the grid voltage to mitigate for the
source voltage on both conditions. Therefore, the load voltage
achieved the rated voltage during the voltage sag and also
during the voltage interruption. From Fig. 31(A), it can be
noticed that the DC link voltage is stable at 700 V during
the voltage sag and voltage interruption. From Fig. 31(B)
it can be noticed that the PV current is around 46.2A until
0.35s and after that it becomes zero because the irradiation
is reduced to 0 W/m? and the temperature also reduced
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to 0°C which can be seen in Fig. 31(D) and Fig. 31(E)
respectively.

From 0.9s the PV current start increasing again since the
PV is connected and the irradiation is back to 800 W/m?.
The power of the PV can be seen in Fig. 31(C) which is
32 KW at the beginning and from 0.35s to 0.9s it becomes
zero because the irradiation is reduced to 0 W/m? and then it
rises again since the irradiation is now returned to 800 W/m?.
From the Fig. 31(F), the increase of DC link power is noticed
during 0.3s to 0.45s and become maximum at 0.45s so that
the load can be supported during insufficient voltage supply
and also when there is no voltage supplied from the grid.
The power of the BESS can be seen in Fig. 31(G) and it
can be noticed that the power is decreased in the beginning
and then become stable. When the PV is disconnected then
the BESS supplied the power to the load through the DC
link. At the beginning the BESS is started charging since
the PV is still connected but when the PV is disconnected
then the BESS started suppling power and start discharging.
Afterwards, the PV is connected again at 0.9s and started
sending power to the load. At this moment the BESS stopped
suppling power and move to charging mode. The state of
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charge (SOC) in Fig. 31(H) shows that the BESS is charged
at the beginning and then start discharging from 0.35s to 1.1s.

V. CONCLUSION

The construction of three-phase UPQC has been investigated
considering the condition of complex power quality problems
which are an amalgamation of harmonics, voltage swell, and
sags, and voltage interruption under unbalanced and distorted
voltage grid condition. Integrating the BESS and PV with
the UPQC provides active power capability to the network.
The main benefit of BESS integrated with UPQC is that
it makes the system capable of supplying and absorbing
active power from the PV. Since renewable energy is not
completely reliable because of its environment-dependent
feature, integrating a BESS will solve the lack of renewable
energy resources. Finally, it can be figured that the BESS
and PV attached with UPQC can be a good alternative in
the distributed generation to upgrade the power quality of the
contemporary distribution system. The DC-link voltage is sta-
ble because of the continuous supply from the PV-BESS sys-
tem. Therefore, it can reduce the complexity of the DC-link
voltage regulation algorithm. The STF-UVG technique for
synchronization phases is applied successfully in the shunt
and series APF compensator to generate reference current and
voltage. Thus, the UPQC is designed without relying on the
PLL components, and mitigation of current and voltage are
achieved successfully following the grid condition to ensure
the system stability and to achieve almost unity power factor.
The implementation of the proposed technique has confirmed
that the grid current harmonics follow the IEEE-519 standard.
Finally, it is worth mentioning that the proposed system can
enhance the overall efficiency of the grid power system.
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