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Kepada: Amirullah Amirullah <amirullah.ubhara.surabaya@gmail.com>, Adiananda Adiananda <adiananda@ubhara.ac.id>
Cc: icosta2020@ubhara.ac.id

Dear Dr. Amirullah Amirullah:
Congratulations!

We are pleased to inform you that your manuscript #1570615953 ('"Power Transfer Analysis Using UPQC-PV System
Under Sag and Interruption With Variable Irradiance’) has now been ACCEPTED by 2020 International Conference on
Smart Technology and Applications (ICoSTA).

The reviews are included below, and can also be found at https://edas.info/showPaper.php?m=1570615953 using your
EDAS login name amirullah.ubhara.surabaya@gmail.com.

For the final manuscript (the deadline is January 20, 2020):

1. You are required to revise your manuscript according to the comments and suggestions given by the reviewers (see
below).

2. You are required to ensure that the similarity rating of your manuscript is less than 30%. Submissions with a similarity
rating of 30% or above will be dropped and no longer considered for ICOSTA 2020.

3. Please ensure that your manuscript has been checked for grammatical and typographical errors and that your
manuscript is IEEE pdf eXpress compliant by following the common IEEE conference style template. A guide to
converting to pdf eXpress can be seen on the website. If the paper is more than 6 pages, then an additional fee of 30
dollars per page for international participants or IDR 300,000 for Indonesian participants.

5. IEEE reserves the right to exclude a paper from distribution after the conference (e.g. removal from IEEE Xplore) if the
paper is not presented at the conference and not revise as suggested by the reviewer.

6. Payment of publication fees is before December 20th, 2019 for early bird payments or before January 10th, 2020 for
regular payments to:

Name: ICOSTA 2020

Account number: 2022020585

BNI BANK

Swift Code: BNINIDJA

Swift: OUR.

You are required to fill in the payment form through https://bit.ly/36v6L3B and send proof of payment to
icosta2020payments@gmail.com.

Once again, congratulations on the acceptance of your paper. We thank you for your patience and interest in ICoSTA
2020, we hope to see you in Surabaya.

Sincerely yours,
Dr. Rr. Ani Dijah Rahajoe (General Chair)
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Cc: icosta2020@ubhara.ac.id

Dear Dr. Amirullah Amirullah:

Information about your paper #1570615953 ('Power Transfer Analysis Using UPQC-PV System Under Sag and
Interruption With Variable Irradiance') for ICoSTA 2020 was changed by Amirullah Amirullah ():

Adi Soeprijanto added as author
No further action is required from you.
If you have already submitted your manuscript, you can change it at any time before the deadline by web form upload.

You can see all your submissions, using the EDAS user name . From there, you can see the current status of the papers,
whether a manuscript has been submitted and can edit the paper information.

You can directly view information about your paper.

Once you update your manuscript, you will receive another email confirmation.
Regards, Dr. Rr. Ani Dijah Rahajoe (General Chair)
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Information about your paper #1570615953 ('Power Transfer Analysis Using UPQC-PV System Under Sag and
Interruption With Variable Irradiance’) for ICOSTA 2020 was changed by Amirullah Amirullah ():

Ontoseno Penangsang added as author
No further action is required from you.
If you have already submitted your manuscript, you can change it at any time before the deadline by web form upload.

You can see all your submissions, using the EDAS user name . From there, you can see the current status of the papers,
whether a manuscript has been submitted and can edit the paper information.

You can directly view information about your paper.
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Balas Ke: anidr@ubhara.ac.id

Kepada: Amirullah Amirullah <amirullah.ubhara.surabaya@gmail.com>, Adiananda Adiananda <adiananda@ubhara.ac.id>,
Ontoseno Penangsang <ontosenop@ee.its.ac.id>, Adi Soeprijanto <adisup@ee.its.ac.id>

Cc: icosta2020@ubhara.ac.id

Dear Dr. Amirullah Amirullah:

We're still missing the final, camera-ready paper for your paper #1570615953 ("Power Transfer Analysis Using UPQC-PV
System Under Sag and Interruption With Variable Irradiance") for ICoSTA 2020. Please submit it as soon as possible. You
can submit by ftp or web, in the same manner as the review manuscript. You can upload your paper at
https://edas.info/showPaper.php?m=1570615953.

Regards,

Dr. Rr. Ani Dijah Rahajoe (General Chair)

2020 International Conference on Smart Technology and Applications (ICoSTA)
Conference Website : http://icosta.ubhara.ac.id

Email: icosta2020@ubhara.ac.id
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Dear Colleague
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icosta2020@ubhara.ac.id <icosta2020=ubhara.ac.id@edas.info> 25 Januari 2020 pukul 23.35

Balas Ke: icosta2020@ubhara.ac.id
Kepada: Amirullah Amirullah <amirullah.ubhara.surabaya@gmail.com>

Cc: Adiananda Adiananda <adiananda@ubhara.ac.id>, Ontoseno Penangsang <ontosenop@ee.its.ac.id>, Adi Soeprijanto

<adisup@ee.its.ac.id>, icosta2020@ubhara.ac.id

Dear Dr. Amirullah Amirullah:

Information about your paper #1570615953 ('Power Transfer Analysis Using UPQC-PV System Under Sag and
Interruption With Variable Irradiance') for ICoSTA 2020 was changed by Amirullah Amirullah ():

Abstract: This paper presents analysis of UPQC-PV system model under sag and interruption voltage with variable

irradiance. The PV is connected to a 3P3W distribution system with 380 volts (L-L) and a frequency of 50 hertz, through
UPQC-DC link . This system is used to maintain and supply sensitive loads. This paper shows that in the sag voltage and
irradiance levels of 200 W/m2 to 1200 W/m2, the 3P3W system uses UPQC-PV with proportional integral (PI) still able to
maintain the load active power above 3714 W. However, in the interruption voltage and same irradiance level, the load
active power drops to between 2560 W and 2805 W. This research also show that in the sag voltage and same irradiance
levels, the 3P3W system uses UPQC-PV with PI still able to generate PV power between 500 W to 920 W. In the
interruption voltage and same irradiance levels, the power that can be generated by PV increases between 1300 W to
1635 W. Otherwise, at 250 C and 1000 W/m2, the increase i! n PV power on interruption voltage has not been able to
meet the load active power consumption, so it finally drops to 2650 W. This paper is simulated using Matlab/Simulink.

No further action is required from you.
If you have already submitted your manuscript, you can change it at any time before the deadline by web form upload.

You can see all your submissions, using the EDAS user name amirullah.ubhara.surabaya@gmail.com. From there, you
can see the current status of the papers, whether a manuscript has been submitted and can edit the paper information.

You can directly view information about your paper.
Once you update your manuscript, you will receive another email confirmation.

Regards, Dr. Rr. Ani Dijah Rahajoe (General Chair)
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reviewer):

Amirullah Amirullah is presenting the paper
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Abstract— This paper present analysis of UPQC-PV
system model under sag and interruption voltage under
variable irradiance. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency
of 50 hertz, through UPQC-DC link . This system is used
to maintain and supply sensitive loads. This paper shows
that in sag voltage and irradiance levels of 200 W/m? to
1200 W/m?, the 3P3W system uses UPQC-PV with
proportional integral (PIl) still able to maintain active
load power above 3714 W. However, in the interruption
voltage and same irradiance level, the active load power
drops to between 2560 W and 2805 W. It also show that
in sag voltage and same irradiance level, the 3P3W
system uses UPQC-PV with PI still able to generate PV
power between 500 W to 920 W. In the interruption
voltage and same irradiance levels, the power that can be
generated by PV increases between 1300 W to 1635 W.
Otherwise, the increase on PV power in the interruption
voltage has not been able to meet active load power
consumption, so it finally drops to 2650 W. This paper is
simulated using Matlab/Simulink.

Keywords—UPQC, Photovoltaic, Sag, Interruption, Irradiance

. INTRODUCTION

The decreasing of fossil energy sources and increasing
concerns about environmental impacts have caused
renewable energy (RE) sources i.e. photovoltaic (PV) and
wind to develop into alternative energy on power
generation. Solar or PV generator is one of the most
potential RE technologies because it only convert sunlight to
generate electricity, where the reseources are avialable in
abundant and they are free and relatively clean. Indonesia
has a huge energy potential from the sun because it is
located in the equator. Almost all regions of Indonesia
receive around 10 to 12 hours of sunshine per day, with an
average irradiation intensity of 4.5 kWwh/m? or equivalent to
112.000 GW.

Even though PV is able to generate power, this
equipment also has disadvantage: it results in a number of
voltage and current disturbances, as well as harmonics due
to the presence of several types of PV devices and power
converters and increasing the number of non-linear loads
connected to the source, causing a decrease in power quality
(PQ). In order to overcome this problem and to improve PQ
due to the presence of non-linear load and integration of PV
into the grid, UPQC is proposed. UPQC has a function to
compensate for problems of voltage source quality i.e. sag,
swell, unbalance, flicker, harmonics, and load current
quality problems i.e. harmonics, imbalance, reactive current,
and neutral current. UPQC is part of an active power filter
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consisting of shunt active filter and series active filter
connected in parallel and serving as a superior controller to
solve a number of PQ problems simultaneously [1]. UPQC
series component is responsible for reducing a number of
disturbances on source side i.e. sag/swell voltage, flicker,
unbalanced voltage, and source voltage harmonics. This
equipment serves to inject a certain amount of voltage to
keep load voltage at desired level so that it returns to
balance and distortion free. UPQC shunt component is
responsible for overcoming current quality problems i.e..
low power factor, load current harmonics, and unbalanced
currents. This equipment functions to inject current into AC
system so that current source becomes a balanced
sinusoidal and it is in phase with source voltage [2]. The
dynamic performance of integrated PV with UPQC (PV-
UPQC) under variable irradiance condition and sag/swell
grid voltage has been investigated [3]. The proposed system
is able to combine both the benefits of distributed generators
(DGs) and active power filters. The PV-UPQC combination
is also able to reduce harmonics due to nonlinear loads and
is able to maintain total harmonics distortion (THD) of grid
voltage, load voltage and grid current below the IEEE-519.
The system was found to be stable under irradiation from
1000 W/m2 to 600 W/m2.

The dynamic performance of the proposed JAYA
based auto tuned Pl for PV-UPQC systems has been
analyzed [4]. Online JAYA optimization methodology is
implemented for PV-UPQC to determine the best value of
Pl gain. The Vector-Proportional Integral (UV-PI) and
Proportional Resonant-Response (PR-R) controllers in shunt
and series converters significantly increase PV-UPQC
performance by reducing convergence time, settling time,
switching harmonics, complexity and dynamic response
which is more effective. PV-UPQC performance using
control algorithm based on Synchronous Reference Frame
(SRF) with Phase Lock Loop (PLL) mechanism has been
presented [5]. Unbalanced load voltage contains harmonics
and pure unbalanced pure load voltage has been
compensated and balanced so that the load voltage is
maintained constant.

UPQC is supplied by 64 PV panels using boost
converters, Pl controllers, maximum power point tracking
(MPPT) with Pertub and Observer (P and O), and having a
momentary reactive power theory (p-q theory) has been
proposed [6]. The system has been able to carry out reactive
power compensation and reduce source current and load
voltage harmonics. However, this study does not address
mitigation of sag voltage reduction and other disturbances
caused by PV penetration. PV supported by UPQC using
Space Vector Pulse Width Modulation (SVPWM) compared
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to hysterisis control in a three-phase distribution system has
been proposed [7]. The system is used to improve PQ and
reduce the burden of 3 phase AC network by supplying
power obtained from PV. The UPQC system is able to
supply reactive power needed to increase power factor,
reduce voltage and current distortion and PV helps injection
active power into the load. A conceptual study of UPQC on
three phase four wire (3P4W) system connected to linear
and non-linear loads simultaneously has been carried out
[8]. The sinusoidal current control strategy drives UPQC in
such a way that the supply system draws a constant
sinusoidal current under steady state conditions. In addition,
the shunt converter also produces reactive power as required
by load so that it can improve an input power factor and
reduce THD of source current.

Artificial neural networks based on SRF theory as a
control to compensate for PQ problems of three phase three
wire (3P3W) system through UPQC for various
balanced/unbalanced/distorted conditions at load and source
have been proposed [9]. The proposed model has been able
to mitigate harmonic/reactive currents, unbalanced source
and load, and unbalanced current/voltage. Investigation on
the quality of enhancements including sag and source
voltage harmonics on the grid using UPQC provided by PV
array connected to DC links using Pl compared to FLC have
been carried out [10]. The simulation shows that FLC on
UPQC and PV can increase THD voltage source better than
Pl. The improvement of PQ using UPQC on microgrid
supplied by PV and wind turbine have been implemented
using Pl and FLC. Both methods were able to improve PQ
and reduce distortion in output power [11]. The research on
the use of Battery Energy Storage (BES) in UPQC is
supplied by PV to improve PQ in three phase 3P3W
distribution systems using FLC validated Pl on various
disturbances in source and load side have been investigated
[12]. This reserch showed that FLC on UPQC-BES system
supplied by PV was able to significantly reduce load current
harmonics and source voltage harmonics in number of
disturbances, especially in interruption voltage termination
on source bus.

This research present analysis of UPQC-PV system
model under sag and interruption voltage under variable
irradiance. The PV is connected to a 3P3W system with 380
volts (L-L) and a frequency of 50 hertz, through UPQC-DC
link . This system is used to maintain load voltage and active
load power constant, as well as supply sensitive loads. This
paper is presented as follow. Section 2 explains proposed
method, UPQC-PV model, parameter simulation, PV
model, active filter series and shunt filter control,
application of PI, as well as UPQC model efficiency.
Section 3 shows results and discussions of load voltage, load
current, active source power transfer, active load power
transfer, series active power, shunt active power, PV power
using Pl. In this section, six disturbance scenarios are
presented and the results are verified with Matlab/Simulink.
Finally, this paper is concluded in Section 4.

Il. RESEARCH METHOD
A. Proposed Method
Fig. 1 shows proposed model in this paper. The PV is
connected to a 3P3W distribution system with 380 volts (L-
L) and a frequency of 50 hertz, through UPQC-DC link
circuit. This system is known as UPQC-PV system and it is
used to maintain ans supply sensitive loads. The PV array

generates DC power at a constant temperature, variable solar
irradiance, and it is connected to DC-link via a DC-DC boost
converter. The MPPT method with P and O algorithm helps
PV to generate maximum power, result an output voltage,
which then becomes an input voltage for DC-DC boost
converter. This device functions to adjust duty cycle value
with PV output voltage as an input voltage to produce output
voltage according to DC-link voltage of UPQC. The PV
functions as an alternative source by injecting power to keep
load voltage constant, in the case of a interruption voltage
accurs on source or point common coupling (PCC) bus.

The proposed model analysis is carried out by
determining sag and interruption voltage scenarios on source
bus in 3P3W using UPQC-PV system. The measurement
parameters are carried out at fixed temperature (T = 25° C)
and variable irradiance i.e. 200 W/m?, 400 W/m?, 600 W/m?,
800 W/m2?, 1000 W/m? and 1200 W/m2. Each disturbance
scenario at variable irradiance level amounts to 6
disturbance, so the total number of scenarios is 12
disturbances. The UPQC-PV system uses Pl to mantain
voltage in a series active filter and current in a shunt active
filter to keep the voltage at sensitive load remains constant.
The parameters investigated i.e. voltage and current on
source bus, voltage and current on load bus, active source
power, active series power, active shunt power , active load
power, and PV power. The next step is to determine
efficiency value of UPQC-PV system in sag and interruption
voltage scenario in variable irradiance to show the
contribution of PV in mitigation of both voltage disturbances
on source bus. Fig. 2 shows power transfer using UPQC-PV
system. Then, the parameters of proposed model simulation
is showed in Appendix Section.

B. Modelling of PV Array

Fig. 3 shows the equivalent circuit and V-I
characteristics of solar panel. It consists of several PV cells
which have external connections in series, parallel, or series-
parallel [13].
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Fig. 3. Equivalent circuit of solar panel
The V-1 characteristic is shown in Eq. (1):
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Where lpy is photovoltaic current, I, is saturated
backflow, 'a' is the ideal diode constant, Vi = NsKTq? is
thermal voltage, Ns is number of series cells, q is electron
charge, K is Boltzmann constant, T temperature pn junction,
Rs and Rp are series and parallel resistance of solar panels.
Ipv has a linear relationship with light intensity and also
varies with temperature variation. I, is dependent value on
the temperature variation. The value of lpy and 1, are
calculated as following of Eq (2) and Eq. (3):

G
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amplitude. Then, the distorted source voltage is measured
and divided by peak amplitude of base input voltage Vi, as
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Fig. 2. Power transfer using UPQC-PV system
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Where lpy, N, lsc, and Voc, n is the photovoltaic
current, short circuit current, and open circuit voltage under
standard conditions (T, = 25° C and G, = 1000 Wm?)
respectively. The K, value is coefficient of short circuit
current to temperature, AT = T - T, is temperature deviation
from standard temperature, G is light intensity and Ky is
coefficient of open circuit voltage ratio to temperature. Open
circuit voltage, short circuit current, and voltage-current
related to maximum power are three important values of 1-V
characteristics of solar panel. These points are changed by
variation in atmospheric conditions. By using Eq. (4) and
Eq. (5) derived from PV model equation, short-circuit
current and open circuit voltage can be calculated under
different atmospheric conditions.

G
Isc:(lsc+K1AT)G— 4)

Voo =Voe + K AT (5)

C. Control of Series Active Filter

The main function of series active filter is to protect
sensitive load from a number of voltage disturbance at PCC
bus. The algorithm of source voltage and load voltage
control strategies in series active filter circuit is shown in
Fig. 4. This control strategy generates the unit vector
template from a distorted input source. Then, the template is
expected to be an ideal sinusoidal signal with an unity

stated in Eqg. (6) [6].

V, = \/g(\/z HV24+VE) (s)

A three phase PLL is used to produce sinusoidal unit
vector templates with phase lagging through the use of sine
function. The load voltage of reference signal is determined
by multiplying unit vector templates by the peak value of
base input voltage amplitude V. The load reference voltage
(Via", Vi, V") is then compared with sensed load voltage
(VMia, Vb, Vic) with a pulse width modulation controller
(PWM) used to generate the desired trigger signal in series
active filter. Fig. 4 shows control of series active filter.

Vm = Peak fundamental input
voltage magnitude
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Fig. 4 Series active filter control

D. Control of Shunt Active Filter

The main function of shunt active filter is to mitigate
PQ problems on the load side. The control methodology of
shunt active filter is that the absorbed current from PCC bus
is a balanced positive sequence current including an
unbalanced sag voltage on PCC bus, an unbalanced, or a
non-linear load. In order to obtain satisfactory compensation
caused by interference due to non-linear load, many
algorithms have been used in some references. This research
uses the method of instantaneous reactive power theory
theory or "p-q theory". The voltages and currents in
Cartesian coordinates can be transformed into Cartesian
coordinates of as stated in Eq. (7) and Eq. (8) [6].
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Calculation of real power (p) and imaginary power (q)
is shown in Eq. (9). Real and imaginary power are measured
instantaneously power and expressed in matrix form. The
presence of mean and fluctuating component in
instantaneous component is shown in Eq. (10) [14].

p _ v, Vy i, (9)

q _V/i Va i/f

p=p+p ; q=0+q (10)
Where P = the average component of real power, B =

the fluctuating component of real power, § = the average

component of imaginary power, §= the fluctuating

component of imaginary power. The total imaginary power
(9) and fluctuating component of real power are selected as
power references and current references and are they are
utilized through the use of Eg. (11) to compensate for
harmonics and reactive power [15].

i 1 v, v |[-p+p
i =— . B P+ Pioss 11)
Is Vo, TV5 | Vs —V, —q

The P,-s signal is obtained from the voltage

regulator and is used as average real power. It can also be
expressed as instantaneous active power associated with
resistive losses and switching losses from UPQC. The error
is obtained by comparing the actual DC-link capacitor
voltage with the reference value processed using a Pl
controller, driven by a closed voltage control to minimize
steady state errors from voltage through DC-link circuit to

zero. The compensation current (i, i;,g) is needed to meet

load power demand as shown in Eq. (12). The current is
expressed in coordinates a-B. The compensation current is
used to obtain source phase current by using Eq. (13) for
compensation. The source phase current (i7,,iz,,12,) is

expressed in the abc axis obtained from the compensation
current in a-f coordinates and is presented in Eq. 12 [15] .
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Fig. 5 show shunt active filter control [15].
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Fig. 5. Shunt active filter control

In order to operate properly, The UPQC-PV must have
a minimum DC-link (Vqc) voltage. The general DC-link
voltage value depends on the instantaneous energy that can
be generated by UPQC which is defined in Eq.13 [16]:

Vdc — 2\/EVLL (13)
V3m

Where m is the modulation index and V. is the voltage
of UPQC. Considering modulation index of 1 and the grid
voltage between line-line (Vii= 380 V), Vg is obtained
620.54 V and chosen as 650 V.

The input of shunt active filter shown in Fig. 6 is DC
voltage (Vac) dan DC voltage reference (Vgc'), while the

output is P;,.. by using the PI controller. Furthermore,
P, .. of the input variables produce a reference source
current) (i-,.1-..12.). Then, the reference source current

output is compared with current source(i..%.4,5..) by

hysteresis current controller to generate a trigger signal in
IGBT circuit of shunt active filter. In this paper, PI
controller as a DC voltage control algorithm on shunt active
filter is proposed.

D. Efficiency of UPQC-PV

The research on the use of 3-Phase 4-Leg Unified
Series-Parallel Active Filter Systems using Ultra Capacitor
Energy Storage (UCES) to mitigate sag and unbalance
voltage has been investigated [17]. In this paper, it was
found that the implementation of UCES was able to help
system reduce source current compensation when sag
voltage on source bus to keep load voltage constant and
balanced. During disturbance UCES generates extra power
flow to load through a series active filter via dc-link and a
series active filter to load. Although it provides an advantage
of sag voltage compensation, the use of UCES in this
proposed system is also capable of generating losses and
efficiency system. By using the same procedure, the authors
proposes Eq. (14) for efficiency of UPQC-PV system.

Eff (%j — PEnun:E'+P59r[e.;;.|':}j:unr+PPv+PEEE (14)

I11. RESULT AND DISCUSSION

The proposed model analysis is UPQC connected 3P3W
(on-grid) system through a DC link supplied by PV known
as UPQC-PV system. The system then supplies sensitive
voltage devices on load bus. There are two distrurbance
scenarios i.e. sag voltage (Sag) and interruption voltage
(Inter). In sag voltage scenario, the system is connected to a
sensitive load and the source has a 50% sag voltage
disturbance for 0.3 s between t = 0.2 stot = 05 s. In
interruption voltage scenario, the system is connected to
sensitive load and the source experiences a source voltage
interruption of 100% for 0.3 s betweent=0.2stot=05s.
The UPQC-PV system uses Pl controller with constant Kp
and Ki are 0.2 and 1.5, respectively. Pl controller is used as
DC voltage controller on an active filter series and current
controller on shunt active filter to keep load voltage constant
in case of disturbance voltage happens on the source bus.

The proposed model analysis is carried out by
determining sag voltage and interruption voltage on source
bus in 3P3W of UPQC-PV system. The measurement
parameters are carried out at fixed temperature conditions (T
= 250 C) and the different radiation i.e. 200 W/m?, 400
W/m2, 600 W/ m2, 800 W/m?, 1000 W/m? and 1200 W/m? .
Each of disturbance scenarios at the variable irradiance level
amounts to 6 disturbances, so that the total number of
scenarios is 12 interruptions. The UPQC-PV system uses
controls mounted on the 3P3W System to keep the voltage at
sensitive loads remains constant. Then, by using



Matlab/Simulink, the model is run in accordance with the
scenario that was previously desired to get the source voltage
curve (Vs), load voltage (V.), compensation voltage (Vc),
source current (Vs), load current (V\), and DC-Link (Vpc)
voltage. Based on this curve, the average values of source
voltage, load voltage, source current and load current are
obtained from value of each phase of voltage and current
parameters previously obtained. The next research is

determining value of active source power, series active
power, active shunt power, active load power, PV power
contribution, and system efficiency. The measurement of
value of phase voltage, phase current, power transfer, and PV
power is determined in one cycle starting at t = 0.35 s. The
results of the average source voltage, source current, load
voltage, and load current in the UPQC-PV system model are
presented in Table 1.

TABLE I. VOLTAGE AND CURRENT USING UPQC-PV SYSTEM UNDER SAG AND INTERRUPTION WITH VARIABLE IRRADIANCE LEVEL

Irradiance Source Voltage Vs (Volt) Load Voltage V. (Volt) Source Current Is (Ampere) Load Current I (Ampere)
(WIm?) PhA [ PhB [ PhC | Avg PhA [ PhB [ PhC | Avg | PAA [ PhB [ PhC | Avg [ PhA ] PhB | PhC [ Avg
Sag Voltage and T = 25° C
200 153.9 | 153.9 | 153.9 153.9 310.1 | 310.1 | 310.1 | 310.1 | 11.77 | 11.79 | 11.35 | 11.63 | 8.590 | 8.589 8.587 8.589
400 154.1 | 154.1 | 154.1 154.1 310.1 | 310.1 | 310.1 | 310.1 | 10.91 | 10.98 | 10.94 | 10.94 | 8.589 | 8.590 8.588 8.589
600 154.1 | 154.1 | 154.1 154.1 310.1 | 310.1 | 310.1 | 310.1 | 10.92 | 10.88 | 10.98 | 10.93 | 8.589 | 8.588 8.589 8.589
800 154.0 | 154.0 | 154.0 154.0 310.1 | 310.1 | 310.1 | 310.1 | 1145 | 10.38 | 11.49 | 11.11 | 8.588 | 8.589 8.589 8.589
1000 153.8 | 153.8 | 153.8 153.8 310.1 | 310.1 | 310.1 | 310.1 | 13.39 | 13.33 | 1341 | 13.38 | 8.589 | 8.589 8.588 8.589
1200 153.8 | 153.8 | 153.8 154.8 310.1 | 310.1 | 310.1 | 310.1 | 13.69 | 13.58 | 13.69 | 13.65 | 8.589 | 8.589 8.588 8.589
Interuption Voltage and T = 25° C
200 1.229 | 1.350 | 1.274 1.284 232.8 | 253.2 | 247.2 | 2444 | 11.65 | 1265 | 1223 | 12.18 | 6.561 | 6.798 6.974 6.778
400 1.322 | 1.416 | 1.367 1.368 2457 | 264.2 | 261.1 | 257.0 | 12.22 | 1266 | 12.87 | 1251 | 6.946 | 7.051 7.396 7.131
600 1.333 | 1.414 | 1.363 1.370 246.6 | 263.9 | 261.8 | 257.4 | 12.25 | 1257 | 12.85 | 12.56 | 6.964 | 7.033 7.406 7.134
800 1.304 | 1.385 | 1.344 1.341 240.1 | 258.5 | 255.8 | 2515 | 1213 | 1237 | 12.71 | 12.40 | 6.788 | 6.885 7.234 6.969
1000 1.190 | 1.316 | 1.237 1.247 229.2 | 249.1 | 2428 | 2404 | 11.31 | 11.86 | 1191 | 11.69 | 6.443 | 6.698 6.289 6.477
1200 1.227 | 1.319 | 1.269 1.272 2275 | 246.8 | 243.7 | 239.2 | 1150 | 11.80 | 12.06 | 11.78 | 6.433 | 6.557 6.882 6.624
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Fig. 6 shows that in sag voltage, UPQC-PV system at t =
0.2 stot=0.5s, irradiance = 1000 W/m? and temperature =
259 using PI control, the average source voltage (Vs) (Fig.
6.a) decreased by 50% from 310.1 V to 153.8 V (Fig. 2.b).
During this duration, the average source current increases
slightly to 13.38 A (Fig. 6.d) because PV contributes power
to the load through a DC-link series active filter series by
injecting a compensation voltage (Vc) of 156.3 V (Fig. 12.c)
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Sime (seconty
ad Current (f) DC-Link Voltage
ption voltage with temperature 25°C and irradiance 1000 W/m?

through the injection transformer in an active series filter so
that an average load voltage (V) remains stable at 310.1 V
(Fig. 2.b). At that time, the PI controller on shunt active filter
works to keep DC voltage (Voc) stable and an average
current source (ls) increases close to 13.38 A (Fig. 12.d) to
keep the average I, stable at 8,589 A (Figure 12.¢e).

Fig. 7 shows that in the interuption voltage scenario, the
UPQC-PV system att = 0.2 sto t = 0.5 s, irradiation = 1000




W/m2 and temperature = 25° using PI controller, an average
Vs drops by 100 % to 1.247 V (Fig. 7.a). Under these
conditions, the UPQC-PV system is unable to produce
maximum power to UPQC DC-link circuit and injects the
average V¢ (Fig. 3.c) through injection transformer in an
active series filter. So att = 0.2 s to t = 0.5, an average V.
(Fig. 7.b) decreases to 240.4 V. During the interruption
period, application of the PI controller to an active shunt
filter is unable to maintain average Voc (Fig.7 .f) and V¢ to
remain constant, so an average I also decrease to 6,447 A
(Fig. 7.e).
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Table 1 and Fig. 8 show that in sag voltage and irradiance
level of 200W/m? to 1200 W/m?, the 3P3W system using
UPQC-PV with PI controller is still able to maintain an
average load voltage of 310.1 V. However, in the interruption
voltage and irradiance levels are equally sequential, the
average load voltage drops to between 239.2 V and 257 V.
Table 1 and Fig. 9 also show that in sag voltage and
irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W
system uses UPQC- PV with PI controller is still able to
maintain an average load current of 8.589 A. However, in the
scenario of interruption voltage and same irradiance levels,
the average load current drops to between 6.624 A and 7.134
A. Thus, the UPQC-PV system is able maintain a load
voltage, if there is a sag voltage at source bus. Otherwise, in
interruption voltage scenario, the UPQC-PV system has not
been able to maintain load voltage and load current remain
constant.
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Temperature = 25° C and Irradiance = 1000 W/m?

Fig. 8 shows that in sag voltage, the UPQC-PV system at t
=0.2stot=0.5s, irradiance = 1000 W/m? and temperature =
25° C using PI controller, source power value (Ps) decreased to
2700 W. Series power (Pse) increased by 2800 W and shunt
power (Psn) decreased by -1800 W, PV power by 650 W, so
that load power (P.) value is equal to 3715 W. Fig. 9 shows
that in interruptions voltage, UPQC-PV system att =0.2stot
= 0.5 s, irradiance = 1000 W/m? and temperature = 25° C, the
value of the source power (Ps) drops to 0 W. The series power
(Pse) increases by 6000 W and shunt power (Psh) decreased by -
3100 W, and PV power increased by 1300 W, so that the load
power (P.) dropped to 2600 W.

TABLE Il. POWER TRANSFER IN UPQC-PV SYSTEM

Irr I_Dower Transfer (Watt) Eff
(W/m?) Source Series Shunt Load PV (%)
Power Power Power Power Power
Sag Voltage and T=25° C
200 2700 2800 -1720 3715 680 83.30
400 2455 2550 -1200 3714 920 78.60
600 2455 2550 -1200 3714 920 78.52
800 2534 2620 -1332 3714 810 80.18
1000 2700 2800 -1800 3715 650 85.40
1200 2960 3080 -2250 3715 500 86.59
Interruption Voltage and T=25°C
200 0 4950 -2000 2675 1440 60.93
400 0 4600 -1500 2805 1620 59.43
600 0 4650 -1515 2800 1635 58.70
800 0 4895 -1850 2754 1544 60.01
1000 0 4900 -1900 2650 1300 61.63
1200 0 4850 -1930 2560 1300 59.79
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Table 2 and Fig. 12 show that in sag voltage and
irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W
system uses UPQC-PV with PI still able to maintain active
power above 3714 W. However, in the interruption voltage
and same irradiance level, active load power drops to between
2560 W and 2805 W. Table 2 and Fig. 13 also show that in
sag voltage and irradiance levels of 200 W/m? to 1200 W/m?,
the 3P3W system uses UPQC-PV with PI still able to
generate PV power between 500 W to 920 W. In the scenario
of interruption voltage and irraradiation levels with the same
sequence, the PV power increases between 1300 W to 1635
W. However, the increase on PV power in interruption
voltage has not been able to meet power on load side so that
load power finally drops to 2650 W.

Fig. 14 shows that in sag voltage and irrradiance level of
200 W/m? to 1200 W/m?, the 3P3W system using UPQC-PV
with PI controller is able to produce a system efficiency of
78.60% to 86.59%. Otherwise, in the interruption voltage
and irrradiance increases, the efficiency of UPQC-PV
decreases between 58.70% to 61.63%.
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Fig. 14. Efficiency of UPQC-PV system under sag and interruption
V. CONCLUSSION

The analysis of UPQC-PV system model has been
presented in this paper. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency of
50 hertz, through UPQC-DC link circuit. This system is used
to maintain and supply sensitive loads. This reseach shows
that in sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system uses UPQC-PV with PI still able to
maintain active load power above 3714 W. However, in the
interruption voltage and same irradiance level, the active load
power drops to between 2560 W and 2805 W. This paper also
show that in sag voltage and same irradiance level, the 3P3W
system uses UPQC-PV with PI still able to generate PV
power between 500 W to 920 W. In the scenario of
interruption voltage and same irradiance levels, the power
that can be generated by PV increases between 1300 W to
1635 W. However, the increase on PV power in the
interruption voltage has not been able to meet active load
power so it finally drops to 2650 W.

APPENDIX

Three phase grid: RMS voltage 380 volt (L-L), 50 Hz,
line impedance: Rs = 0.1 Ohm L = 15 mH; series and shunt
active filter: series inductance Ls = 0.015 mH; shunt
inductance Lsy» = 15 mH; injection transformers: rating 10
kVA, 50 Hz, turn ratio (Ni/N2) = 1:1; sensitive load:
resistance R, = 60 ohm, inductance L. = 0.15 mH, load
impedance R; = 0.4 ohm and L. = 15 mH; unbalance load:
resistance Ry = 24 ohm, R, = 12 ohm, and Rz = 6 ohm,
capacitance C1,C,, C3 = 2.2 uF; DC-link: voltage Vpc = 650
volt and capacitance Cpc = 3000 uF; photovoltaic: active
power = 0.6 KW temperature = 25° C, irradiance = 1000

W/m?; P1 controller: K, = 0.2, Ki = 1.5; input: error (V) and
delta error (AV¢c); output: instantaneous p, .

ACKNOWLEDGMENTS
This work was supported by Directorate of Research
and Community Service, Directorate General of Research
and Development Strengthening, Ministry of Research,
Technology, and Higher Education, Republic of Indonesia,
through Fundamental Research base on Decree Letter
Number:  7/E/KPT/2019 and  Contract  Number:
229/SP2H/DRPM/2019 on 11 March 2019,
008/SP2H/LT/MULTI/L7/2019 on 26 March 2019, and
170/LPPM/IV/2019/UB on 4 April 2019.

REFERENCES

[1] B.Han, B. Hae, H. Kim, and S.Back, "Combined Operation of UPQC
With Distributed Generation", IEEE Transactions on Power Delivery,
Vol. 21, No. 1, pp. 330-338, 2006.

[2] V. Khadkikar, "Enhanching Electric Power Quality UPQC: A.
Comprehensive  Overview", |EEE Transactions on Power
Electronics, Vol. 27, No. 5, pp. 2284-2297, 2012.

[3] S. Devassy and B. Singh, "Design and Performance Analysis of
Three-Phase Solar PV Integrated UPQC", Proc. of IEEE 6th Inter.
Conference on Power Systems (ICPS), New Delhi, India, 2016.

[4] S. K. Dashand P. K. Ray, "PQ Improvement Utilizing PV Fed UPQC
Based on UV-PI and PR-R Controller", CPSS Transactions on Power
Electronics and Applications, Vol. 3, Issue. 3, pp. 243-253, 2018.

[5] S. K. Dash and P. K. Ray, "Investigation on The Performance of PV-
UPQC Under Distorted Current and VVoltage Conditions", Proc. of 5th
Inter. Conference on RE: Generation and Applications (ICREGA),
Al Ain, UAE, pp. 305-309, 2018

[6] Y. Bouzelata, E. Kurt, R. Chenni, and N. Altin, "Design and
Simulation of UPQC Fed by Solar Energy", Inter. Journal of
Hydrogen Energy, Vol. 40, pp. 15267-15277, 2015.

[71 S. C. Ghoshand and S. B. Karanki, "PV Supported UPQC Using
Space Vector Pulse Width Modulation”, Proc. of 2017 National
Power Electronics Conference (NPEC) College of Engineering, Pune,
India, pp. 264-268, 2017.

[8] R. Senapati, R. N. Senapati, P. Behera, and M. K. Moharana,
"Performance Analysis of UPQC in a Grid connected PV System",
Proc of Inter. Conf. on Signal Processing, Comm., Power and
Embedded System 2016, Paralakhemundi, India, pp. 416-420, 2017.

[91 J. Jayachandran and R. Murali Sachithanandam, ‘Performance
Investigation of UPQC Using Artificial Intelligent Controller", Inter.
Review on Modelling Simulation, Vol 8, No 1. (2015).

[10] K. Ramalingeswara Rao and K.S. Srikanth, "Improvement of Power
Quality using FLC In Grid Connected PV Cell Using UPQC”,
IJPEDS, Vol. 5, No. 1, pp. 101-111, 2014.

[11] K.S. Srikanth, Krishna Mohan T, P. Vishnuvardhan, "Improvement
of PQ for Microgrid Using Fuzzy Based UPQC Controller”, Proc. of
Inter. Conf. on EE Signals, Com. and Optimization (EESCO),
Visakhapatnam, India, pp. 1-6, 2015.

[12] Amirullah, Ontoseno Penangsang, and Adi Soeprijanto, “High
Performance of Unified Power Quality Conditioner and Battery
Energy Storage Supplied by Photovoltaic Using Artificial Intelligent
Controller”, International Review on Modelling and Simulations
(IREMOS.), Vol. 11, No. 4, pp. 221-234, 2018.

[13] A.R. Reisi, M.H. Moradi, H. Showkati, "Combined Photovoltaic and
UPQC to Improve PQ", Solar Energy, Vol. 88, pp.154-162, 2013.

[14] S. Y. Kamble and M. M. Waware, "UPQC for PQ Improvement",
Proc. of Inter. Multi Conf. on Auto. Comp., Com., Control and
Comp. Sensing (iMac4s), Kottayam, India, pp. 432-437, 2013.

[15] M. Hembram and A. K. Tudu, Mitigation of PQ Problems Using
UPQC,Proc. Third Inter. Conf. on Comp., Com., Control and
Information Tech. (C3IT), pp.1-5, Hooghly, India, 2015.

[16] Y. Pal, A. Swarup, and B. Singh, "A Comparative Analysis of
Different Magnetic Support Three Phase Four Wire UPQCs — A
Simulation Study”, Elect. Power and Energy System, Vol. 47 pp.
437-447, 2013.

[17] M. Ucar and S. Ozdemir, "3-Phase 4-Leg Unified Series—Parallel
Active Filter System with Ultracapacitor Energy Storage for
Unbalanced Voltage Sag Mitigation, Electrical Power and Energy
Systems, Vol. 49, pp. 149-159, 2013.


https://ieeexplore.ieee.org/author/37847802200
https://ieeexplore.ieee.org/author/37085355865
https://ieeexplore.ieee.org/xpl/conhome/7579440/proceeding
https://ieeexplore.ieee.org/xpl/conhome/7579440/proceeding
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7873541
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=7873541
http://www.praiseworthyprize.org/jsm/index.php?journal=iremos&page=issue&op=view&path%5B%5D=208
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7227935
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7227935
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Swapnil%20Y.%20Kamble.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Madhukar%20M.%20Waware.QT.&newsearch=true
http://ieeexplore.ieee.org/document/6526450/
http://ieeexplore.ieee.org/document/6526450/
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6520973
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6520973
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mihir%20Hembram.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ayan%20Kumar%20Tudu.QT.&newsearch=true
http://ieeexplore.ieee.org/document/7060174/
http://ieeexplore.ieee.org/document/7060174/
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7055073
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7055073

Lampiran 2.4

Revisi pertama makalah



Power Transfer Analysis Using UPQC-PV System
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Abstract— This paper presents an analysis of the Unified
Power Quality Conditioner-Photovoltaic (UPQC-PV) system
under sag and interruption voltage with variable irradiance.
The PV is connected to a three-phase three-wire (3P3W)
distribution system with 380 volts (L-L) and a frequency of 50
hertz, through UPQC-DC link. This system is used to maintain
and supply sensitive loads. This paper shows that in the sag
voltage and irradiance levels of 200 W/m? to 1200 W/m?, the
3P3W system uses UPQC-PV with proportional-integral (PI)
still able to maintain the active load power above 3714 W.
However, in the interruption voltage and same irradiance level,
the load active power drops to between 2560 W and 2805 W.
This research also shows that in the sag voltage and same
irradiance levels, the 3P3W system uses UPQC-PV with PI still
able to generate PV power between 500 W to 920 W. In the
interruption voltage and same irradiance levels, the power that
can be generated by PV increases between 1300 W to 1635 W.
Otherwise, at 25° C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load active
power consumption, so it finally drops to 2650 W. This paper is
simulated using Matlab/Simulink.

Keywords—UPQC, Photovoltaic, Sag, Interruption, Irradiance

I. INTRODUCTION

The decreasing of fossil energy sources and increasing
concerns about environmental impacts have caused
renewable energy (RE) sources i.e., photovoltaic (PV) and
wind, to develop into alternative energy on power generation.
Solar or PV generator is one of the most potential RE
technologies because it only converts sunlight to generate
electricity, where the resources are available in abundant and
they are free and relatively clean. Indonesia has a huge
energy potential from the sun because it is located in the
equator. Almost all regions of Indonesia receive around 10 to
12 hours of sunshine per day, with an average irradiation
intensity of 4.5 kWh/m? or equivalent to 112.000 GW.

Even though, PV can generate power, this device also
has a disadvantage: it results in several voltage and current
disturbances, as well as harmonics due to the presence of
several types of PV devices and power converters and
increasing the number of non-linear loads connected to the
source, causing a decrease in power quality (PQ). To
overcome this problem and to improve PQ due to the
presence of non-linear load and integration of PV into the
grid, UPQC is proposed. This device has been a function to
compensate for problems of voltage source quality i.e. sag,
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swell, unbalance, flicker, harmonics, and load current quality
problems i.e. harmonics, imbalance, reactive current, and
neutral current. UPQC is part of an active power filter
consisting of a shunt active filter and series active filter
connected in parallel and serving as a superior controller to
solve several PQ problems simultaneously [1]. UPQC series
component is responsible for reducing the number of
disturbances on source side i.e. sag/swell voltage, flicker,
unbalanced voltage, and source voltage harmonics. This
equipment has served to inject a certain amount of voltage to
keep load voltage at desired level so that it returns to balance
and distortion-free. UPQC shunt component is responsible
for overcoming current quality problems i.e. low power
factor, load current harmonics, and unbalanced currents. This
equipment has been a function of injection current into the
AC system so that the current source becomes a balanced
sinusoidal and in phase with source voltage [2]. The design
and dynamic performance of integrated PV with UPQC
(PV-UPQC) under variable irradiance condition and voltage
sag/swell, and load unbalance has been investigated [3]. The
proposed system was able to combine both the benefits of
distributed generators (DGs) and active power filters. The
PV-UPQC combination was also able to reduce harmonics
due to nonlinear loads and was able to maintain total
harmonics distortion (THD) of grid voltage, load voltage and
grid current below the IEEE-519. The system was found to be
stable under radiation variations, voltage sag/swell, and load
unbalances conditions.

The dynamic performance-based auto-tuned PI for
UPQC-PV system has been analyzed [4]. This online
optimization methodology is implemented for PV-UPQC to
determine the best value of PI gain. The Vector-Proportional
Integral (UV-PI) and Proportional Resonant-Response
(PR-R) controllers in shunt and series converters significantly
increase PV-UPQC performance by reducing convergence
time, settling time, switching harmonics, complexity, and
dynamic response so that they become more effective.
PV-UPQC performance using a control algorithm based on
Synchronous Reference Frame (SRF) with the Phase Lock
Loop (PLL) mechanism has been presented [5]. Unbalanced
load voltage containing harmonics and pure unbalanced pure
load voltage has been compensated and balanced so that the
load voltage is maintained constant. UPQC was supplied by
64 PV panels using boost converters, PI controllers,



maximum power point tracking (MPPT) with Perturb and
Observer (P and O), and having a momentary reactive power
theory (p-q theory) which has been proposed [6]. The system
has successfully carried out reactive power compensation and
reduced source current and load voltage harmonics.
However, this study did not address the mitigation of sag
voltage and other disturbances caused by PV penetration.

PV supported by UPQC using Space Vector Pulse
Width Modulation (SVPWM) compared to hysteresis control
in a three-phase distribution system has been proposed [7].
The system was used to improve PQ and to reduce the burden
of 3 phase AC network by supplying power obtained from
PV. The UPQC system can supply reactive power needed to
increase power factor, reduce voltage and current distortion,
and PV helps active injection power into the load. A
conceptual study of UPQC on three-phase four-wire (3P4W)
system connected to linear and non-linear loads
simultaneously has been carried out [8]. The sinusoidal
current control strategy drives UPQC in such a way that the
supply system has drawn a constant sinusoidal current under
steady-state conditions. Besides, the shunt converter also
produced reactive power as required by load so that it can
improve power factor and reduce THD of source current.

Artificial neural networks based on SRF theory as a
control to compensate for PQ problems of 3P3W system
through UPQC for various balanced/unbalanced/distorted
conditions at load and source have been proposed [9]. The
proposed model has successfully mitigated harmonic/reactive
currents, unbalanced source and load, and unbalanced
current/voltage. Investigation on enhancements PQ including
sag and source voltage harmonics on the grid using UPQC
provided by PV array connected to DC links using PI
compared to FLC has been conducted [10]. The simulation
shows that FLC on UPQC and PV could increase THD
voltage source better than PI. The improvement of PQ using
UPQC on microgrid supplied by PV and wind turbine have
been implemented using PI and FLC. Both methods can
improve PQ and to reduce distortion in output power [11].
Research on the use of Battery Energy Storage (BES) in
UPQC supplied by PV to improve PQ in 3P3W system using
FLC validated PI on various disturbances in source and load
side has been investigated [12]. The research showed that
FLC on the UPQC-Battery Energy Storage (BES) system
supplied by PV was able to significantly reduce load current
harmonics and source voltage harmonics in the number of
disturbances, especially in interruption voltage that occurs on
the source bus.

This research presents an analysis of the UPQC-PV
system model under sag and interruption voltage with
variable irradiance. The PV is connected to a 3P3W system
with 380 volts (L-L) and a frequency of 50 hertz, through
UPQC-DC link. This system is used to maintain load voltage
and load active power constant, as well as to supply sensitive
loads. This paper is presented as follows. Section 2 explains
the proposed method, UPQC-PV model, parameter
simulation, PV model, active filter series and shunt filter
control, application of PI, as well as UPQC model efficiency.
Section 3 shows results and discussion of load voltage, load
current, source active power, load active power, series active
power, shunt active power, PV power using PI. In this
section, six disturbance scenarios are presented and the
results are verified with Matlab/Simulink. Finally, this paper
is concluded in Section 4.

II. RESEARCH METHOD
A. Proposed Method

Fig. 1 shows the proposed model in this paper. The PV is
connected to a 3P3W distribution system with 380 volts (L-L)
and a frequency of 50 hertz, through UPQC-DC link circuit.
This system is known as the UPQC-PV system and it is used
to maintain and supply sensitive loads. The PV array
generates DC power at a constant temperature, variable solar
irradiance, and it is connected to DC-link via a DC-DC boost
converter. The MPPT method with the P and O algorithm
helps PV to generate maximum power, result in an output
voltage, which then becomes an input voltage for the DC-DC
boost converter. This device has a function to adjust duty
cycle value with PV output voltage as an input voltage to
produce output voltage according to the DC-link voltage of
UPQC. The PV has been a function as an alternative source by
injecting power to keep load voltage constant, in the case of an
interruption voltage that occurs on the source or points
common coupling (PCC) bus.

The analysis of the proposed model is carried out by
determining sag and interruption voltage scenarios on the
source bus in 3P3W using the UPQC-PV system. The
measurement parameters are carried out at fixed temperature
(T =25° C) and variable irradiance i.e. 200 W/m?, 400 W/m?,
600 W/m?2, 800 W/m?, 1000 W/m? and 1200 W/m?. Each
disturbance scenario at variable irradiance level amounts to 6
disturbance, so the total number of scenarios is 12
disturbances. The UPQC-PV system uses PI to maintain
voltage in a series active filter and current in an active shunt
filter to keep the voltage at sensitive loads remains constant.
The parameters investigated i.e. voltage and current on source
bus, voltage and current on load bus, active source power,
series active power, shunt active power, load active power,
and PV power. The next step is to determine the efficiency
value of the UPQC-PV system on sag and interruption voltage
scenario in variable irradiance to show the contribution of PV
in the mitigation of both voltage disturbances on source bus.
Fig. 2 shows power transfer using the UPQC-PV system.
Then, the simulation parameters for the proposed model are
shown in Appendix Section.
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B. Modeling of PV Array

Fig. 3 shows the equivalent circuit and V-I
characteristics of a solar panel. It consists of several PV cells
that have external connections in series, parallel, or both
combination [13].

Ipy o R I

D v

Fig. 3. Equivalent circuit of solar panel

The characteristic of V-I is shown in Eq. (1):
g V4+RsI\ _ 1] _ V+Rsl
1_m,gkm(aw) 1] = (1)

Where Ip, is PV current, I, is saturated reverse
current, 'a’ is the ideal diode constant, Vt = NgKTq™ ! is the
thermal voltage, Ns is the number of series cells, q is
electron charge, K is Boltzmann constant. T is temperature
p-n junction. Rg and Rp are series and parallel resistance of
the solar panels. Ip;, has a linear relationship with the light
intensity and also varies with temperature variations. I, is
dependent value on the temperature variations. The value of
Ipy and I, are determined using Eq (2) and Eq. (3):

Ipy = (IPV,n + KIAT)GG_n (2)

IscntKiAT
I, = n (3)
exp(Vocn+KyAT)/aVe—1

Where [ pvn s Ilscn, and Voo, are PV current,
short-circuit current, and open-circuit voltage under standard
conditions (T, =25°C and G, = 1000 W/m?),
respectively. The Kjvalue is a coefficient of short circuit
current to temperature, AT =T —T, is temperature
deviation from standard temperature, G is light intensity and
K, is a coefficient of open-circuit voltage ratio to
temperature. Open-circuit voltage, short-circuit current, and
voltage-current related to maximum power are three
important values of I-V characteristics of a solar panel. These
points are changed by variation in atmospheric conditions.
By using Eq. (4) and Eq. (5) derived from PV model,
short-circuit current, and open-circuit voltage can be
calculated under different atmospheric conditions.

G
Isc = (Isc + KIAT)E 4
Voc = Voc + KvAT) )

C. Control of Series Active Filter

The main function of a series active filter is to protect
the sensitive load from several voltage disturbances at the
PCC bus. The algorithm of a source voltage and a load
voltage control strategy in a series active filter circuit is
shown in Fig. 4. This control strategy generates the unit
vector template from a distorted input source. Then, the
template is expected to be an ideal sinusoidal signal with a
unity amplitude. Then, the distorted source voltage is
measured and divided by peak the amplitude of base input
voltage 1}, as stated in Eq. (6) [6].

2
Vo = [+ V5, + 2 ©)

Sensed Load

V., = Peak fund Voltage
input voltage magnitude | Via Vi Vie
(IR 2N
Vse sinwy | Vi, L
K .
Sensed Three Functionto | .. PWM [—
Source E—>_> Phase [— get Sin (wt) Sin (Wt'z'v_’g}ﬁu; Voltage —
K PLL terms onl Controller —
Voltage Y lsinwes2m| v .
S X -

Gating Signals

Fig. 4 Series active filter control

A three-phase PLL is used to produce sinusoidal unit
vector templates with phase lagging through the use of sine
function. The load voltage of the reference signal is
determined by multiplying unit vector templates by the peak
value of base input voltage amplitude V,, . The load
reference voltage (V;/,, V53, V/.) is then compared with
sensed load voltage (Vi 4, Vip, Vi) with a PWM controller
which is used to generate the desired trigger signal in a series
active filter. Fig. 4 shows the control of a series active filter.

D. Control of Shunt Active Filter

The main function of an active shunt filter is to mitigate
PQ problems on the load side. The control methodology of a
shunt active filter is that the absorbed current from the PCC
bus is a balanced positive sequence current including an
unbalanced sag voltage on the PCC bus, an unbalanced, or a
non-linear load. To obtain satisfactory compensation caused
by interference due to non-linear load, many algorithms have
been used in some references. This research uses the method
of instantaneous reactive power theory or "p-q" theory. The
voltages and currents in Cartesian coordinates can be
transformed into Cartesian coordinates of} as stated in Eq. (7)
and Eq. (8) [6].

_ _ A
al=lo sl ¢
k1=l v —vr ®

Calculation of real power (p) and imaginary power (q)
is shown in Eq. (9). Real and imaginary power are measured
power instantaneously and expressed in matrix form. The
presence of mean and fluctuating components in an
instantaneous component is shown in Eq. (10) [14].

Bl =125, ] ©)

p=p+P ; q=q+4q (10)

Where p = the average component of real power, § =
the fluctuating component of real power, § = the average
component of imaginary power, § = the fluctuating
component of imaginary power. The total of imaginary
power (q) and fluctuating components of real power (p) is
selected as power references and current references and is
utilized through the use of Eq. (10) to compensate for
harmonics and reactive power [15]. Fig. 5 shows a shunt
active filter control [15].
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Fig. 5. Shunt active filter control

The p,,ss signal is obtained from the voltage regulator
and is used as average real power. It can also be expressed as
instantaneous active power associated with resistive losses
and switching losses from UPQC. The error is obtained by
comparing the actual value of DC-link capacitor voltage with
the reference value processed using a PI controller, driven by
a closed voltage control to minimize steady-state errors from
voltage through DC-link circuit to zero. The compensation
current (i, iZB) is needed to meet load power demand as
shown in Eq. (12). The current is expressed in coordinates
a — fB. The compensation current is used to obtain the source
phase current by using Eq. (13) for compensation. The source
phase current (igq,is5q,15¢) 1S expressed in the abc axis

obtained from the compensation current in a—f
coordinates and is presented in Eq. 12 [15] .
i;a 1 0 i
i =\ﬁ -1/2  +3/2 [.i“] (12)
¥ 3 lCﬁ
il -1/2 —+/3/2

To operate properly, The UPQC-PV must have a
minimum DC-link voltage (V) . The general DC-link
voltage value depends on the instantaneous energy that can
be generated by UPQC which is defined in Eq.13 [16]:

2,/2V
Vac = \/—3—mLL (13)

Where m is the modulation index and V;; is the voltage
of UPQC. Considering the modulation index of 1 and the grid
voltage between line-line (V;,;, = 380V), V4. is obtained
620.54 V and chosen as 650 V.

The input of active shunt filter shown in Fig. 6 is DC
voltage (V;.) dan DC voltage reference (V;.), while the
output is Pj,ss using the PI controller. Furthermore, Pj,¢s of
the input variables produce a reference source current
(isq,isar isq). Then, the reference source current output is
compared with the current source (is,, isp, isc) by hysteresis
current controller to generate a trigger signal in the IGBT
circuit of shunt active filter. In this paper, the PI controller as
a DC voltage control algorithm on an active shunt filter, is
proposed.

D. Efficiency of UPQC-PV

The research on the use of 3-Phase 4-Leg Unified
Series-Parallel Active Filter Systems using Ultra Capacitor
Energy Storage (UCES) to mitigate sag and unbalance
voltage has been investigated [17]. In this paper, it is found

that the implementation of UCES can help the system
reduce source current compensation when sag voltage on
source bus to keep load voltage constant and balanced.
During disturbance, UCES generates extra power flow to
load through a series active filter via dc-link and a series
active filter to load. Although providing an advantage of sag
voltage compensation, the use of UCES in this proposed
system is also able to generate losses and to reduce the
efficiency of the system. Using the same procedure, the
authors propose Eq. (14) for efficiency of UPQC-PV in the
formula below.

Eff (%) — PSource+PSerie;:0P§;mnt+PPV+PBES (14)

III. RESULT AND DISCUSSION

The proposed model analysis is UPQC connected 3P3W
(on-grid) system through a DC link supplied by PV known as
UPQC-PV system. The system then supplies sensitive voltage
devices on the load bus. There are two disturbances scenario
i.e. sag voltage (Sag) and interruption voltage (Inter). In the
sag voltage scenario, the system is connected to a sensitive
load and the source has a 50% sag voltage disturbance for 0.3
s between t = 0.2 s to t = 0.5 s. In the interruption voltage
scenario, the system is connected to a sensitive load and the
source experiences a 100% source voltage interruption for 0.3
sbetweent=0.2 stot=0.5s. The UPQC-PV system uses a PI
controller with constant K, and K; are 0.2 and 1.5,
respectively. PI controller is used as a DC voltage controller
on an active filter series and current controller on active shunt
filter to keep load voltage constant in case of disturbance
voltage happens on the source bus.

The proposed model analysis is carried out by determining
sag voltage and interruption voltage on the source bus in
3P3W of the UPQC-PV system. The measurement parameters
are carried out at fixed temperature conditions (T =250 C) and
the different radiation i.e. 200 W/m?, 400 W/m?, 600 W/ m?,
800 W/m?, 1000 W/m? and 1200 W/m?. The disturbance
scenarios at the variable irradiance level amounts to 6
disturbances so that the total number of scenarios is 12
interruptions. The UPQC-PV system uses controls mounted
on the 3P3W System to keep the voltage at sensitive loads
remains constant. Then, using Matlab/Simulink, the model is
run following with the scenario that was previously desired to
obtain the source voltage curve (Vs), load voltage (V,),
compensation voltage (V), source current (I), load current
(1), and DC-Link voltage (V). Based on this curve, the
average values of source voltage, load voltage, source current
and load current are obtained from value of each phase of
voltage and current parameters previously obtained. The next
research is determining the value of power transfer of active
source power, active series power, active shunt power, active
load power, PV power contribution, and system efficiency.
The measurement of the value of phase voltage, phase current,
power transfer, and PV power is determined in one cycle,
starting at t = 0.35 s. The results of the average source voltage,
source current, load voltage, and load current in the
UPQC-PV system model are presented in Table 1.



TABLE I. VOLTAGE AND CURRENT USING UPQC-PV SYSTEM UNDER SAG AND INTERRUPTION WITH VARIABLE IRRADIANCE LEVEL

Irr Source Voltage Vs (Volt) Load Voltage V,, (Volt) Source Current Is (Ampere) Load Current I, (Ampere)
(Wim? | PhA | PhB [ PhC | Avg | PhA | PhB | PhC | Avg | PhA | PhB | PhC Avg | PhA [PhB [ PhC [ Avg
Sag Voltage and T =25°C
200 153.9 153.9 153.9 153.9 | 310.1 | 310.1 310.1 310.1 11.77 11.79 11.35 11.63 8.590 | 8.589 | 8.587 | 8.589
400 154.1 154.1 154.1 154.1 | 310.1 | 310.1 310.1 310.1 10.91 10.98 10.94 10.94 | 8.589 | 8.590 | 8.588 | 8.589
600 154.1 154.1 154.1 154.1 | 310.1 | 310.1 310.1 310.1 10.92 10.88 10.98 10.93 8.589 | 8.588 | 8.589 | 8.589
800 154.0 | 154.0 154.0 154.0 | 310.1 | 310.1 310.1 310.1 11.45 10.38 11.49 11.11 8.588 | 8.589 | 8.589 | 8.589
1000 153.8 153.8 153.8 153.8 | 310.1 | 310.1 310.1 310.1 13.39 13.33 13.41 13.38 | 8.589 | 8.589 | 8.588 | 8.589
1200 153.8 153.8 153.8 154.8 | 310.1 | 310.1 310.1 310.1 13.69 13.58 13.69 13.65 | 8.589 | 8.589 | 8.588 | 8.589
Interuption Voltage and T = 25" C
200 1.229 1.350 1.274 1.284 | 232.8 | 2532 2472 2444 11.65 12.65 12.23 12.18 | 6.561 | 6.798 | 6.974 | 6.778
400 1.322 1.416 1.367 1.368 | 245.7 | 2642 261.1 257.0 12.22 12.66 12.87 12.51 6.946 | 7.051 | 7.396 | 7.131
600 1.333 1.414 1.363 1.370 | 246.6 | 263.9 261.8 2574 12.25 12.57 12.85 12.56 | 6.964 | 7.033 | 7.406 | 7.134
800 1.304 | 1.385 1.344 1.341 | 240.1 | 258.5 255.8 251.5 12.13 12.37 12.71 12.40 | 6.788 | 6.885 | 7.234 | 6.969
1000 1.190 | 1.316 1.237 1.247 | 2292 | 249.1 242.8 240.4 11.31 11.86 11.91 11.69 | 6443 | 6.698 | 6.289 | 6.477
1200 1.227 1.319 1.269 1.272 | 227.5 | 246.8 243.7 239.2 11.50 11.80 12.06 11.78 | 6.433 | 6.557 | 6.882 | 6.624
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Fig 6. Performance of UPQC-PV system under sag voltage with temperature 25° C and irradiance 1000 W/m?
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Fig 7. Performance of UPQC-PV system under interruption voltage with temperature 25°C and irradiance 1000 W/m?

Fig. 6 shows that in sag voltage, the UPQC-PV system at t
=0.2stot=0.5s,irradiance = 1000 W/m? and temperature =
25°% using PI control, the average source voltage (Vs) (Fig.
6.a) decreased by 50% from 310.1 V to 153.8 V (Fig. 6.b).
During this duration, the average source current (Is)
increases slightly to 13.38 A (Fig. 6.d) because the PV
contributes power to the load through a DC-link series active
filter by injecting a compensation voltage (V) of 156.3 V
(Fig. 6.c) through the injection transformer in the active series
filter so that an average load voltage (V) remains stable at
310.1 V (Fig. 6.b). At the same time, the PI controller on shunt
active filter works to keep DC voltage (Vp) stable and the
average current source (I) increases close to 13.38 A (Fig.

6.d) to keep the average (I;) stable at 8,589 A (Figure 6.¢).

Fig. 7 shows that in the interruption voltage scenario, the
UPQC-PV system at t = 0.2 s to t = 0.5 s, irradiation = 1000
W/m2 and temperature = 25° using PI controller, the average
Vs drops by 100 % to 1.247 V (Fig. 7.a). Under these
conditions, the UPQC-PV system is unable to produce
maximum power to UPQC DC-link circuit and injects the
average V. (Fig. 7.c) through injection transformer in the
active series filter. Soatt=0.2 stot=0.5, the average V; (Fig.
7.b) decreases to 240.4 V. During the interruption period, the
application of a PI controller to the active shunt filter is unable
to maintain the average Vp. (Fig.7.f) and V¢ to remain
constant, so an average [; also decreases to 6,447 A (Fig. 7.e).
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Fig. 9. The average load current of UPQC-PV system

Table 1 and Fig. 8 show that in sag voltage and irradiance
level of 200W/m? to 1200 W/m?, the 3P3W system using
UPQC-PV with PI controller still can maintain the average
load voltage (V;)of 310.1 V. However, in the interruption
voltage and the irradiance levels, are equally sequential, the
average load voltage (V,)drops to between 239.2 V and 257
V. Table 1 and Fig. 9 also show that in the sag voltage and the
irradiance levels of 200 W/m? to 1200 W/m? the 3P3W
system uses UPQC-PV with PI controller is still able to
maintain the average load current (I;) of 8.589 A. However,
in the scenario of the interruption voltage and same irradiance
levels, the average load current (/;) drops to between 6.624 A
and 7.134 A. Thus, the UPQC-PV system can maintain the
load voltage (V), if there is the sag voltage happens at the
source bus. Otherwise, in the interruption voltage scenario, the
UPQC-PV system can not maintain load voltage (V,), and the
load current (I;) remains constant.
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temperature = 25° C and irradiance = 1000 W/m?

Fig. 10 shows that in sag voltage, the UPQC-PV system
att=0.2stot=0.5s, irradiance = 1000 W/m? and temperature
= 25% C using PI controller, source power value (Ps)
decreases to 2700 W. Series power (Pg,) increased by 2800
W and shunt power (Pg;,) decreased by -1800 W, PV power
by 650 W, so that load power (P,) value is equal to 3715 W.
Fig. 11 shows that in interruption voltage, UPQC-PV system
att=0.2stot=0.5s, irradiance = 1000 W/m? and temperature
=25° C, the value of the source power (Pg) dropsto 0 W. The
series power (Pg.) increases by 4900 W and shunt power
(Pgp,) decreases by -1900 W, and PV power (Ppy) increases
by 1300 W, so that the load power (P,,) dropped to 2650 W.

Table 2 and Fig. 12 show that in sag voltage and
irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W
system uses UPQC-PV with PI still able to maintain active
power above 3714 W. However, in the interruption voltage
and same irradiance level, active load power (P,) drops to
between 2560 W and 2805 W. Table 2 and Fig. 13 also show
that in sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system uses UPQC-PV with PI still able to
generate PV power (Ppy) between 500 W to 920 W. In the
scenario of interruption voltage and irradiance levels with the
same condition, the PV power increases (Pp;,) between 1300
W to 1635 W. However, the increase on PV power (Ppy) in
interruption, voltage has not been able to meet power on load

side so that load power (P,,) Finally it drops to 2650 W.
TABLE II. POWER TRANSFER IN UPQC-PV SYSTEM

Irr Power Transfer (Watt) Eff
W /m?) Source Series Shunt Load PV (%)
Power Power Power Power Power
Sag Voltage and T=25°C

200 2700 2800 -1720 3715 680 83.30
400 2455 2550 -1200 3714 920 78.60
600 2455 2550 -1200 3714 920 78.52
800 2534 2620 -1332 3714 810 80.18
1000 2700 2800 -1800 3715 650 85.40
1200 2960 3080 -2250 3715 500 86.59

Interruption Voltage and T=25° C

200 0 4950 -2000 2675 1440 60.93
400 0 4600 -1500 2805 1620 59.43
600 0 4650 -1515 2800 1635 58.70
800 0 4895 -1850 2754 1544 60.01
1000 0 4900 -1900 2650 1300 61.63
1200 0 4850 -1930 2560 1300 59.79
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Fig. 13. PV power on UPQC-PV system
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Fig. 14. The efficiency of UPQC-PV system under sag and interruption

Fig. 14 shows that in sag voltage and irradiance level of
200 W/m? to 1200 W/m?, the 3P3W system using UPQC-PV
with PI controller can produce a system efficiency of 78.60%
to 86.59%. Otherwise, in the interruption voltage and
irradiance increases, the efficiency of UPQC-PV decreases
between 58.70% to 61.63%.

I'V. CONCLUSION

The analysis of the UPQC-PV system model has been
presented in this paper. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency of 50
hertz, through UPQC-DC link circuit. This system is used to
maintain and supply sensitive loads. This research shows that
in the sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system using UPQC-PV with PI can
maintain the active load power above 3714 W. However, in the
interruption voltage and same irradiance level, the active load
power drops to between 2560 W and 2805 W. This paper also
shows that in the sag voltage and same irradiance level, the
3P3W system using UPQC-PV with PI can generate PV power
between 500 W to 920 W. In the scenario of the interruption
voltage and same irradiance levels, the power that can be
generated by PV increases between 1300 W to 1635 W.
However, at 25°C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load
power so it finally drops to 2650 W. The increase in PV power
close to load power is proposed to overcome this problem.

APPENDIX

Three-phase grid: RMS voltage 380 volt (L-L), 50 Hz,
line impedance: Rg =0.1 Ohm Lg = 15 mH; series and shunt
active filter: series inductance Lg, 0.015 mH; shunt
inductance Lg, = 15 mH; injection transformers: rating 10
kVA, 50 Hz, turn ratio (N1/N2) = 1:1; sensitive load:
resistance R; = 60 ohm, inductance L; = 0.15 mH, load
impedance R, = 0.4 ohm and L; = 15 mH; unbalance load:
resistance R; = 24 ohm, R,= 12 ohm, and R; = 6 ohm,
capacitance Cy, C,, C3 = 2.2 uF; DC-link: voltage V;. = 650
volt and capacitance C;. = 3000 puF; photovoltaic: active
power Pp, = 0.6 kW temperature = 25° C, irradiance = 1000
W/m?; PI controller: Kp =0.2, K;= 1.5; input: Vye_error and
AV _error; OUtput: instantaneous of power losses  (Pjyss)-
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Abstract— This paper presents an analysis of Unified Power
Quality Conditioner-Photovoltaic (UPQC-PV) system under sag
and interruption voltage with variable irradiance. The PV is
connected to a three phase three wire (3P3W) distribution
system with 380 volts (L-L) and a frequency of 50 hertz,
through UPQC-DC link. This system is used to maintain and
supply sensitive loads. This paper shows that in the sag voltage
and irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W
system uses UPQC-PV with proportional-integral (PI) still able
to maintain the load active power above 3714 W. However, in
the interruption voltage and same irradiance level, the load
active power drops to between 2560 W and 2805 W. This
research also shows that in the sag voltage and same irradiance
levels, the 3P3W system uses UPQC-PV with PI still able to
generate PV power between 500 W to 920 W. In the
interruption voltage and same irradiance levels, the power that
can be generated by PV increases between 1300 W to 1635 W.
Otherwise, at 25° C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load active
power consumption, so it finally drops to 2650 W. This paper is
simulated using Matlab/Simulink.

Keywords—UPQC, Photovoltaic, Sag, Interruption, Irradiance

I. INTRODUCTION

The decreasing of fossil energy sources and increasing
concerns about environmental impacts have caused
renewable energy (RE) sources i.e. photovoltaic (PV) and
wind to develop into alternative energy on power generation.
Solar or PV generator is one of the most potential RE
technologies because it only converts sunlight to generate
electricity, where the resources are available in abundant and
they are free and relatively clean. Indonesia has a huge
energy potential from the sun because it is located in the
equator. Almost all regions of Indonesia receive around 10 to
12 hours of sunshine per day, with an average irradiation
intensity of 4.5 kWh/m? or equivalent to 112.000 GW.

Even though, PV can generate power, this device also
has disadvantage: it results in several voltage and current
disturbances, as well as harmonics due to the presence of
several types of PV devices and power converters and
increasing the number of non-linear loads connected to the
source, causing a decrease in power quality (PQ). To
overcome this problem and to improve PQ due to the
presence of non-linear load and integration of PV into the
grid, UPQC is proposed. This device has been a function to
compensate for problems of voltage source quality i.e. sag,

swell, unbalance, flicker, harmonics, and load current quality
problems i.e. harmonics, imbalance, reactive current, and
neutral current. UPQC is part of an active power filter
consisting of shunt active filter and series active filter
connected in parallel and serving as a superior controller to
solve several PQ problems simultaneously [1]. UPQC series
component is responsible for reducing the number of
disturbances on source side i.e. sag/swell voltage, flicker,
unbalanced voltage, and source voltage harmonics. This
equipment has served to inject a certain amount of voltage to
keep load voltage at desired level so that it returns to balance
and distortion-free. UPQC shunt component is responsible
for overcoming current quality problems i.e. low power
factor, load current harmonics, and unbalanced currents. This
equipment has been a function of injection current into the
AC system so that the current source becomes a balanced
sinusoidal and in phase with source voltage [2]. The design
and dynamic performance of integrated PV with UPQC
(PV-UPQC) under variable irradiance condition and voltage
sag/swell, and load unbalance has been investigated [3]. The
proposed system was able to combine both the benefits of
distributed generators (DGs) and active power filters. The
PV-UPQC combination was also able to reduce harmonics
due to nonlinear loads and was able to maintain total
harmonics distortion (THD) of grid voltage, load voltage and
grid current below the IEEE-519. The system was found to be
stable under radiation variations, voltage sag/swell, and load
unbalance conditions.

The dynamic performance-based auto-tuned PI for
UPQC-PV system has been analyzed [4]. This online
optimization methodology is implemented for PV-UPQC to
determine the best value of PI gain. The Vector-Proportional
Integral (UV-PI) and Proportional Resonant-Response
(PR-R) controllers in shunt and series converters significantly
increase PV-UPQC performance by reducing convergence
time, settling time, switching harmonics, complexity, and
dynamic response so that they become more effective.
PV-UPQC performance using a control algorithm based on
Synchronous Reference Frame (SRF) with the Phase Lock
Loop (PLL) mechanism has been presented [5]. Unbalanced
load voltage containing harmonics and pure unbalanced pure
load voltage has been compensated and balanced so that the
load voltage is maintained constant. UPQC was supplied by
64 PV panels using boost converters, PI controllers,



maximum power point tracking (MPPT) with Perturb and
Observer (P and O), and having a momentary reactive power
theory (p-q theory) which has been proposed [6]. The system
has successfully carried out reactive power compensation and
reduced source current and load voltage harmonics.
However, this study did not address the mitigation of sag
voltage and other disturbances caused by PV penetration.

PV supported by UPQC using Space Vector Pulse
Width Modulation (SVPWM) compared to hysteresis control
in a three-phase distribution system has been proposed [7].
The system was used to improve PQ and to reduce the burden
of 3 phase AC network by supplying power obtained from
PV. The UPQC system can supply reactive power needed to
increase power factor, reduce voltage and current distortion,
and PV helps injection active power into the load. A
conceptual study of UPQC on three-phase four wire (3P4W)
system connected to linear and non-linear loads
simultaneously have been carried out [8]. The sinusoidal
current control strategy drives UPQC in such a way that the
supply system has drawn a constant sinusoidal current under
steady-state conditions. Besides, the shunt converter also
produced reactive power as required by load so that it can
improve power factor and reduce THD of source current.

Artificial neural networks based on SRF theory as a
control to compensate for PQ problems of 3P3W system
through UPQC for various balanced/unbalanced/distorted
conditions at load and source have been proposed [9]. The
proposed model has successfully mitigated harmonic/reactive
currents, unbalanced source and load, and unbalanced
current/voltage. Investigation on enhancements PQ including
sag and source voltage harmonics on the grid using UPQC
provided by PV array connected to DC links using PI
compared to FLC has been conducted [10]. The simulation
shows that FLC on UPQC and PV could increase THD
voltage source better than PI. The improvement of PQ using
UPQC on microgrid supplied by PV and wind turbine have
been implemented using PI and FLC. Both methods can
improve PQ and to reduce distortion in output power [11].
Research on the use of Battery Energy Storage (BES) in
UPQC supplied by PV to improve PQ in 3P3W system using
FLC validated PI on various disturbances in source and load
side has been investigated [12]. The research showed that
FLC on the UPQC-Battery Energy Storage (BES) system
supplied by PV was able to significantly reduce load current
harmonics and source voltage harmonics in the number of
disturbances, especially in interruption voltage that occurs on
the source bus.

This research presents an analysis of the UPQC-PV
system model under sag and interruption voltage with
variable irradiance. The PV is connected to a 3P3W system
with 380 volts (L-L) and a frequency of 50 hertz, through
UPQC-DC link. This system is used to maintain load voltage
and load active power constant, as well as to supply sensitive
loads. This paper is presented as follows. Section 2 explains
the proposed method, UPQC-PV model, parameter
simulation, PV model, active filter series and shunt filter
control, application of PI, as well as UPQC model efficiency.
Section 3 shows results and discussion of load voltage, load
current, source active power, load active power, series active
power, shunt active power, PV power using PI. In this
section, six disturbance scenarios are presented and the
results are verified with Matlab/Simulink. Finally, this paper
is concluded in Section 4.

II. RESEARCH METHOD
A. Proposed Method

Fig. 1 shows the proposed model in this paper. The PV is
connected to a 3P3W distribution system with 380 volts (L-L)
and a frequency of 50 hertz, through UPQC-DC link circuit.
This system is known as the UPQC-PV system and it is used
to maintain and supply sensitive loads. The PV array
generates DC power at a constant temperature, variable solar
irradiance, and it is connected to DC-link via a DC-DC boost
converter. The MPPT method with the P and O algorithm
helps PV to generate maximum power, result in an output
voltage, which then becomes an input voltage for the DC-DC
boost converter. This device has a function to adjust duty
cycle value with PV output voltage as an input voltage to
produce output voltage according to the DC-link voltage of
UPQC. The PV has been a function as an alternative source by
injecting power to keep load voltage constant, in the case of an
interruption voltage occurs on the source or point common
coupling (PCC) bus.

The analysis of the proposed model is carried out by
determining sag and interruption voltage scenarios on the
source bus in 3P3W using the UPQC-PV system. The
measurement parameters are carried out at fixed temperature
(T =25° C) and variable irradiance i.e. 200 W/m?, 400 W/m?,
600 W/m?2, 800 W/m?, 1000 W/m? and 1200 W/m?. Each
disturbance scenario at variable irradiance level amounts to 6
disturbance, so the total number of scenarios is 12
disturbances. The UPQC-PV system uses PI to maintain
voltage in a series active filter and current in a shunt active
filter to keep the voltage at sensitive loads remains constant.
The parameters investigated i.e. voltage and current on source
bus, voltage and current on load bus, source active power,
series active power, shunt active power, load active power,
and PV power. The next step is to determine the efficiency
value of the UPQC-PV system on sag and interruption voltage
scenario in variable irradiance to show the contribution of PV
in mitigation of both voltage disturbances on source bus. Fig.
2 shows power transfer using the UPQC-PV system. Then,
the simulation parameters for the proposed model are shown
in Appendix Section.
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B. Modeling of PV Array

Fig. 3 shows the equivalent circuit and V-I
characteristics of a solar panel. It consists of several PV cells
that have external connections in series, parallel, or both
combination [13].

Ipv Iy Rs I}

D 2k, v

Fig. 3. Equivalent circuit of solar panel

The characteristic of V-I is shown in Eq. (1):
g V+RsI\ .1 _ V+Rsl
I'= IPV Io [exp( aVe ) 1] Rp (1)

Where Ip, is PV current, I, is saturated reverse
current, 'a’ is the ideal diode constant, Vt = NgKTq™ ! is the
thermal voltage, Ns is the number of series cells, q is
electron charge, K is Boltzmann constant, T temperature
p-n junction, Rg and Rp are series and parallel resistance of
the solar panels. Ip;, has a linear relationship with the light
intensity and also varies with temperature variations. I, is
dependent value on the temperature variations. The value of
Ipy and I, are determined using Eq (2) and Eq. (3):

G
Ipy = (IPV,n + KIAT)E 2)
Iscn+K[AT

I, = : 3)

exp(Vocnt+KyAT)/aVe—1

Where [ pvn s Iscn, and Voo, are PV current,
short-circuit current, and open-circuit voltage under standard
conditions (T, =25°C and G, = 1000 W/m?),
respectively. The K; value is coefficient of short circuit
current to temperature, AT =T —T, is temperature
deviation from standard temperature, G is light intensity and

Ky, is coefficient of open circuit voltage ratio to temperature.

Open-circuit  voltage,  short-circuit  current,  and
voltage-current related to maximum power are three
important values of -V characteristics of a solar panel. These
points are changed by variation in atmospheric conditions.
By using Eq. (4) and Eq. (5) derived from PV model,
short-circuit current, and open-circuit voltage can be
calculated under different atmospheric conditions.

G
Isc = (Isc + KIAT)E 4
Voc = (Voc + KyAT) )

C. Control of Series Active Filter

The main function of a series active filter is to protect
the sensitive load from several voltage disturbances at the
PCC bus. The algorithm of a source voltage and a load
voltage control strategies in a series active filter circuit is
shown in Fig. 4. This control strategy generates the unit
vector template from a distorted input source. Then, the
template is expected to be an ideal sinusoidal signal with a
unity amplitude. Then, the distorted source voltage is
measured and divided by peak the amplitude of base input
voltage 1}, as stated in Eq. (6) [6].

2
Vo = £ 0+ V5, + 12 (©)
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Fig. 4 Series active filter control

A three-phase PLL is used to produce sinusoidal unit
vector templates with phase lagging through the use of sine
function. The load voltage of the reference signal is
determined by multiplying unit vector templates by the peak
value of base input voltage amplitude V,, . The load
reference voltage (V;/,, V53, V/.) is then compared with
sensed load voltage (Vi 4, Vip, Vi) with a PWM controller
which is used to generate the desired trigger signal in a series
active filter. Fig. 4 shows the control of a series active filter.

D. Control of Shunt Active Filter

The main function of a shunt active filter is to mitigate
PQ problems on the load side. The control methodology of a
shunt active filter is that the absorbed current from the PCC
bus is a balanced positive sequence current including an
unbalanced sag voltage on the PCC bus, an unbalanced, or a
non-linear load. To obtain satisfactory compensation caused
by interference due to non-linear load, many algorithms have
been used in some references. This research uses the method
of instantaneous reactive power theory or "p-q" theory. The
voltages and currents in Cartesian coordinates can be
transformed into Cartesian coordinates of} as stated in Eq. (7)
and Eq. (8) [6].

_ _ A
al=lo sl ¢
A = ®

Calculation of real power (p) and imaginary power (q)
is shown in Eq. (9). Real and imaginary power are measured
instantaneously power and expressed in matrix form. The
presence of a mean and fluctuating components in an
instantaneous component is shown in Eq. (10) [14].

ol =155 ] ©)

p=p+P ; q=q+4q (10)

Where p = the average component of real power, § =
the fluctuating component of real power, § = the average
component of imaginary power, § = the fluctuating
component of imaginary power. The total of imaginary
power (q) and a fluctuating components of real power (p)
is selected as power references and current references and is
utilized through the use of Eq. (10) to compensate for
harmonics and reactive power [15]. Fig. 5 shows a shunt
active filter control [15].
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The p,,ss signal is obtained from the voltage regulator
and is used as average real power. It can also be expressed as
instantaneous active power associated with resistive losses
and switching losses from UPQC. The error is obtained by
comparing the actual value of DC-link capacitor voltage with
the reference value processed using a PI controller, driven by
a closed voltage control to minimize steady-state errors from
voltage through DC-link circuit to zero. The compensation
current (i, iZB) is needed to meet load power demand as
shown in Eq. (12). The current is expressed in coordinates
a — 3. The compensation current is used to obtain the source
phase current by using Eq. (13) for compensation. The source
phase current (igq,isq,15¢) 1S expressed in the abc axis

obtained from the compensation current in a—f
coordinates and is presented in Eq. 12 [15] .
i;a 1 0 i
i =\ﬁ -1/2  +3/2 [.i“] (12)
¥ 3 lCﬁ
il -1/2 —+/3/2

To operate properly, The UPQC-PV must have a
minimum DC-link voltage (V;.) . The general DC-link
voltage value depends on the instantaneous energy that can
be generated by UPQC which is defined in Eq.13 [16]:

2,/2V
Vac = \/—3—mLL (13)

Where m is the modulation index and V;; is the voltage
of UPQC. Considering the modulation index of 1 and the grid
voltage between line-line (V;,;, = 380V), V,;. is obtained
620.54 V and chosen as 650 V.

The input of shunt active filter shown in Fig. 6 is DC
voltage (V;.) dan DC voltage reference (V;.), while the
output is Pj,ss using the PI controller. Furthermore, Pj,¢s of
the input variables produce a reference source current
(isqisar isq). Then, the reference source current output is
compared with the current source (igzq, isp, isc) by hysteresis
current controller to generate a trigger signal in the IGBT
circuit of shunt active filter. In this paper, the PI controller as
a DC voltage control algorithm on a shunt active filter is
proposed.

D. Efficiency of UPQC-PV

The research on the use of 3-Phase 4-Leg Unified
Series-Parallel Active Filter Systems using Ultra Capacitor
Energy Storage (UCES) to mitigate sag and unbalance
voltage has been investigated [17]. In this paper, it is found

that the implementation of UCES can help the system
reduce source current compensation when sag voltage on
source bus to keep load voltage constant and balanced.
During disturbance, UCES generates extra power flow to
load through a series active filter via dc-link and a series
active filter to load. Although providing an advantage of sag
voltage compensation, the use of UCES in this proposed
system is also able to generate losses and to reduce the
efficiency of the system. Using the same procedure, the
authors proposes Eq. (14) for efficiency of UPQC-PV in the
formula below.

Eff (%) — PSource+PSerie;:0P§;mnt+PPV+PBES (14)

III. RESULT AND DISCUSSION

The proposed model analysis is UPQC connected 3P3W
(on-grid) system through a DC link supplied by PV known as
UPQC-PV system. The system then supplies sensitive voltage
devices on the load bus. There are two disturbances scenario
i.e. sag voltage (Sag) and interruption voltage (Inter). In the
sag voltage scenario, the system is connected to a sensitive
load and the source has a 50% sag voltage disturbance for 0.3
s between t = 0.2 s to t = 0.5 s. In the interruption voltage
scenario, the system is connected to a sensitive load and the
source experiences a 100% source voltage interruption for 0.3
sbetweent=0.2 stot=0.5s. The UPQC-PV system uses a PI
controller with constant K, and K; are 0.2 and 1.5,
respectively. PI controller is used as a DC voltage controller
on an active filter series and current controller on shunt active
filter to keep load voltage constant in case of disturbance
voltage happens on the source bus.

The proposed model analysis is carried out by determining
sag voltage and interruption voltage on the source bus in
3P3W of the UPQC-PV system. The measurement parameters
are carried out at fixed temperature conditions (T =250 C) and
the different radiation i.e. 200 W/m?, 400 W/m?, 600 W/ m?,
800 W/m?, 1000 W/m? and 1200 W/m?. The disturbance
scenarios at the variable irradiance level amounts to 6
disturbances, so that the total number of scenarios is 12
interruptions. The UPQC-PV system uses controls mounted
on the 3P3W System to keep voltage at sensitive loads
remains constant. Then, using Matlab/Simulink, the model is
run following with the scenario that was previously desired to
obtain the source voltage curve (Vs), load voltage (V,),
compensation voltage (V), source current (I), load current
(1), and DC-Link voltage (V). Based on this curve, the
average values of source voltage, load voltage, source current
and load current are obtained from value of each phase of
voltage and current parameters previously obtained. The next
research is determining the value of power transfer of active
source power, series active power, active shunt power, active
load power, PV power contribution, and system efficiency.
The measurement of the value of phase voltage, phase current,
power transfer, and PV power is determined in one cycle
starting at t = 0.35 s. The results of the average source voltage,
source current, load voltage, and load current in the
UPQC-PV system model are presented in Table 1.



TABLE I. VOLTAGE AND CURRENT USING UPQC-PV SYSTEM UNDER SAG AND INTERRUPTION WITH VARIABLE IRRADIANCE LEVEL

Irr Source Voltage Vs (Volt) Load Voltage V,, (Volt) Source Current Is (Ampere) Load Current I, (Ampere)
(Wim? | PhA | PhB [ PhC | Avg | PhA | PhB | PhC | Avg | PhA | PhB | PhC Avg | PhA [PhB [ PhC [ Avg
Sag Voltage and T =25°C
200 153.9 153.9 153.9 153.9 | 310.1 | 310.1 310.1 310.1 11.77 11.79 11.35 11.63 8.590 | 8.589 | 8.587 | 8.589
400 154.1 154.1 154.1 154.1 | 310.1 | 310.1 310.1 310.1 10.91 10.98 10.94 10.94 | 8.589 | 8.590 | 8.588 | 8.589
600 154.1 154.1 154.1 154.1 | 310.1 | 310.1 310.1 310.1 10.92 10.88 10.98 10.93 8.589 | 8.588 | 8.589 | 8.589
800 154.0 | 154.0 154.0 154.0 | 310.1 | 310.1 310.1 310.1 11.45 10.38 11.49 11.11 8.588 | 8.589 | 8.589 | 8.589
1000 153.8 153.8 153.8 153.8 | 310.1 | 310.1 310.1 310.1 13.39 13.33 13.41 13.38 | 8.589 | 8.589 | 8.588 | 8.589
1200 153.8 153.8 153.8 154.8 | 310.1 | 310.1 310.1 310.1 13.69 13.58 13.69 13.65 | 8.589 | 8.589 | 8.588 | 8.589
Interuption Voltage and T = 25" C
200 1.229 1.350 1.274 1.284 | 232.8 | 2532 2472 2444 11.65 12.65 12.23 12.18 | 6.561 | 6.798 | 6.974 | 6.778
400 1.322 1.416 1.367 1.368 | 245.7 | 2642 261.1 257.0 12.22 12.66 12.87 12.51 6.946 | 7.051 | 7.396 | 7.131
600 1.333 1.414 1.363 1.370 | 246.6 | 263.9 261.8 2574 12.25 12.57 12.85 12.56 | 6.964 | 7.033 | 7.406 | 7.134
800 1.304 | 1.385 1.344 1.341 | 240.1 | 258.5 255.8 251.5 12.13 12.37 12.71 12.40 | 6.788 | 6.885 | 7.234 | 6.969
1000 1.190 | 1.316 1.237 1.247 | 2292 | 249.1 242.8 240.4 11.31 11.86 11.91 11.69 | 6443 | 6.698 | 6.289 | 6.477
1200 1.227 1.319 1.269 1.272 | 227.5 | 246.8 243.7 239.2 11.50 11.80 12.06 11.78 | 6.433 | 6.557 | 6.882 | 6.624
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Fig 7. Performance of UPQC-PV system under interruption voltage with temperature 25°C and irradiance 1000 W/m?

Fig. 6 shows that in sag voltage, the UPQC-PV system at t
=0.2stot=0.5s,irradiance = 1000 W/m? and temperature =
25°% using PI control, the average source voltage (Vs) (Fig.
6.a) decreased by 50% from 310.1 V to 153.8 V (Fig. 6.b).
During this duration, the average source current (Is)

increases slightly to 13.38 A (Fig.

contributes power to the load through a DC-link series active
filter by injecting a compensation voltage (V) of 156.3 V
(Fig. 6.c) through the injection transformer in the active series

filter so that an average load voltage

310.1 V (Fig. 6.b). At the same time, the PI controller on shunt
active filter works to keep DC voltage (Vp) stable and the

average current source (Ig) increases

6.d) because the PV

(V) remains stable at

close to 13.38 A (Fig.

6.d) to keep the average (I;) stable at 8,589 A (Figure 6.¢).

2 ey 07 00 7

Fig. 7 shows that in the interruption voltage scenario, the
UPQC-PV system at t = 0.2 s to t = 0.5 s, irradiation = 1000
W/m2 and temperature = 25° using PI controller, the average
Vs drops by 100 % to 1.247 V (Fig. 7.a). Under these
conditions, the UPQC-PV system is unable to produce
maximum power to UPQC DC-link circuit and injects the
average V. (Fig. 7.c) through injection transformer in the
active series filter. Soatt=0.2 stot=0.5, the average V; (Fig.
7.b) decreases to 240.4 V. During the interruption period, the
application of a PI controller to the active shunt filter is unable
maintain the average Vp. (Fig.7.f) and V¢ to remain constant,
so an the average I; also decreases to 6,447 A (Fig. 7.e).
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Table 1 and Fig. 8 show that in sag voltage and irradiance
level of 200W/m? to 1200 W/m?, the 3P3W system using
UPQC-PV with PI controller still can maintain the average
load voltage (V;)of 310.1 V. However, in the interruption

Fig. 10 shows that in sag voltage, the UPQC-PV system
att=0.2stot=0.5s, irradiance = 1000 W/m? and temperature
= 25% C using PI controller, source power value (Ps)
decreases to 2700 W. Series power (Pg,) increased by 2800
W and shunt power (Pg,) decreased by -1800 W, PV power
by 650 W, so that load power (P,) value is equal to 3715 W.
Fig. 11 shows that in interruption voltage, UPQC-PV system
att=0.2stot=0.5s, irradiance = 1000 W/m? and temperature
=25° C, the value of the source power (Pg) dropsto 0 W. The
series power (Pg.) increases by 4900 W and shunt power
(Pgp) decreases by -1900 W, and PV power (Pp;) increases
by 1300 W, so that the load power (P,,) dropped to 2650 W.

Table 2 and Fig. 12 show that in sag voltage and
irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W
system uses UPQC-PV with PI still able to maintain active
power above 3714 W. However, in the interruption voltage
and same irradiance level, active load power (P,) drops to
between 2560 W and 2805 W. Table 2 and Fig. 13 also show
that in sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system uses UPQC-PV with PI still able to
generate PV power (Ppy) between 500 W to 920 W. In the
scenario of interruption voltage and irradiance levels with the
same condition, the PV power increases (Pp;,) between 1300
W to 1635 W. However, the increase on PV power (Ppy) in
interruption voltage has not been able to meet power on load

side so that load power (P,,) finally drops to 2650 W.
TABLE II. POWER TRANSFER IN UPQC-PV SYSTEM

voltage and the irradiance levels are equally sequential, the
I Power Transfer (Watt) Eff
average load voltage (V,)drops to between 239.2 V and 257 (wfr 2y | Source | Series Shunt Load PV o)
. . m (]
V. Table 1 and Fig. 9 also show that in the sag voltage and the Power | Power Power OPower Power
irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W Sag Voltage and T=25°C
. L0 200 2700 2800 -1720 3715 680 83.30
system uses UPQC-PV with PI controller is still able to 200 5455 5550 71200 3714 920 23.60
maintain the average load current (I;) of 8.589 A. However, 600 2455 2550 -1200 3714 920 78.52
in the scenario of the interruption voltage and same irradiance 800 2534 2620 -1332 3714 810 80.18
1000 2700 2800 -1800 3715 650 85.40
levels, the average load current (/;) drops to betweep 6.§24 A 500 3960 3050 5550 G =00 )
and 7.134 A. Thus, the UPQC-PV system can maintain the Tnterruption Voltage and T=25° C
load voltage (V), if there is the sag voltage happens at the 200 0 4950 2000 2675 1440 60.93
source bus. Otherwise, in the interruption voltage scenario, the 400 0 4600 -1500 2805 1620 | 5943
UPOC-PV svst ¢ maintain load volt v dth 600 0 4650 -1515 2800 1635 58.70
QC-PV system can not maintain load voltage (V1.), and the 800 0 4895 -1850 2754 1544 | 6001
load current (I;) remains constant. 1000 0 4900 -1900 2650 1300 61.63
10t 1200 0 4850 -1930 2560 1300 | 59.79
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Fig. 14. The efficiency of UPQC-PV system under sag and interruption

Fig. 14 shows that in sag voltage and irradiance level of
200 W/m? to 1200 W/m?, the 3P3W system using UPQC-PV
with PI controller can produce a system efficiency of 78.60%

1000 1200

to 86.59%. Otherwise, in the interruption voltage and
irradiance increases, the efficiency of UPQC-PV decreases
between 58.70% to 61.63%.

IV. CONCLUSION

The analysis of the UPQC-PV system model has been
presented in this paper. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency of 50
hertz, through UPQC-DC link circuit. This system is used to
maintain and supply sensitive loads. This research shows that
in the sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system using UPQC-PV with PI can
maintain the active load power above 3714 W. However, in the
interruption voltage and same irradiance level, the load active
power drops to between 2560 W and 2805 W. This paper also
shows that in the sag voltage and same irradiance level, the
3P3W system using UPQC-PV with PI can generate PV power
between 500 W to 920 W. In the scenario of the interruption
voltage and same irradiance levels, the power that can be
generated by PV increases between 1300 W to 1635 W.
However, at 25°C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load
power so it finally drops to 2650 W. The increase in PV power
close to load power is proposed to overcome this problem.

APPENDIX

Three-phase grid: RMS voltage 380 volt (L-L), 50 Hz,
line impedance: Ry =0.1 Ohm Lg = 15 mH; series and shunt
active filter: series inductance Lg, 0.015 mH; shunt
inductance Lg, = 15 mH; injection transformers: rating 10
kVA, 50 Hz, turn ratio (Ni/Nz) = 1:1; sensitive load:
resistance R; = 60 ohm, inductance L; = 0.15 mH, load
impedance R, = 0.4 ohm and L, = 15 mH; unbalance load:
resistance R; = 24 ohm, R,= 12 ohm, and R; = 6 ohm,
capacitance Cj, C,, C3 =2.2 uF; DC-link: voltage V;. =650
volt and capacitance C;. = 3000 pF; photovoltaic: active
power Pp, =0.6 kW temperature = 25° C, irradiance = 1000
W/m?; PI controller: Kp =0.2, K;=1.5; input: Vgo_error and
AV _error; OUtput: instantaneous of power losses  (Pjyss)-
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Abstract— This paper presents analysis of
UPQC-PV system model under sag and interruption
voltage with variable irradiance. The PV is connected to a
3P3W distribution system with 380 volts (L-L) and a
frequency of 50 hertz, through UPQC-DC link . This
system is used to maintain and supply sensitive loads.
This paper shows that in the sag voltage and irradiance
levels of 200 W/m? to 1200 W/m?, the 3P3W system uses
UPQC-PV with proportional integral (PI) still able to
maintain the load active power above 3714 W. However,
in the interruption voltage and same irradiance level, the
load active power drops to between 2560 W and 2805 W.
This research also show that in the sag voltage and same
irradiance levels, the 3P3W system uses UPQC-PV with
PI still able to generate PV power between 500 W to 920
W. In the interruption voltage and same irradiance levels,
the power that can be generated by PV increases between
1300 W to 1635 W. Otherwise, at 25°C and 1000 W/m?,
the increase in PV power on interruption voltage has not
been able to meet the load active power consumption, so
it finally drops to 2650 W. This paper is simulated using
Matlab/Simulink.

Keywords—UPQC, Photovoltaic, Sag, Interruption, Irradiance

I. INTRODUCTION

The decreasing of fossil energy sources and increasing
concerns about environmental impacts have caused
renewable energy (RE) sources i.e. photovoltaic (PV) and
wind to develop into alternative energy on power generation.
Solar or PV generator is one of the most potential RE
technologies because it only convert sunlight to generate
electricity, where the reseources are avialable in abundant
and they are free and relatively clean. Indonesia has a huge
energy potential from the sun because it is located in the
equator. Almost all regions of Indonesia receive around 10 to
12 hours of sunshine per day, with an average irradiation
intensity of 4.5 kWh/m? or equivalent to 112.000 GW.

Even though, PV is able to generate power, this device
also has disadvantage: it results in a number of voltage and
current disturbances, as well as harmonics due to the presence
of several types of PV devices and power converters and
increasing the number of non-linear loads connected to the
source, causing a decrease in power quality (PQ). In order to
overcome this problem and to improve PQ due to the
presence of non-linear load and integration of PV into the
grid, UPQC is proposed. This device has been a function to
compensate for problems of voltage source quality i.e. sag,
swell, unbalance, flicker, harmonics, and load current quality
problems i.e. harmonics, imbalance, reactive current, and
neutral current. UPQC is part of an active power filter
consisting of shunt active filter and series active filter
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Institut Teknologi Sepuluh Nopember
Surabaya, Indonesia
ontosenop@ee.its.ac.id,
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connected in parallel and serving as a superior controller to
solve a number of PQ problems simultaneously [1]. UPQC
series component is responsible for reducing a number of
disturbances on source side i.e. sag/swell voltage, flicker,
unbalanced voltage, and source voltage harmonics. This
equipment has served to inject a certain amount of voltage to
keep load voltage at desired level so that it returns to balance
and distortion free. UPQC shunt component is responsible for
overcoming current quality problems i.e.. low power factor,
load current harmonics, and unbalanced currents. This
equipment has been a function of injection current into AC
system so that current source becomes a balanced sinusoidal
and in phase with source voltage [2]. The dynamic
performance of integrated PV with UPQC (PV-UPQC) under
variable irradiance condition and sag/swell grid voltage has
been investigated [3]. The proposed system was able to
combine both the benefits of distributed generators (DGs)
and active power filters. The PV-UPQC combination was
also able to reduce harmonics due to nonlinear loads and was
able to maintain total harmonics distortion (THD) of grid
voltage, load voltage and grid current below the IEEE-519.
The system was found to be stable under irradiation from
1000 W/m2 to 600 W/m2.

The dynamic performance based auto tuned PI for
PV-UPQC systems has been analyzed [4]. This online
optimization methodology is implemented for PV-UPQC to
determine the best value of PI gain. The Vector-Proportional
Integral (UV-PI) and Proportional Resonant-Response
(PR-R) controllers in shunt and series converters significantly
increase PV-UPQC performance by reducing convergence
time, settling time, switching harmonics, complexity, and
dynamic response so that they become more effective.
PV-UPQC performance using control algorithm based on
Synchronous Reference Frame (SRF) with Phase Lock Loop
(PLL) mechanism has been presented [5]. Unbalanced load
voltage containing harmonics and pure unbalanced pure load
voltage has been compensated and balanced so that the load
voltage is maintained constant. UPQC was supplied by 64 PV
panels using boost converters, PI controllers, maximum
power point tracking (MPPT) with Pertub and Observer (P
and O), and having a momentary reactive power theory (p-q
theory) which has been proposed [6]. The system has
successfully carried out reactive power compensation and
reduced source current and load voltage harmonics.
However, this study did not address mitigation of sag voltage
reduction and other disturbances caused by PV penetration.

PV supported by UPQC using Space Vector Pulse
Width Modulation (SVPWM) compared to hysterisis control
in a three-phase distribution system has been proposed [7].
The system was used to improve PQ and to reduce the burden
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of 3 phase AC network by supplying power obtained from
PV. The UPQC system is able to supply reactive power
needed to increase power factor, reduce voltage and current
distortion, and PV helps injection active power into the load.
A conceptual study of UPQC on three phase four wire
(3P4W) system connected to linear and non-linear loads
simultaneously have been carried out [8]. The sinusoidal
current control strategy drives UPQC in such a way that the
supply system drawn a constant sinusoidal current under
steady state conditions. In addition, the shunt converter also
produced reactive power as required by load so that it can
improve an input power factor and reduce THD of source
current.

Artificial neural networks based on SRF theory as a
control to compensate for PQ problems of three phase three
wire (3P3W) system through UPQC for various
balanced/unbalanced/distorted conditions at load and source
have been proposed [9]. The proposed model has
successfully  mitigated  harmonic/reactive  currents,
unbalanced source and load, and unbalanced current/voltage.
Investigation on enhancements PQ including sag and source
voltage harmonics on the grid using UPQC provided by PV
array connected to DC links using PI compared to FLC has
been conducted [10]. The simulation shows that FLC on
UPQC and PV could increase THD voltage source better than
PI. The improvement of PQ using UPQC on microgrid
supplied by PV and wind turbine have been implemented
using PI and FLC. Both methods are able to improve PQ and
to reduce distortion in output power [11]. Research on the use
of Battery Energy Storage (BES) in UPQC supplied by PV to
improve PQ in three phase 3P3W systems using FLC
validated PI on various disturbances in source and load side
has been investigated [12]. The research showed that FLC on
UPQC-BES system supplied by PV was able to significantly
reduce load current harmonics and source voltage harmonics
in number of disturbances, especially in interruption voltage
that occurs on source bus.

This research presents analysis of UPQC-PV system
model under sag and interruption voltage under variable
irradiance. The PV is connected to a 3P3W system with 380
volts (L-L) and a frequency of 50 hertz, through UPQC-DC
link . This system is used to maintain load voltage and load
active power constant, as well as supply sensitive loads. This
paper is presented as follows. Section 2 explains proposed
method, UPQC-PV model, parameter simulation, PV
model, active filter series and shunt filter control, application
of PI, as well as UPQC model efficiency. Section 3 shows
results and discussion of load voltage, load current, source
active power, load active power, series active power, shunt
active power, PV power using PI. In this section, six
disturbance scenarios are presented and the results are
verified with Matlab/Simulink. Finally, this paper is
concluded in Section 4.

II. RESEARCH METHOD

A. Proposed Method

Fig. 1 shows proposed model in this paper. The PV is
connected to a 3P3W distribution system with 380 volts (L-L)
and a frequency of 50 hertz, through UPQC-DC link circuit.
This system is known as UPQC-PV system and it is used to
maintain ans supply sensitive loads. The PV array generates
DC power at a constant temperature, variable solar irradiance,
and it is connected to DC-link via a DC-DC boost converter.
The MPPT method with P and O algorithm helps PV to

generate maximum power, result an output voltage, which
then becomes an input voltage for DC-DC boost converter.
This device has a functions to adjust duty cycle value with PV
output voltage as an input voltage to produce output voltage
according to DC-link voltage of UPQC. The PV has been a
function as an alternative source by injecting power to keep
load voltage constant, in the case of a interruption voltage
accurs on source or point common coupling (PCC) bus.

The proposed model analysis is carried out by
determining sag and interruption voltage scenarios on source
bus in 3P3W using UPQC-PV system. The measurement
parameters are carried out at fixed temperature (T = 25° C)
and variable irradiance i.e. 200 W/m?, 400 W/m?, 600 W/m?,
800 W/m?, 1000 W/m? and 1200 W/m?. Each disturbance
scenario at variable irradiance level amounts to 6 disturbance,
so the total number of scenarios is 12 disturbances. The
UPQC-PV system uses PI to mantain voltage in a series active
filter and current in a shunt active filter to keep the voltage at
sensitive loads remains constant. The parameters investigated
i.e. voltage and current on source bus, voltage and current on
load bus, source active power, series active power, shunt
active power , load active power, and PV power. The next step
is to determine efficiency value of UPQC-PV system on sag
and interruption voltage scenario in variable irradiance to
show the contribution of PV in mitigation of both voltage
disturbances on source bus. Fig. 2 shows power transfer using
UPQC-PV system. Then, simulation parameters for the
proposed model is shown in Appendix Section.

380 Volt 50 Hz
3P3W Distribution System
-—

3Phase| R, LsV,;
| rg

Tz

Shunt Active Filter

L UPQC-PV System

Fig. 1. Proposed model of as UPQC-PV system
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Fig. 2. Power transfer using UPQC-PV system

B. Modelling of PV Array

Fig. 3 shows the equivalent circuit and V-I
characteristics of solar panel. It consists of several PV cells
which have external connections in series, parallel, or both
combination [13].

Fig. 3. Equivalent circuit of solar panel



The characteristic of V-1 is shown in Eq. (1):

=t e (252) o] 225
Where Ipy, is PV current, I, is saturated reverse
current, 'a’ is the ideal diode constant, V;, = NsKTq~'
thermal voltage, Ns is number of series cells, ¢ is electron
charge, K is Boltzmann constant, T temperature pn
junction, Rg and Rp are series and parallel resistance of
solar panels. [py has a linear relationship with light
intensity and also varies with temperature variations. I, is
dependent value on the temperature variations. The value of

Ipy and I, are determined using Eq (2) and Eq. (3):

Ipy = (IPV,n + KIAT)Gi ()

Iscnt+KiAT "
exp(Vocn+KyAT)/aVe—1 (3)
Where Ipy p. Iscn. and Vo, are PV current, short

circuit current, and open circuit voltage under standard
conditions (7, = 25° C and G, = 1000 Wm™) respectively.
The K, value is coefficient of short circuit current to
temperature, AT =T —T,, is temperature deviation from
standard temperature, G is light intensity and K, is
coefficient of open circuit voltage ratio to temperature. Open
circuit voltage, short circuit current, and voltage-current
related to maximum power are three important values of [-V
characteristics of solar panel. These points are changed by
variation in atmospheric conditions. By using Eq. (4) and Eq.
(5) derived from PV model, short-circuit current, and open
circuit voltage can be calculated under different atmospheric
conditions.

G
Isc = (Isc + KIAT)E 4

Voc = (Voc + KyAT) (5)
C. Control of Series Active Filter
The main function of series active filter is to protect
sensitive load from a number of voltage disturbance at PCC
bus. The algorithm of source voltage and load voltage control
strategies in series active filter circuit is shown in Fig. 4. This
control strategy generates the unit vector template from a
distorted input source. Then, the template is expected to be an
ideal sinusoidal signal with an unity amplitude. Then, the
distorted source voltage is measured and divided by peak
amplitude of base input voltage 1}, as stated in Eq. (6) [6].

2
Vo = [+ V5, + 12 ©)

A three phase PLL is used to produce sinusoidal unit
vector templates with phase lagging through the use of sine
function. The load voltage of reference signal is determined
by multiplying unit vector templates by the peak value of
base input voltage amplitude V,,. The load reference voltage
Vi Vip, Vi) is then comparedf with sensed load
voltage(V, 4, Vip, Vic) with a PWM controller which is used

0 =

to generate the desired trigger signal in series active filter. Fig.

4 shows control of series active filter.
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Fig. 4 Series active filter control

D. Control of Shunt Active Filter

The main function of shunt active filter is to mitigate PQ
problems on the load side. The control methodology of shunt
active filter is that the absorbed current from PCC bus is a
balanced positive sequence current including an unbalanced
sag voltage on PCC bus, an unbalanced, or a non-linear load.
In order to obtain satisfactory compensation caused by
interference due to non-linear load, many algorithms have
been used in some references. This research uses the method
of instantaneous reactive power theory theory or "p-q" theory.
The voltages and currents in Cartesian coordinates can be
transformed into Cartesian coordinates of as stated in Eq. (7)
and Eq. (8) [6].

- _ Va
=l _}//22] ,, )
i ®

Calculation of real power (p) and imaginary power (q)
is shown in Eq. (9). Real and imaginary power are measured
instantaneously power and expressed in matrix form. The
presence of mean and fluctuating component in instantaneous
component is shown in Eq. (10) [14].

p
[ ] —Uﬁ voc] [lﬁ] ©)
p=p+P ; q=q+q (10)
Where p = the average component of real power, p =

the fluctuating component of real power, § = the average
component of imaginary power, § = the fluctuating
component of imaginary power. The total imaginary power
(q@) and fluctuating component of real power are selected as
power references and current references and are utilized
through the use of Eq. (10) to compensate for harmonics and
reactive power [15].

[lca] vaivﬁ (i

The pPioss s1gnal is obtained from the voltage regulator
and is used as average real power. It can also be expressed as
instantaneous active power associated with resistive losses
and switching losses from UPQC. The error is obtained by
comparing the actual value of DC-link capacitor voltage with
the reference value processed using a PI controller, driven by
a closed voltage control to minimize steady state errors from
voltage through DC-link circuit to zero. The compensation
current (i¢q, icg) is needed to meet load power demand as
shown in Eq. (12). The current is expressed in coordinates
a-p. The compensation current is used to obtain source phase
current by using Eq. (13) for compensation. The source phase
current (isq,i5q, i5q) 1S expressed in the abc axis obtained
from the compensation current in @ — f coordinates and is
presented in Eq. 12 [15].

Fig. 5 show shunt active filter control [15].

Va ] [—p + ploss]
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Fig. 5. Shunt active filter control
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In order to operate properly, The UPQC-PV must have a
minimum DC-link (V) voltage. The general DC-link
voltage value depends on the instantaneous energy that can
be generated by UPQC which is defined in Eq.13 [16]:

_2y2vyL
Vdc -

e )

Where m is the modulation index and V;; is the voltage
of UPQC. Considering modulation index of 1 and the grid
voltage between line-line (V= 380 V), V;. is obtained
620.54 V and chosen as 650 V.

The input of shunt active filter shown in Fig. 6 is DC
voltage (V;.) dan DC voltage reference (Vj.), while the
output is Pj,ss using the PI controller. Furthermore, Pj,g; of
the input variables produce a reference source current)
(isq,isa isq- Then, the reference source current output is
compared with current source (igq, isp,i5c) by hysteresis
current controller to generate a trigger signal in IGBT circuit
of shunt active filter. In this paper, PI controller as a DC
voltage control algorithm on shunt active filter is proposed.
D. Efficiency of UPQC-PV

The research on the use of 3-Phase 4-Leg Unified
Series-Parallel Active Filter Systems using Ultra Capacitor
Energy Storage (UCES) to mitigate sag and unbalance
voltage has been investigated [17]. In this paper, it is found
that the implementation of UCES is able to help system
reduce source current compensation when sag voltage on
source bus to keep load voltage constant and balanced.
During disturbance UCES generates extra power flow to load
through a series active filter via dc-link and a series active
filter to load. Although providing an advantage of sag voltage
compensation, the use of UCES in this proposed system is
also able to generate losses and to reduce an efficiency of
system. Using the same procedure, the authors proposes Eq.

(14) for efficiency of UPQC-PV in the formula below.
Eff (%) = PsourcetPseriestPshunttPpv+PBES

Proad
III. RESULT AND DISCUSSION

The proposed model analysis is UPQC connected 3P3W
(on-grid) system through a DC link supplied by PV known as

(12)

(14)

UPQC-PV system. The system then supplies sensitive voltage
devices on load bus. There are two distrurbance scenarios i.e.
sag voltage (Sag) and interruption voltage (Inter). In sag
voltage scenario, the system is connected to a sensitive load
and the source has a 50% sag voltage disturbance for 0.3 s
between t=0.2 s to t = 0.5 s. In interruption voltage scenario,
the system is connected to sensitive load and the source
experiences a 100% source voltage interruption for 0.3 s
between t =0.2 s to t = 0.5 s. The UPQC-PV system uses PI
controller with constant Kp and Ki are 0.2 and 1.5,
respectively. PI controller is used as DC voltage controller on
an active filter series and current controller on shunt active
filter to keep load voltage constant in case of disturbance
voltage happens on the source bus.

The proposed model analysis is carried out by determining
sag voltage and interruption voltage on source bus in 3P3W
of UPQC-PV system. The measurement parameters are
carried out at fixed temperature conditions (T =250 C) and the
different radiation i.e. 200 W/m?, 400 W/m?, 600 W/ m?, 800
W/m?, 1000 W/m? and 1200 W/m? . Each of disturbance
scenarios at the variable irradiance level amounts to 6
disturbances, so that the total number of scenarios is 12
interruptions. The UPQC-PV system uses controls mounted
on the 3P3W System to keep the voltage at sensitive loads
remains constant. Then, using Matlab/Simulink, the model is
run in accordance with the scenario that was previously
desired to obtain the source voltage curve (Vs), load voltage
(VL), compensation voltage (Vc¢), source current (Vs), load
current (Vr), and DC-Link (Vpc) voltage. Based on this curve,
the average values of source voltage, load voltage, source
current and load current are obtained from value of each phase
of voltage and current parameters previously obtained. The
next research is determining the value of power transfer of
active source power, series active power, active shunt power,
active load power, PV power contribution, and system
efficiency. The measurement of the value of phase voltage,
phase current, power transfer, and PV power is determined in
one cycle starting at t = 0.35 s. The results of the average
source voltage, source current, load voltage, and load current
in the UPQC-PV system model are presented in Table 1.

TABLE 1. VOLTAGE AND CURRENT USING UPQC-PV SYSTEM UNDER SAG AND INTERRUPTION WITH VARIABLE IRRADIANCE LEVEL

Source Voltage Vs (Volt) Load Voltage V., (Volt) Source Current Is (Ampere) Load Current I, (Ampere)
(Wm» | PhA [ PhB [ PhC | Avg | PhA | PhB | PhC | Avg | PhA | PhB | PhC Avg | PhA [ PhB [ PhC | Avg
Sag Voltage and T =25° C
200 153.9 153.9 153.9 153.9 310.1 310.1 310.1 310.1 11.77 11.79 11.35 11.63 8.590 | 8.589 | 8.587 | 8.589
400 154.1 154.1 154.1 154.1 310.1 310.1 310.1 310.1 10.91 10.98 10.94 10.94 8.589 | 8.590 | 8.588 | 8.589
600 154.1 154.1 154.1 154.1 310.1 310.1 310.1 310.1 10.92 10.88 10.98 10.93 8.589 | 8.588 | 8.589 | 8.589
800 154.0 154.0 154.0 154.0 310.1 310.1 310.1 310.1 11.45 10.38 11.49 11.11 8.588 | 8.589 | 8.589 | 8.589
1000 153.8 153.8 153.8 153.8 310.1 310.1 310.1 310.1 13.39 13.33 13.41 13.38 8.589 | 8.589 | 8.588 | 8.589
1200 153.8 153.8 153.8 154.8 310.1 310.1 310.1 310.1 13.69 13.58 13.69 13.65 8.589 | 8.589 | 8.588 | 8.589
Interuption Voltage and T = 25° C
200 1.229 1.350 1.274 1.284 232.8 253.2 247.2 244.4 11.65 12.65 12.23 12.18 6.561 6.798 | 6.974 | 6.778
400 1.322 1.416 1.367 1.368 245.7 264.2 261.1 257.0 12.22 12.66 12.87 12.51 6.946 | 7.051 | 7.396 | 7.131
600 1.333 1414 1.363 1.370 246.6 | 263.9 261.8 257.4 12.25 12.57 12.85 12.56 6.964 | 7.033 | 7.406 | 7.134
800 1.304 1.385 1.344 1.341 240.1 258.5 255.8 251.5 12.13 12.37 12.71 12.40 6.788 | 6.885 | 7.234 | 6.969
1000 1.190 1316 1.237 1.247 229.2 249.1 242.8 2404 11.31 11.86 11.91 11.69 6.443 | 6.698 | 6.289 | 6.477
1200 1.227 1.319 1.269 1.272 227.5 246.8 243.7 239.2 11.50 11.80 12.06 11.78 6.433 | 6.557 | 6.882 | 6.624
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Fig. 11. Power transfer UPQC-PV under interruption
Fig. 6 shows that in sag voltage, the UPQC-PV system at t
=0.2 sto t=0.5 s, irradiance = 1000 W/m? and temperature =
25° using PI control, the average source voltage (Vs) (Fig. 6.a)
decreased by 50% from 310.1 V to 153.8 V (Fig. 6.b). During
this duration, the average source current increases slightly to
13.38 A (Fig. 6.d) because the PV contributes power to the
load through a DC-link series active filter by injecting a
compensation voltage (Vc) of 156.3 V (Fig. 6.c) through the
injection transformer in the active series filter so that an
average load voltage (Vi) remains stable at 310.1 V (Fig. 6.b).
At the same time, the PI controller on shunt active filter works
to keep DC voltage (Vpc) stable and the average current source
(Is) increases close to 13.38 A (Fig. 6.d) to keep the average Ir.
stable at 8,589 A (Figure 12.e).

Fig. 7 shows that in the interuption voltage scenario, the
UPQC-PV system at t = 0.2 s to t = 0.5 s, irradiation = 1000
W/m2 and temperature = 25° using PI controller, the average
Vs drops by 100 % to 1.247 V (Fig. 7.a). Under this conditions,
the UPQC-PV system is unable to produce maximum power to
UPQC DC-link circuit and injects the average V¢ (Fig. 3.c)
through injection transformer in an active series filter. So att =
0.2 sto t=0.5, the average Vi (Fig. 7.b) decreases to 240.4 V.
During the interruption period, the application of PI
controller to the active shunt filter is unable to maintain the
average Vpc (Fig.7 .f) and V¢ to remain constant, so an the
average I also decrease to 6,447 A (Fig. 7.e).

Fig. 12. Active load power on UPQC-PV system

Fig. 13. PV power on UPQC-PV system

Table 1 and Fig. 8 show that in sag voltage and irradiance
level of 200W/m? to 1200 W/m?, the 3P3W system using
UPQC-PV with PI controller is still able to maintain the
average load voltage of 310.1 V. However, in the interruption
voltage and the irradiance levels are equally sequential, the
average load voltage drops to between 239.2 V and 257 V.
Table 1 and Fig. 9 also show that in sag voltage and irradiance
levels of 200 W/m? to 1200 W/m?, the 3P3W system uses
UPQC-PV with PI controller is still able to maintain an
average load current of 8.589 A. However, in the scenario of
interruption voltage and same irradiance levels, the average
load current drops to between 6.624 A and 7.134 A. Thus, the
UPQC-PV system is able to maintain a load voltage, if there is
the sag voltage at source bus. Otherwise, in interruption
voltage scenario, the UPQC-PV system has not been able to
maintain load voltage and load current remain constant. Fig. 8
shows that in sag voltage, the UPQC-PV systematt=0.2stot
=0.5 s, irradiance = 1000 W/m? and temperature = 25° C using
PI controller, source power value (Ps) decreased to 2700 W.
Series power (Psc) increased by 2800 W and shunt power (Psp)
decreased by -1800 W, PV power by 650 W, so that load
power (Pr) value is equal to 3715 W. Fig. 9 shows that in
interruption voltage, UPQC-PV system att=0.2stot=0.5s,
irradiance = 1000 W/m? and temperature = 25° C, the value of
the source power (Ps) drops to 0 W. The series power (Psc)
increases by 6000 W and shunt power (Psn) decreased by
-3100 W, and PV power increased by 1300 W, so that the load
power (Pr) dropped to 2600 W.



Table 2 and Fig. 12 show that in sag voltage and
irradiance levels of 200 W/m? to 1200 W/m? the 3P3W
system uses UPQC-PV with PI still able to maintain active
power above 3714 W. However, in the interruption voltage
and same irradiance level, active load power drops to between
2560 W and 2805 W. Table 2 and Fig. 13 also show that in sag
voltage and irradiance levels of 200 W/m? to 1200 W/m?, the
3P3W system uses UPQC-PV with PI still able to generate PV
power between 500 W to 920 W. In the scenario of
interruption voltage and irraradiation levels with the same
sequence, the PV power increases between 1300 W to 1635 W.
However, the increase on PV power in interruption voltage has

not been able to meet load power so finally drops to 2650 W.
TABLE II. POWER TRANSFER IN UPQC-PV SYSTEM

Irr Power Transfer (Watt) Eff
(W/m? Source Series Shunt Load PV (%)
) Power Power Power Power Power °
Sag Voltage and T= 25° C
200 2700 2800 -1720 3715 680 83.30
400 2455 2550 -1200 3714 920 78.60
600 2455 2550 -1200 3714 920 78.52
800 2534 2620 -1332 3714 810 80.18
1000 2700 2800 -1800 3715 650 85.40
1200 2960 3080 -2250 3715 500 86.59
Interruption Voltage and T=25° C
200 0 4950 -2000 2675 1440 60.93
400 0 4600 -1500 2805 1620 59.43
600 0 4650 -1515 2800 1635 58.70
800 0 4895 -1850 2754 1544 60.01
1000 0 4900 -1900 2650 1300 61.63
1200 0 4850 -1930 2560 1300 59.79
100 T T T T
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Fig. 14. Efficiency of UPQC-PV system under sag and interruption
Fig. 14 shows that in sag voltage and irrradiance level of
200 W/m? to 1200 W/m?, the 3P3W system using UPQC-PV
with PI controller is able to produce a system efficiency of
78.60% to 86.59%. Otherwise, in the interruption voltage and
irrradiance increases, the efficiency of UPQC-PV decreases
between 58.70% to 61.63%.
I'V. CONCLUSSION

The analysis of UPQC-PV system model has been
presented in this paper. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency of 50
hertz, through UPQC-DC link circuit. This system is used to
maintain and supply sensitive loads. This research shows that
in the sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system using UPQC-PV with PI is able to
maintain the active load power above 3714 W. However, in the
interruption voltage and same irradiance level, the load active
power drops to between 2560 W and 2805 W. This paper also
shows that in the sag voltage and same irradiance level, the
3P3W system using UPQC-PV with PI is able to generate PV
power between 500 W to 920 W. In the scenario of the
interruption voltage and same irradiance levels, the power that
can be generated by PV increases between 1300 W to 1635 W.
However, at 25°C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load
power so it finally drops to 2650 W. The increase in PV power
close to load power is proposed to overcome this problem.

APPENDIX

Three phase grid: RMS voltage 380 volt (L-L), 50 Hz,
line impedance: Ry = 0.1 Ohm Ls = 15 mHj; series and shunt
active filter: series inductance Lgc 0.015 mH; shunt
inductance Lg, = 15 mH; injection transformers: rating 10
kVA, 50 Hz, turn ratio (Ni/Nz) = 1:1; sensitive load:
resistance Ry = 60 ohm, inductance Ly = 0.15 mH, load
impedance R, = 0.4 ohm and L. = 15 mH; unbalance load:
resistance R; = 24 ohm, R, = 12 ohm, and R; = 6 ohm,
capacitance C;,C,, C3 = 2.2 pF; DC-link: voltage Vpc = 650
volt and capacitance Cpc = 3000 pF; photovoltaic: active
power = 0.6 kW temperature = 25° C, irradiance = 1000
W/m?; PI controller: K, = 0.2, K; = 1.5; input: error (V) and
delta error (AVgc); output: instantaneous of R losses  Pjos-
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Abstract— This paper presents analysis1of UPQC—PV2system model under sag
and interruption voltage with variable irradiance. The PV is connected to a
3P3W distribution system with 380 volts (L-L) and a frequency of 50 hertz,
through UPQC-DC link .3This system is used to maintain and supply sensitive
loads. This paper shows that in the sag voltage and irradiance levels of 200
W/m2 to 1200 W/m2, the 3P3W system uses UPQC-PV with proportional integral
(PI) still able to maintain the load active power above 3714 W. However, in the
interruption voltage and same irradiance level, the load active power drops to
between 2560 W and 2805 W. This research also show that in the sag voltage
and same irradiance levels, the 3P3W system uses UPQC-PV with PI still able to
generate PV power between 500 W to 920 W. In the interruption voltage and
same irradiance levels, the power that can be generated by PV increases
between 1300 W to 1635 W. Otherwise, at 250 C and 1000 W/m2, the increase in
PV power on interruption voltage has not been able to meet the load active
power consumption, so it finally drops to 2650 W. This paper is simulated using

Matlab/Simulink.
Keywords—UPQC, Photovoltaic, Sag, Interruption, Irradiance

INTRODUCTION

Report was generated on Tuesday, Feb 4, 2020, 3:01 PM Page 4 of 132



@ grammarly

Report: 1570615953

The decreasing of fossil energy sources and increasing concerns about
environmental impacts have caused renewable energy (RE) sources i.e.
photovoltaic (PV) and wind to develop into alternative energy on power
generation. Solar or PV generator is one of the most potential RE technologies
because it only convertSSunlight to generate electricity, where the reseources6
are avialable7in abundant and they are free and relatively clean. Indonesia has a
huge energy potential from the sun because it is located in the equator. Almost

all regions of Indonesia receive around 10 to 12 hours of sunshine per day, with

an average irradiation intensity of 4.5 kWh/m2 or equivalent to 112.000 GW.

Even though,sPV is able toggenerate power, this device also has disadvantage: it
results in a number of@oltage and current disturbances, as well as harmonics
due to the presence of several types of PV devices and power converters and
increasing the number of non-linear loads connected to the source, causing a
decrease in power quality (PQ). In order to1c1)vercome this problem and to
improve PQ due to the presence of non-linear load and integration of PV into
the grid, UPQC is proposed. This device has been a function to compensate for
problems of voltage source quality i.e. sag, swell, unbalance, flicker,
harmonics, and load current quality problems i.e. harmonics, imbalance,
reactive current, and neutral current. UPQC is part of an active power filter

consisting of shunt active filter and series active filter

[

12
connected in parallel and serving as a superior controller to solve a number of

PQ problems simultaneously [1]. UPQC series component is responsible for
13 14
reducing a number of disturbances on source side i.e. sag/swell voltage, flicker,

unbalanced voltage, and source voltage harmonics. This equipment has served
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to inject a certain amount of voltage to keep load voltage at desired115evel o)
that it returns to balance and distortion free16UPQC shunt component is
responsible for overcoming current quality problems i.1e7..1i30w power factor, load
current harmonics, and unbalanced currents. This equipment has been a
function of injection current into Angstem so that cu rrentzgource becomes a
balanced sinusoidal and in phase with source voltage [2]. The dynamic
performance of integrated PV with UPQC (PV-UPQC) under variable irradiance
condition and sag/swell grid voltage has been investigated [3]. The proposed
system was able to combine both the benefits of distributed generators (DGs)
and active power filters. The PV-UPQC combination was also able to reduce
harmonics due to nonlinear loads and was able to maintain total harmonics

distortion (THD) of grid voltage, load voltage and grid current below the IEEE-

519. The system was found to be stable under irradiation from

1000/ 2 to 600/ 2.

The dynamic performance basedzrlluto tunedzél for PV-UPQC systems has been
analyzed [4]. This online optimization methodology is implemented for PV-
UPQC to determine the best value of Pl gain. The Vector-Proportional Integral
(UV-PI) and Proportional Resonant-Response (PR-R) controllers in shunt and
series converters significantly increase PV-UPQC performance by reducing
convergence time, settling time, switching harmonics, complexity, and dynamic
response so that they become more effective. PV-UPQC performance using
controlzglgorithm based on Synchronous Reference Frame (SRF) with Phase24
Lock Loop (PLL) mechanism has been presented [5]. Unbalanced load voltage
containing harmonics and pure unbalanced pure load voltage has been

compensated and balanced so that the load voltage is maintained constant.

UPQC was supplied by 64 PV panels using boost converters, Pl controllers,
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maximum power point tracking (MPPT) with Pertubzgnd Observer (P and 0), and
having a momentary reactive power theory (p-q theory) which has been
proposed [6]. The system has successfully carried out reactive power
compensation and reduced source current and load voltage harmonics.
However, this study did not address mitigationzgf sag voltage reduction and

other disturbances caused by PV penetration.

PV supported by UPQC using Space Vector Pulse Width Modulation (SVPWM)
27
compared to hysterisis control in a three-phase distribution system has been

proposed [7]. The system was used to improve PQ and to reduce the burden

This work was supported by Fundamental Research 2019 which funded by The
Directorate of Research and Community Service, Directorate General of
Research and Development Strengthening, Ministry of Research, Technology,

and Higher Education, Republic of Indonesia.

of 3 phase AC network by supplying power obtained from PV. The UPQC system
is able tozgupply reactive power needed to increase power factor, reduce
voltage and current distortion, and PV helps injection active power into the
load. A conceptual study of UPQC on three phasezﬁg&r wire (3P4W) system
connected to linear and non-linear loads simultaneously have been carried out
[8]. The sinusoidal current control strategy drives UPQC in such a way that the
supply system drawnsé constant sinusoidal current under steady state32
conditions. In additionfsthe shunt converter also produced reactive power as

required by load so that it can improve an input power factor and reduce THD of

source current.
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Artificial neural networks based on SRF theory as a control to compensate for
PQ problems of three phases’éﬁ?ee wire (3P3W) system through UPQC for various
balanced/unbalanced/distorted conditions at load and source have been
proposed [9]. The proposed model has successfully mitigated
harmonic/reactive currents, unbalanced source and load, and unbalanced
current/voltage. Investigation on enhancements PQ including sag and source
voltage harmonics on the grid using UPQC provided by PV array connected to DC
links using Pl compared to FLC has been conducted [10]. The simulation shows
that FLC on UPQC and PV could increase THD voltage source better than PI. The
improvement of PQ using UPQC on microgrid supplied by PV and wind turbine
have been implemented using Pl and FLC. Both methods are able t03i6mprove PQ
and to reduce distortion in output power [11]. Research on the use of Battery
Energy Storage (BES) in UPQC supplied by PV to improve PQ in three phasesz38
3P3W systems using FLC validated Pl on various disturbances in source and
load side has been investigated [12]. The research showed that FLC on UPQC-
BESagystem supplied by PV was able to significantly reduce load current
harmonics and source voltage harmonics in number%f disturbances, especially
in interruption voltage that occurs on source4l13us.

This research presents analysisééf UPQC—PV%ystem model under sag and
interruption voltage under variable irradiance. The PV is connected to a 3P3W
system with 380 volts (L-L) and a frequency of 50 hertz, through UPQC-DC link .4‘
This system is used to maintain load voltage and load active power constant, as
well as supply sensitive loads. This paper is presented as follows. Section 2
explains proposedérsnethod, UPQC-PV model, parameter simulation, PV model,

active filter series and shunt filter control, application of PI, as well as UPQC

model efficiency. Section 3 shows results and discussion of load voltage, load
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current, source active power, load active power, series active power, shunt
active power, PV power using Pl. In this section, six disturbance scenarios are
presented and the results are verified with Matlab/Simulink. Finally, this paper

is concluded in Section 4.

RESEARCH METHOD

Proposed Method

Fig. 1 shows proposedzfnodel in this paper. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency of 50 hertz, through
UPQC-DC link circuit. This system is known as UPQC-PVA;ystem and itis used
to maintain ansﬁupply sensitive loads. The PV array generates DC power at a
constant temperature, variable solar irradiance, and it is connected to DC-link
via a DC-DC boost converter. The MPPT method with P Zz;\gnd O algorithm helps PV
to

[Jgenerate maximum power, resulti%n output voltage, which then becomes an
input voltage for DC-DCT)oost converter. This device has a fu nctionsS’éo adjust
duty cycle value with PV output voltage as an input voltage to produce output
voltage according to DC—link5\3/oltage of UPQC. The PV has been a function as an
alternative source by injecting power to keep load voltage constant, in the case

54 55 56
of a interruption voltage accurs on source or point common coupling (PCC) bus.

The proposed model analysis is carried out by determining sag and interruption
voltage scenarios on source%us in 3P3W using UPQC-PVSSystem. The
measurement parameters are carried out at fixed temperature (T = 250 C) and
variable irradiance i.e. 200 W/m2, 400 W/m2, 600 W/m2, 800 W/m2, 1000 W/m2
and 1200 W/m2. Each disturbance scenario at variable irradiance level

amounts to 6 disturbance, so the total number of scenarios is 12 disturbances.
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The UPQC-PV system uses Pl to mantainS\Q/oltage in a series active filter and
current in a shunt active filter to keep the voltage at sensitive loads remains
constant. The parameters investigated i.e. voltage and current on source bus,
voltage and current on load bus, source active power, series active power,
shunt active power ,Blooad active power, and PV power. The next step is to
determine efficiencye\}alue of UPQC—PVG:;ystem on sag and interruption voltage
scenario in variable irradiance to show the contribution of PV in mitigation of
both voltage disturbances on source bus. Fig. 2 shows power transfer using

65

63 64
UPQC-PV system. Then, simulation parameters for the proposed model is

shown in Appendix Section.

Fig. 1. Proposed model of as UPQC-PV system
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Fig. 2. Power transfer using UPQC-PV system
66
B. Modelling of PV Array
67
Fig. 3 shows the equivalent circuit and V-I characteristics of solar panel. It

68
consists of several PV cells which have external connections in series, parallel,

or both combination [13].

Fig. 3. Equivalent circuit of solar panel
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The characteristic of V-l is shown in Eq. (1):

Where
is PV current,

is saturated reverse

69
current, 'a' is the ideal diode constant, Vt = NS KTg-1 is thermal voltage, NS is

70
number of series cells, q is electron

charge,
is Boltzmann constant,

temperature
71

pn
junction,

and

are series and parallel resistance

of
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72
solar panels.

has a linear relationship with light

intensity7;nd also varies with temperature variations.

is

dependent value on the temperature variations. The value of

IPV and lo are determined using Eq (2) and Eq. (3):

, T
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Where

,»,,and, are PV current, short

74
circuit current, and open circuit voltage under standard conditions (Tn = 250 C

and Gn = 1000 Wm-2) respectively.

The

value

is coefficient

of short circuit current to

temperature,

is

temperature deviation
from

standard
temperature,

is

light intensity and

is
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75
coefficient of open circuit voltage ratio to temperature. Open circuit voltage,
short circuit current, and voltage-current related to maximum power are three
76
important values of |-V characteristics of solar panel. These points are changed

by variation in atmospheric conditions. By using Eq. (4) and Eq.

77 78
derived from PV model, short-circuit current, and open circuit voltage can be
calculated under different atmospheric conditions.
= (

+

C. Control of Series Active Filter

The main function of series7;ctive filter is to protect sensitivegi)oad from a
number ofB\}oltagegéistu rbanceggt PCCgé)us. The algorithm of source voltage and
load voltage control strategies in seriesggctive filter circuit is shown in Fig. 4.
This control strategy generates the unit vector template from a distorted input

source. Then, the template is expected to be an ideal sinusoidal signal with an
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86
unity amplitude. Then, the distorted source voltage is measured and divided by

peak

87
amplitude of base input voltage

as stated in Eq. (6) [6].
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A three phaseBE’LL is used to produce sinusoidal unit vector templates with
phase lagging through the use of sine function. The load voltage of referenc:e89
signal is determined by multiplying unit vector templates by the peak value of
base input voltage amplitude .9'(I)'he load reference voltage

X, % ,%)is then9c1:ompared[39\3vithgéensedgll*oad95

96 97
voltage(, ,)with a PWM controller which is used to generate the desired

98 99 100
trigger signal in series active filter. Fig. 4 shows control of series active filter.

Fig. 4 Series active filter control

[ID. Control of Shunt Active Filter

The main function of shuntgctive filter is to mitigate PQ problems on the load
side. The control methodology of shunt active filter is that the absorbed current
from PCC%zus is a balanced positive sequence current including an unbalanced
sag voltage on PCC1€)3us, an unbalanced, or a non-linear load. In order to184btain
satisfactory compensation caused by interference due to non-linear load, many

algorithms have been used in some references. This research uses the method

105
of instantaneous reactive power theory theory or "p-q" theory. The voltages and
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currents in Cartesian coordinates can be transformed into Cartesian
coordinates af3 as stated in Eq. (7) and Eq. (8) [6].

=1

-1/2

-1/2

V3/2
-V3/2

-1/2
-1/2
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V3/2
-V3/2

Calculation of real power () and imaginary power () is shown in Eq. (9). Real and

106
imaginary power are measured instantaneously power and expressed in matrix

107 108 109
form. The presence of mean and fluctuating component in instantaneous

component is shown in Eq. (10) [14].

”I
+
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(10)
Where

= the average component of real power,

the fluctuating component of real power,
= the average

component

of

imaginary power,

the fluctuating

component of imaginary power. The total imaginary power

)and fluctuating1c1:%mponent1c1>1f real power aregzelected as power references
and current references and are utilized through the use of Eq. (10) to
compensate for harmonics and reactive power [15].

*
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The signal is obtained from the voltage regulator and is used as average real

power. It can also be expressed as instantaneous active power associated with
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resistive losses and switching losses from UPQC. The error is obtained by
comparing the actual value of DC-link capacitor voltage with the reference
value processed using a Pl controller, driven by a closed voltage control to
minimize steady state1<1a3rrors from voltage through DC-link circuit to zero. The
compensation current ( % , * ) is needed to meet load power demand as shown
in Eq. (12). The current is expressed in coordinates a-B. The compensation

114
current is used to obtain source phase current by using Eq. (13) for

115
compensation. The source phase current ( % , * , % ) is expressed in the abc
axis obtained from the compensation current in — coordinates and is presented
in Eq. 12 [15].

116
Fig. 5 show shunt active filter control [15].

117
ploss

Fig. 5. Shunt active filter control
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-1/2
-V3/2

118

In order to operate properly, The UPQC-PV must have a minimum DC-link (Vdc)

voltage. The general DC- link voltage value depends on the instantaneous

Report was generated on Tuesday, Feb 4, 2020, 3:01 PM Page 24 of 132



Report: 1570615953

energy that can be generated by UPQC which is defined in Eq.13 [16]:

Where

is the modulation index and

is the voltage

of UPQC. Considering modulation1i1ridex of 1 and the grid
voltage%oetween line-line (VLL= 380V),

is

obtained

620.54 V and chosen as 650 V.
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The input of shunt active filter shown in Fig. 6 is DC

voltage (

) dan DC voltage reference (

* ), while the

outputis

using the Pl controller. Furthermore,

of

the input

variables produce a reference source

current)

% , %, % .Then, the reference source current output is compared with currentn‘
source ( ,m ,1)23by hysteresis current controller to generate a trigger signal in
IGBT1c2:£frcuit of shunt active filter. In this paper, Pl1c2:50ntroller as a DC voltage

126
control algorithm on shunt active filter is proposed.

D. Efficiency of UPQC-PV

The research on the use of 3-Phase 4-Leg Unified Series-Parallel Active Filter
Systems using Ultra Capacitor Energy Storage (UCES) to mitigate sag and
unbalance voltage has been investigated [17]. In this paper, it is found that the
implementation of UCES is able to1l217elp system%duce source current
compensation when sag voltage on source bus to keep load voltage constant
and balanced. During distu rbance1l2JgCES generates extra power flow to load
through a series active filter via dc-link and a series active filter to load.
Although providing an advantage of sag voltage compensation, the use of UCES

in this proposed system is also able to generate losses and to reduce an
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130 131 132
efficiency of system. Using the same procedure, the authors proposes Eq. (14)

133
for efficiency of UPQC-PV in the formula below.
(%) =

(14)

RESULT AND DISCUSSION
The proposed model analysis is UPQC connected 3P3W (on-grid) system
through a DC link supplied by PV known as

[

134
UPQC-PV system. The system then supplies sensitive voltage devices on load

bus. There are two distrurbancegizenarios i.e. sag voltage (Sag) and
interruption voltage (Inter). In sag\a}%ltage scenario, the system is connected to
a sensitive load and the source has a 50% sag voltage disturbance for 0.3 s
betweent=0.2stot=0.5s.1In interruptionk%ltage scenario, the system is
connected to sensitiveTgad and the source experiences a 100% source voltage
interruption for 0.3 s betweent =0.2stot = 0.5 s. The UPQC-PV system uses PI
controller with constant Kp and Ki are 0.2 and 1.5, respectively. Pl controller is
used as DC%%[tage controller on an active filter series and current controller on
shunt active filter to keep load voltage constant in case of disturbance voltage

happens on the source bus.
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The proposed model analysis is carried out by determining sag voltage and
interruption voltage on sou rce@us in 3P3W of UPQC-PV1§§/stem. The
measurement parameters are carried out at fixed temperature conditions (T =
250 C) and the different radiation i.e. 200 W/m2, 400 W/m2, 600 W/ m2, 800

143

W/m2, 1000 W/m2 and 1200 W/m2 . Each of disturbance scenarios at the
variable irradiance level amounts to 6 disturbances,g‘b that the total number of
scenarios is 12 interruptions. The UPQC-PV system uses controls mounted on
the 3P3W System to keep the voltage at sensitive loads remains constant.
Then, using Matlab/Simulink, the model is run in accordance withtéﬁe scenario
that was previously desired to obtain the source voltage curve (VS), load voltage
(VL), compensation voltage (VC), source current (VS), load current (VL), and DC-
Link (VDC) voltage. Based on this curve, the average values of source voltage,
load voltage, source current and load current are obtained from value%ﬁE each
phase of voltage and current parameters previously obtained. The next
research is determining the value of power transfer of active source power,
series active power, active shunt power, active load power, PV power
contribution, and system efficiency. The measurement of the value of phase
voltage, phase current, power transfer, and PV power is determined in one cycle
starting at t = 0.35 s. The results of the average source voltage, source current,

load voltage, and load current in the UPQC-PV system model are presented in

Table 1.

TABLE I. VOLTAGE AND CURRENT USING UPQC-PV SYSTEM UNDER SAG AND
INTERRUPTION WITH VARIABLE IRRADIANCE LEVEL
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Irr

Source Voltage VS (Volt)

Load Voltage VL (Volt)

Source Current IS (Ampere)
Load Current IL (Ampere)
(W/m2)

Ph A

Ph B
PhC
Avg

Ph A

Ph B
Ph C

Avg
Ph A

Ph B

PhC
Avg
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Ph A
Ph B

PhC
Avg

Sag Voltage
andT=250C

200
153.9

Report was generated on Tuesday, Feb 4, 2020, 3:01 PM Page 30 of 132



Report: 1570615953

153.9
153.9
153.9
310.1

310.1
310.1

310.1
11.77

11.79
11.35
11.63
8.590
8.589

8.587
8.589
400

154.1

154.1
154.1
154.1
310.1
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310.1
310.1

310.1
10.91

10.98
10.94
10.94
8.589
8.590

8.588
8.589
600

154.1

154.1
154.1
154.1
310.1

310.1
310.1

310.1
10.92
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10.88
10.98
10.93
8.589
8.588

8.589
8.589
800

154.0

154.0
154.0
154.0
310.1

310.1
310.1

310.1
11.45

10.38
11.49
11.11
8.588
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8.589

8.589
8.589
1000

153.8

153.8
153.8
153.8
310.1

310.1
310.1

310.1
13.39

13.33
13.41
13.38
8.589
8.589

8.588

8.589
1200
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153.8

153.8
153.8
154.8
310.1

310.1
310.1

310.1
13.69

13.58
13.69
13.65
8.589
8.589

8.588
8.589
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Interuption Voltage and T = 250 C

200
1.229

1.350
1.274
1.284
232.8

253.2
247.2

244.4
11.65

12.65
12.23
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12.18
6.561
6.798

6.974
6.778
400

1.322

1.416
1.367
1.368
245.7

264.2
261.1

257.0
12.22

12.66
12.87
12.51
6.946
7.051

7.396
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7.131
600
1.333

1.414
1.363
1.370
246.6

263.9
261.8

257.4
12.25

12.57
12.85
12.56
6.964
7.033

7.406

7.134

800

1.304

1.385
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1.344
1.341
240.1

258.5
255.8

251.5
12.13

12.37
12.71
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Fig 6. Performance of UPQC-PV system under sag voltage with temperature 250
C and irradiance 1000 W/m2 (continue)
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Fig 6. Performance of UPQC-PV system under sag voltage with temperature 250
C and irradiance 1000 W/m2
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Fig 7. Performance of UPQC-PV system under interruption voltage with

temperature 250 C and irradiance 1000 W/m2
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Fig. 11. Power transfer UPQC-PV under interruption
Fig. 12. Active load power on UPQC-PV system
Fig. 13. PV power on UPQC-PV system

Fig. 6 shows that in sag voltage, the UPQC-PV system at t

Table 1 and Fig. 8 show that in sag voltage and irradiance

=0.2stot=0.5s,irradiance = 1000 W/m2 and temperature =

level of 200W/m2 to 1200 W/m2, the 3P3W system using

250 using Pl control, the average source voltage (VS) (Fig. 6.a)

UPQC-PV with Pl controller is still able to maintain the

decreased by 50% from 310.1 V to 153.8 V (Fig. 6.b). During

average load voltage of 310.1 V. However, in the interruption

this duration, the average source current increases slightly to

voltage and the irradiance levels are equally sequential, the

13.38 A (Fig. 6.d) because the PV contributes power to the
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average load voltage drops to between 239.2 V and 257 V.

load through a DC-link series active filter by injecting a

Table 1 and Fig. 9 also show that in sag voltage and irradiance

compensation voltage (VC) of 156.3 V (Fig. 6.c) through the

levels of 200 W/m2 to 1200 W/m2, the 3P3W system uses

injection transformer in the active series filter so that an

UPQC-PV with Pl controller is still able to maintain an

average load voltage (VL) remains stable at 310.1 V (Fig. 6.b).

164
average load current of 8.589 A. However, in the scenario of

At the same time, the Pl controller on shunt active filter works

interruption voltage and same irradiance levels, the average

to keep DC voltage (VDC) stable and the average current source

load current drops to between 6.624 A and 7.134 A. Thus, the

(I1S) increases close to 13.38 A (Fig. 6.d) to keep the average IL

165 166
UPQC-PV system is able to maintain a load voltage, if there is

stable at 8,589 A (Figure 12.e).
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167
the sag voltage at source bus. Otherwise, in interruption

168
Fig. 7 shows that in the interuption voltage scenario, the

voltage scenario, the UPQC-PV system has not been able to

UPQC-PV systematt=0.2stot=0.5s,irradiation = 1000

maintain load voltage and load current remain constant. Fig. 8

169
W/m2 and temperature = 250 using Pl controller, the average

shows that in sag voltage, the UPQC-PV systematt=0.2stot

170

VS drops by 100 % to 1.247 V (Fig. 7.a). Under this conditions,

= 0.5 s, irradiance = 1000 W/m2 and temperature = 250 C using

the UPQC-PV system is unable to produce maximum power to

Pl controller, source power value (PS) decreased to 2700 W.

UPQC DC-link circuit and injects the average VC (Fig. 3.c)

171

Series power (Pse) increased by 2800 W and shunt power (PSh)

through injection transformer in an active series filter. Soatt =

decreased by -1800 W, PV power by 650 W, so that load
0.2 stot = 0.5, the average VL (Fig. 7.b) decreases to 240.4 V.
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power (PL) value is equal to 3715 W. Fig. 9 shows that in
During

the

interruption

period,

the

application

of

Pl

interruption voltage, UPQC-PV system att=0.2stot=0.5s,

controller to the active shunt filter is unable to maintain the

irradiance = 1000 W/m2 and temperature = 250 C, the value of

average VDC (Fig.7 .f) and VC to remain constant, so an the

the source power (PS) drops to 0 W. The series power (Pse)

172
average IL also decrease to 6,447 A (Fig. 7.e).

173

increases by 6000 W and shunt power (PSh) decreased by
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174 175
-3100 W, and PV power increased by 1300 W, so that the load

power (PL) dropped to 2600 W.
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Table 2 and Fig. 12 show that in sag voltage and irradiance levels of 200 W/m2
t0 1200 W/m2, the 3P3W system uses UPQC-PV with Pl still able to maintain
active power above 3714 W. However, in the interruption voltage and same
irradiance level, active load power drops to between 2560 W and 2805 W. Table
2 and Fig. 13 also show that in sag voltage and irradiance levels of 200 W/m2 to
1200 W/m2, the 3P3W system uses UPQC-PV with PI still able to generate PV
power between 500 W to 920 W. In the scenario of interruption voltage and
irraradiation1l7(gvels with the same sequence, the PV power increases between
1300 W to 1635 W. However, the increase on PV power in interruption voltage

has not been able to meet load power so finally drops to 2650 W.

TABLE Il. POWER TRANSFER IN UPQC-PV SYSTEM

Irr

Power Transfer (Watt)

Eff
(W/m2
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Source
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PV

Sag Voltage and T=250C
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177
Fig. 14. Efficiency of UPQC-PV system under sag and interruption

178
Fig. 14 shows that in sag voltage and irrradiance level of 200 W/m2 to 1200
179
W/m2, the 3P3W system using UPQC-PV with Pl controller is able to produce a
system efficiency of 78.60% to 86.59%. Otherwise, in the interruption voltage
180

and irrradiance increases, the efficiency of UPQC-PV decreases between

58.70% to 61.63%.
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IV. CONCLUSSION

The analysis of UPQC—PV1S§/stem model has been presented in this paper. The
PV is connected to a 3P3W distribution system with 380 volts (L-L) and a
frequency of 50 hertz, through UPQC-DC link circuit. This system is used to
maintain and supply sensitive loads. This research shows that in the sag
voltage and irradiance levels of 200 W/m2 to 1200 W/m2, the 3P3W system
using UPQC-PV with Pl is able toﬁaintain the active load power above 3714 W.
However, in the interruption voltage and same irradiance level, the load active
power drops to between 2560 W and 2805 W. This paper also shows that in the
sag voltage and same irradiance level, the 3P3W system using UPQC-PV with PI
is able togénerate PV power between 500 W to 920 W. In the scenario of the
interruption voltage and same irradiance levels, the power that can be
generated by PV increases between 1300 W to 1635 W. However, at 25 0 C and
1000 W/m2, the increase in PV power on interruption voltage has not been able
to meet the load power so it finally drops to 2650 W. The increase in PV power
close to load power is proposed to overcome this problem.

JAPPENDIX

Three phase grid: RMS voltage 380 volt (L-L), 50 Hz, line impedance: Rs = 0.1
Ohm Ls = 15 mH; series and shunt active filter: series inductance Lse = 0.015
mH; shunt inductance Lsh = 15 mH; injection transformers: rating 10 kVA, 50
Hz, turn ratio (N1/N2) = 1:1; sensitive load: resistance RL = 60 ohm, inductance
LL = 0.15 mH, load impedance Rc = 0.4 ohm and Lc = 15 mH; unbalance load:
resistance R1 = 24 ohm, R2 = 12 ohm, and R3 = 6 ohm, capacitance C1,C2, C3
= 2.2 pF; DC-link: voltage VDC = 650 volt and capacitance CDC = 3000 pF;

photovoltaic: active power = 0.6 kW temperature = 250 C, irradiance = 1000
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W/m2; Pl controller: Kp = 0.2, Ki = 1.5; input: error (Vdc) and delta error (AVdc);

output: instantaneous of R losses .
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Abstract— This paper presents an analysis of the Unified
Power Quality Conditioner-Photovoltaic (UPQC-PV) system
under sag and interruption voltage with variable irradiance.
The PV is connected to a three-phase three-wire (3P3W)
distribution system with 380 volts (L-L) and a frequency of 50
hertz, through UPQC-DC link. This system is used to maintain
and supply sensitive loads. This paper shows that in the sag
voltage and irradiance levels of 200 W/m? to 1200 W/m?, the
3P3W system uses UPQC-PV with proportional-integral (PI)
still able to maintain the active load power above 3714 W.
However, in the interruption voltage and same irradiance level,
the load active power drops to between 2560 W and 2805 W.
This research also shows that in the sag voltage and same
irradiance levels, the 3P3W system uses UPQC-PV with PI still
able to generate PV power between 500 W to 920 W. In the
interruption voltage and same irradiance levels, the power that
can be generated by PV increases between 1300 W to 1635 W.
Otherwise, at 25° C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load active
power consumption, so it finally drops to 2650 W. This paper is
simulated using Matlab/Simulink.

Keywords—UPQC, Photovoltaic, Sag, Interruption, Irradiance

I. INTRODUCTION

The decreasing of fossil energy sources and increasing
concerns about environmental impacts have caused
renewable energy (RE) sources i.e., photovoltaic (PV) and
wind, to develop into alternative energy on power generation.
Solar or PV generator is one of the most potential RE
technologies because it only converts sunlight to generate
electricity, where the resources are available in abundant and
they are free and relatively clean. Indonesia has a huge
energy potential from the sun because it is located in the
equator. Almost all regions of Indonesia receive around 10 to
12 hours of sunshine per day, with an average irradiation
intensity of 4.5 kWh/m? or equivalent to 112.000 GW.

Even though, PV can generate power, this device also
has a disadvantage: it results in several voltage and current
disturbances, as well as harmonics due to the presence of
several types of PV devices and power converters and
increasing the number of non-linear loads connected to the
source, causing a decrease in power quality (PQ). To
overcome this problem and to improve PQ due to the
presence of non-linear load and integration of PV into the
grid, UPQC is proposed. This device has been a function to
compensate for problems of voltage source quality i.e. sag,
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swell, unbalance, flicker, harmonics, and load current quality
problems i.e. harmonics, imbalance, reactive current, and
neutral current. UPQC is part of an active power filter
consisting of a shunt active filter and series active filter
connected in parallel and serving as a superior controller to
solve several PQ problems simultaneously [1]. UPQC series
component is responsible for reducing the number of
disturbances on source side i.e. sag/swell voltage, flicker,
unbalanced voltage, and source voltage harmonics. This
equipment has served to inject a certain amount of voltage to
keep load voltage at desired level so that it returns to balance
and distortion-free. UPQC shunt component is responsible
for overcoming current quality problems i.e. low power
factor, load current harmonics, and unbalanced currents. This
equipment has been a function of injection current into the
AC system so that the current source becomes a balanced
sinusoidal and in phase with source voltage [2]. The design
and dynamic performance of integrated PV with UPQC
(PV-UPQC) under variable irradiance condition and voltage
sag/swell, and load unbalance has been investigated [3]. The
proposed system was able to combine both the benefits of
distributed generators (DGs) and active power filters. The
PV-UPQC combination was also able to reduce harmonics
due to nonlinear loads and was able to maintain total
harmonics distortion (THD) of grid voltage, load voltage and
grid current below the IEEE-519. The system was found to be
stable under radiation variations, voltage sag/swell, and load
unbalances conditions.

The dynamic performance-based auto-tuned PI for
UPQC-PV system has been analyzed [4]. This online
optimization methodology is implemented for PV-UPQC to
determine the best value of PI gain. The Vector-Proportional
Integral (UV-PI) and Proportional Resonant-Response
(PR-R) controllers in shunt and series converters significantly
increase PV-UPQC performance by reducing convergence
time, settling time, switching harmonics, complexity, and
dynamic response so that they become more effective.
PV-UPQC performance using a control algorithm based on
Synchronous Reference Frame (SRF) with the Phase Lock
Loop (PLL) mechanism has been presented [5]. Unbalanced
load voltage containing harmonics and pure unbalanced pure
load voltage has been compensated and balanced so that the
load voltage is maintained constant. UPQC was supplied by
64 PV panels using boost converters, PI controllers,
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Observer (P and O), and having a momentary reactive power
theory (p-q theory) which has been proposed [6]. The system
has successfully carried out reactive power compensation and
reduced source current and load voltage harmonics.
However, this study did not address the mitigation of sag
voltage and other disturbances caused by PV penetration.

PV supported by UPQC using Space Vector Pulse
Width Modulation (SVPWM) compared to hysteresis control
in a three-phase distribution system has been proposed [7].
The system was used to improve PQ and to reduce the burden
of 3 phase AC network by supplying power obtained from
PV. The UPQC system can supply reactive power needed to
increase power factor, reduce voltage and current distortion,
and PV helps active injection power into the load. A
conceptual study of UPQC on three-phase four-wire (3P4W)
system connected to linear and non-linear loads
simultaneously has been carried out [8]. The sinusoidal
current control strategy drives UPQC in such a way that the
supply system has drawn a constant sinusoidal current under
steady-state conditions. Besides, the shunt converter also
produced reactive power as required by load so that it can
improve power factor and reduce THD of source current.

Artificial neural networks based on SRF theory as a
control to compensate for PQ problems of 3P3W system
through UPQC for various balanced/unbalanced/distorted
conditions at load and source have been proposed [9]. The
proposed model has successfully mitigated harmonic/reactive
currents, unbalanced source and load, and unbalanced
current/voltage. Investigation on enhancements PQ including
sag and source voltage harmonics on the grid using UPQC
provided by PV array connected to DC links using PI
compared to FLC has been conducted [10]. The simulation
shows that FLC on UPQC and PV could increase THD
voltage source better than PI. The improvement of PQ using
UPQC on microgrid supplied by PV and wind turbine have
been implemented using PI and FLC. Both methods can
improve PQ and to reduce distortion in output power [11].
Research on the use of Battery Energy Storage (BES) in
UPQC supplied by PV to improve PQ in 3P3W system using
FLC validated PI on various disturbances in source and load
side has been investigated [12]. The research showed that
FLC on the UPQC-Battery Energy Storage (BES) system
supplied by PV was able to significantly reduce load current
harmonics and source voltage harmonics in the number of
disturbances, especially in interruption voltage that occurs on
the source bus.

This research presents an analysis of the UPQC-PV
system model under sag and interruption voltage with
variable irradiance. The PV is connected to a 3P3W system
with 380 volts (L-L) and a frequency of 50 hertz, through
UPQC-DC link. This system is used to maintain load voltage
and load active power constant, as well as to supply sensitive
loads. This paper is presented as follows. Section 2 explains
the proposed method, UPQC-PV model, parameter
simulation, PV model, active filter series and shunt filter
control, application of PI, as well as UPQC model efficiency.
Section 3 shows results and discussion of load voltage, load
current, source active power, load active power, series active
power, shunt active power, PV power using PI. In this
section, six disturbance scenarios are presented and the
results are verified with Matlab/Simulink. Finally, this paper
is concluded in Section 4.

A. Proposed Method

Fig. 1 shows the proposed model in this paper. The PV is
connected to a 3P3W distribution system with 380 volts (L-L)
and a frequency of 50 hertz, through UPQC-DC link circuit.
This system is known as the UPQC-PV system and it is used
to maintain and supply sensitive loads. The PV array
generates DC power at a constant temperature, variable solar
irradiance, and it is connected to DC-link via a DC-DC boost
converter. The MPPT method with the P and O algorithm
helps PV to generate maximum power, result in an output
voltage, which then becomes an input voltage for the DC-DC
boost converter. This device has a function to adjust duty
cycle value with PV output voltage as an input voltage to
produce output voltage according to the DC-link voltage of
UPQC. The PV has been a function as an alternative source by
injecting power to keep load voltage constant, in the case of an
interruption voltage that occurs on the source or points
common coupling (PCC) bus.

The analysis of the proposed model is carried out by
determining sag and interruption voltage scenarios on the
source bus in 3P3W using the UPQC-PV system. The
measurement parameters are carried out at fixed temperature
(T =25° C) and variable irradiance i.e. 200 W/m?, 400 W/m?,
600 W/m?2, 800 W/m?, 1000 W/m? and 1200 W/m?. Each
disturbance scenario at variable irradiance level amounts to 6
disturbance, so the total number of scenarios is 12
disturbances. The UPQC-PV system uses PI to maintain
voltage in a series active filter and current in an active shunt
filter to keep the voltage at sensitive loads remains constant.
The parameters investigated i.e. voltage and current on source
bus, voltage and current on load bus, active source power,
series active power, shunt active power, load active power,
and PV power. The next step is to determine the efficiency
value of the UPQC-PV system on sag and interruption voltage
scenario in variable irradiance to show the contribution of PV
in the mitigation of both voltage disturbances on source bus.
Fig. 2 shows power transfer using the UPQC-PV system.
Then, the simulation parameters for the proposed model are
shown in Appendix Section.
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Fig. 3 shows the equivalent circuit and V-I
characteristics of a solar panel. It consists of several PV cells
that have external connections in series, parallel, or both
combination [13].

Ipy o R I

D v

Fig. 3. Equivalent circuit of solar panel

The characteristic of V-I is shown in Eq. (1):
g V4+RsI\ _ 1] _ V+Rsl
1_m,gkm(aw) 1] = (1)

Where Ip, is PV current, I, is saturated reverse
current, 'a’ is the ideal diode constant, Vt = NgKTq™ ! is the
thermal voltage, Ng is the number of series cells, q is
electron charge, K is Boltzmann constant. T is temperature
p-n junction. Rg and Rp are series and parallel resistance of
the solar panels. Ip;, has a linear relationship with the light
intensity and also varies with temperature variations. I, is
dependent value on the temperature variations. The value of
Ipy and I, are determined using Eq (2) and Eq. (3):

Ipy = (IPV,n + KIAT)GG_n (2)

Iscnt+KiAT
I, = n (3)
exp(Vocn+KyAT)/aVe—1

Where [ pvn Iscn, and Voo, are PV current,
short-circuit current, and open-circuit voltage under standard
conditions (T, =25°C and G, = 1000 W/m?),
respectively. The Kjvalue is a coefficient of short circuit
current to temperature, AT =T —T, is temperature
deviation from standard temperature, G is light intensity and
K, is a coefficient of open-circuit voltage ratio to
temperature. Open-circuit voltage, short-circuit current, and
voltage-current related to maximum power are three
important values of I-V characteristics of a solar panel. These
points are changed by variation in atmospheric conditions.
By using Eq. (4) and Eq. (5) derived from PV model,
short-circuit current, and open-circuit voltage can be
calculated under different atmospheric conditions.

G
Isc = (Isc + KIAT)E 4
Voc = (Voc + KvAT) )

C. Control of Series Active Filter

The main function of a series active filter is to protect
the sensitive load from several voltage disturbances at the
PCC bus. The algorithm of a source voltage and a load
voltage control strategy in a series active filter circuit is
shown in Fig. 4. This control strategy generates the unit
vector template from a distorted input source. Then, the
template is expected to be an ideal sinusoidal signal with a
unity amplitude. Then, the distorted source voltage is
measured and divided by peak the amplitude of base input
voltage 1}, as stated in Eq. (6) [6].

2
Vo = [+ V5, + 12 ©)

Sensed Load
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Vi = Peak fund

input voltage magnitude | VT \iua \i:.c
Ver sin@wy |y, N
K .
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Vsp E Sin (wt + 2m) Ve .
X -
K

Gating Signals

Fig. 4 Series active filter control

A three-phase PLL is used to produce sinusoidal unit
vector templates with phase lagging through the use of sine
function. The load voltage of the reference signal is
determined by multiplying unit vector templates by the peak
value of base input voltage amplitude V,, . The load
reference voltage (V;/,, V53, V/.) is then compared with
sensed load voltage (Vi 4, Vip, Vi) with a PWM controller
which is used to generate the desired trigger signal in a series
active filter. Fig. 4 shows the control of a series active filter.

D. Control of Shunt Active Filter

The main function of an active shunt filter is to mitigate
PQ problems on the load side. The control methodology of a
shunt active filter is that the absorbed current from the PCC
bus is a balanced positive sequence current including an
unbalanced sag voltage on the PCC bus, an unbalanced, or a
non-linear load. To obtain satisfactory compensation caused
by interference due to non-linear load, many algorithms have
been used in some references. This research uses the method
of instantaneous reactive power theory or "p-q" theory. The
voltages and currents in Cartesian coordinates can be
transformed into Cartesian coordinates of} as stated in Eq. (7)
and Eq. (8) [6].

_ _ A
al=lo sl ¢
k1=l v —vr ®

Calculation of real power (p) and imaginary power (q)
is shown in Eq. (9). Real and imaginary power are measured
power instantaneously and expressed in matrix form. The
presence of mean and fluctuating components in an
instantaneous component is shown in Eq. (10) [14].

b= ] ©)

p=p+P ; q=q+q (10)

Where p = the average component of real power, § =
the fluctuating component of real power, § = the average
component of imaginary power, § = the fluctuating
component of imaginary power. The total of imaginary
power (q) and fluctuating components of real power (p) is
selected as power references and current references and is
utilized through the use of Eq. (10) to compensate for
harmonics and reactive power [15]. Fig. 5 shows a shunt
active filter control [15].
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Fig. 5. Shunt active filter control

The p,,ss signal is obtained from the voltage regulator
and is used as average real power. It can also be expressed as
instantaneous active power associated with resistive losses
and switching losses from UPQC. The error is obtained by
comparing the actual value of DC-link capacitor voltage with
the reference value processed using a PI controller, driven by
a closed voltage control to minimize steady-state errors from
voltage through DC-link circuit to zero. The compensation
current (i, iZB) is needed to meet load power demand as
shown in Eq. (12). The current is expressed in coordinates
a — fB. The compensation current is used to obtain the source
phase current by using Eq. (13) for compensation. The source
phase current (igq,isq,15¢) 1S expressed in the abc axis

obtained from the compensation current in a—f
coordinates and is presented in Eq. 12 [15] .
lsa 0 i
\f —1/2 V3/2 [ii“] (12)
i ~1/2 =372

To operate properly, The UPQC-PV must have a
minimum DC-link voltage (V) . The general DC-link
voltage value depends on the instantaneous energy that can
be generated by UPQC which is defined in Eq.13 [16]:

2.2V

Vac =5 (13)

Where m is the modulation index and V;; is the voltage
of UPQC. Considering the modulation index of 1 and the grid
voltage between line-line (V;, = 380V), V,;. is obtained
620.54 V and chosen as 650 V.

The input of active shunt filter shown in Fig. 6 is DC
voltage (V;.) dan DC voltage reference (V;.), while the
output is Pj,ss using the PI controller. Furthermore, Pj,¢s of
the input variables produce a reference source current
(isq,isar isq). Then, the reference source current output is
compared with the current source (is,, isp, isc) by hysteresis
current controller to generate a trigger signal in the IGBT
circuit of shunt active filter. In this paper, the PI controller as
a DC voltage control algorithm on an active shunt filter, is
proposed.

D. Efficiency of UPQC-PV

The research on the use of 3-Phase 4-Leg Unified
Series-Parallel Active Filter Systems using Ultra Capacitor
Energy Storage (UCES) to mitigate sag and unbalance
voltage has been investigated [17]. In this paper, it is found

rnational Conference on Smart Tgghn@leaNe ALRERSIPSHICORIBS can help the system

reduce source current compensation when sag voltage on
source bus to keep load voltage constant and balanced.
During disturbance, UCES generates extra power flow to
load through a series active filter via dc-link and a series
active filter to load. Although providing an advantage of sag
voltage compensation, the use of UCES in this proposed
system is also able to generate losses and to reduce the
efficiency of the system. Using the same procedure, the
authors propose Eq. (14) for efficiency of UPQC-PV in the
formula below.

PsourcetPseriestPshunt+PpPv+PBES (14)
PLoad

Eff (%) =

III. RESULT AND DISCUSSION

The proposed model analysis is UPQC connected 3P3W
(on-grid) system through a DC link supplied by PV known as
UPQC-PV system. The system then supplies sensitive voltage
devices on the load bus. There are two disturbances scenario
i.e. sag voltage (Sag) and interruption voltage (Inter). In the
sag voltage scenario, the system is connected to a sensitive
load and the source has a 50% sag voltage disturbance for 0.3
s between t = 0.2 s to t = 0.5 s. In the interruption voltage
scenario, the system is connected to a sensitive load and the
source experiences a 100% source voltage interruption for 0.3
sbetweent=0.2 stot=0.5s. The UPQC-PV system uses a PI
controller with constant K, and K; are 0.2 and 1.5,
respectively. PI controller is used as a DC voltage controller
on an active filter series and current controller on active shunt
filter to keep load voltage constant in case of disturbance
voltage happens on the source bus.

The proposed model analysis is carried out by determining
sag voltage and interruption voltage on the source bus in
3P3W of the UPQC-PV system. The measurement parameters
are carried out at fixed temperature conditions (T =250 C) and
the different radiation i.e. 200 W/m?, 400 W/m?, 600 W/ m?,
800 W/m?, 1000 W/m? and 1200 W/m?. The disturbance
scenarios at the variable irradiance level amounts to 6
disturbances so that the total number of scenarios is 12
interruptions. The UPQC-PV system uses controls mounted
on the 3P3W System to keep the voltage at sensitive loads
remains constant. Then, using Matlab/Simulink, the model is
run following with the scenario that was previously desired to
obtain the source voltage curve (Vs), load voltage (V,),
compensation voltage (V,), source current (I), load current
(1), and DC-Link voltage (V). Based on this curve, the
average values of source voltage, load voltage, source current
and load current are obtained from value of each phase of
voltage and current parameters previously obtained. The next
research is determining the value of power transfer of active
source power, active series power, active shunt power, active
load power, PV power contribution, and system efficiency.
The measurement of the value of phase voltage, phase current,
power transfer, and PV power is determined in one cycle,
starting at t = 0.35 s. The results of the average source voltage,
source current, load voltage, and load current in the
UPQC-PV system model are presented in Table 1.
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TABLE I. VOLTAGE AND CURRENT USING UPQC-PV SYSTEM UNDER SAG AND INTERRUPTION WITH VARIABLE IRRADIANCE LEVEL

Irr Source Voltage Vs (Volt) Load Voltage V,, (Volt) Source Current Is (Ampere) Load Current I;, (Ampere)

(Wim? | PhA [ PhB [ PhC | Avg | PhA | PhB | PhC | Avg | PhA | PhB | PhC | Avg | PhA [ PhB [ PhC | Avg

Sag Voltage and T =25°C

200 153.9 153.9 153.9 1539 | 310.1 | 310.1 310.1 310.1 11.77 11.79 11.35 11.63 8.590 | 8.589 | 8.587 | 8.589

400 154.1 154.1 154.1 154.1 | 310.1 | 310.1 310.1 310.1 10.91 10.98 10.94 10.94 8.589 | 8.590 | 8.588 | 8.589

600 154.1 154.1 154.1 154.1 | 310.1 | 310.1 310.1 310.1 10.92 10.88 10.98 10.93 8.589 | 8.588 | 8.589 | 8.589

800 154.0 154.0 154.0 154.0 | 310.1 | 310.1 310.1 310.1 11.45 10.38 11.49 11.11 8.588 | 8.589 | 8.589 | 8.589

1000 153.8 153.8 153.8 153.8 | 310.1 | 310.1 310.1 310.1 13.39 13.33 13.41 13.38 8.589 | 8.589 | 8.588 | 8.589

1200 153.8 153.8 153.8 154.8 | 310.1 | 310.1 310.1 310.1 13.69 13.58 13.69 13.65 8.589 | 8.589 | 8.588 | 8.589

Interuption Voltage and T = 25" C

200 1.229 1.350 1.274 1.284 | 232.8 | 2532 247.2 244.4 11.65 12.65 12.23 12.18 | 6.561 | 6.798 | 6.974 | 6.778

400 1.322 1416 1.367 1.368 | 245.7 | 2642 261.1 257.0 12.22 12.66 12.87 12.51 6.946 | 7.051 | 7.396 | 7.131
600 1.333 1.414 1.363 1.370 | 246.6 | 263.9 261.8 2574 12.25 12.57 12.85 12.56 | 6.964 | 7.033 | 7.406 | 7.134
800 1.304 1.385 1.344 1.341 | 240.1 | 258.5 255.8 251.5 12.13 12.37 12.71 12.40 | 6.788 | 6.885 | 7.234 | 6.969

1000 1.190 1.316 1.237 1.247 | 229.2 | 249.1 242.8 2404 11.31 11.86 11.91 11.69 | 6.443 | 6.698 | 6.289 | 6.477

1200 1.227 1.319 1.269 1.272 | 2275 | 246.8 243.7 239.2 11.50 11.80 12.06 11.78 | 6.433 | 6.557 | 6.882 | 6.624
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Fig 6. Performance of UPQC-PV system under sag voltage with temperature 25°C and irradiance 1000 W/m?
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Fig 7. Performance of UPQC-PV system under interruption voltage with temperature 25°C and irradiance 1000 W/m?
Fig. 6 shows that in sag voltage, the UPQC-PV system at t Fig. 7 shows that in the interruption voltage scenario, the

=0.2 sto t=0.5 s, irradiance = 1000 W/m? and temperature = UPQC-PV system at t = 0.2 s to t = 0.5 s, irradiation = 1000
25° using PI control, the average source voltage (V) (Fig. W/m2 and temperature = 25° using PI controller, the average
6.a) decreased by 50% from 310.1 V to 153.8 V (Fig. 6.b). Vs drops by 100 % to 1.247 V (Fig. 7.a). Under these
During this duration, the average source current (Ig) conditions, the UPQC-PV system is unable to produce
increases slightly to 13.38 A (Fig. 6.d) because the PV  maximum power to UPQC DC-link circuit and injects the
contributes power to the load through a DC-link series active  average V. (Fig. 7.c) through injection transformer in the
filter by injecting a compensation voltage (V) of 156.3 V  active series filter. Soatt=0.2sto t=0.5, the average V; (Fig.
(Fig. 6.c) through the injection transformer in the active series ~ 7.b) decreases to 240.4 V. During the interruption period, the
filter so that an average load voltage (V) remains stable at  application of a PI controller to the active shunt filter is unable
310.1 V (Fig. 6.b). At the same time, the PI controller on shunt  to maintain the average Vp. (Fig.7.f) and V¢ to remain
active filter works to keep DC voltage (Vp) stable and the  constant, so an average I, also decreases to 6,447 A (Fig. 7.e).
average current source (Ig) increases close to 13.38 A (Fig.

6.d) to keep the average (I;) stable at 8,589 A (Figure 6.¢).
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Fig. 9. The average load current of UPQC-PV system

Table 1 and Fig. 8 show that in sag voltage and irradiance
level of 200W/m? to 1200 W/m?, the 3P3W system using
UPQC-PV with PI controller still can maintain the average
load voltage (V;)of 310.1 V. However, in the interruption
voltage and the irradiance levels, are equally sequential, the
average load voltage (V,)drops to between 239.2 V and 257
V. Table 1 and Fig. 9 also show that in the sag voltage and the
irradiance levels of 200 W/m? to 1200 W/m? the 3P3W
system uses UPQC-PV with PI controller is still able to
maintain the average load current (I;) of 8.589 A. However,
in the scenario of the interruption voltage and same irradiance
levels, the average load current (/;) drops to between 6.624 A
and 7.134 A. Thus, the UPQC-PV system can maintain the
load voltage (V), if there is the sag voltage happens at the
source bus. Otherwise, in the interruption voltage scenario, the
UPQC-PV system can not maintain load voltage (V,), and the
load current (I;) remains constant.
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Fig. 10. Power transfer of UPQC-PV system under sag voltage with
temperature = 25° C and irradiance = 1000 W/m>

4
~x10
4 T T
4900 W - ss"”_’ce
w—Pseries
2650 W
= Pshunt
1+ 1300 W e
pv
ow
-1900 W § A === Pload

Power Transfer (Watt)
- o

“0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (Second)

Fig. 11. Power transfer of UPQC-PV system under interruption voltage with
temperature = 25° C and irradiance = 1000 W/m?

200 20;0 Interna‘FionaI Conference on Smart TeChfﬁgQY@mmtiﬁ%g%ﬁ%é, the UPQC-PV system

att=0.2stot=0.5s, irradiance = 1000 W/m? and temperature
= 25% C using PI controller, source power value (Ps)
decreases to 2700 W. Series power (Pg,) increased by 2800
W and shunt power (Pg;,) decreased by -1800 W, PV power
by 650 W, so that load power (P,) value is equal to 3715 W.
Fig. 11 shows that in interruption voltage, UPQC-PV system
att=0.2stot=0.5s, irradiance = 1000 W/m? and temperature
=25° C, the value of the source power (Pg) dropsto 0 W. The
series power (Pg.) increases by 4900 W and shunt power
(Pgp,) decreases by -1900 W, and PV power (Pp) increases
by 1300 W, so that the load power (P,,) dropped to 2650 W.
Table 2 and Fig. 12 show that in sag voltage and
irradiance levels of 200 W/m? to 1200 W/m?, the 3P3W
system uses UPQC-PV with PI still able to maintain active
power above 3714 W. However, in the interruption voltage
and same irradiance level, active load power (P,) drops to
between 2560 W and 2805 W. Table 2 and Fig. 13 also show
that in sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system uses UPQC-PV with PI still able to
generate PV power (Ppy) between 500 W to 920 W. In the
scenario of interruption voltage and irradiance levels with the
same condition, the PV power increases (Pp;,) between 1300
W to 1635 W. However, the increase on PV power (Ppy) in
interruption, voltage has not been able to meet power on load

side so that load power (P,,) Finally it drops to 2650 W.
TABLE II. POWER TRANSFER IN UPQC-PV SYSTEM

Irr Power Transfer (Watt) Eff
W /m?) Source Series Shunt Load PV (%)
Power Power Power Power Power
Sag Voltage and T=25°C

200 2700 2800 -1720 3715 680 83.30
400 2455 2550 -1200 3714 920 78.60
600 2455 2550 -1200 3714 920 78.52
800 2534 2620 -1332 3714 810 80.18
1000 2700 2800 -1800 3715 650 85.40
1200 2960 3080 -2250 3715 500 86.59

Interruption Voltage and T=25° C

200 0 4950 -2000 2675 1440 60.93
400 0 4600 -1500 2805 1620 59.43
600 0 4650 -1515 2800 1635 58.70
800 0 4895 -1850 2754 1544 60.01
1000 0 4900 -1900 2650 1300 61.63
1200 0 4850 -1930 2560 1300 59.79

4000

g

53000’ 1

— 7 N

o N

3

.% 7 Inter-Voltage

<

'§1000F :

S

EOO 460 660 860 1600 1200

Irradiance Level (W/m2)

Fig. 12. Active load power on UPQC-PV system
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Fig. 14. The efficiency of UPQC-PV system under sag and interruption
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Fig. 14 shows that in sag voltage and irradiance level of
200 W/m? to 1200 W/m?, the 3P3W system using UPQC-PV
with PI controller can produce a system efficiency of 78.60%
to 86.59%. Otherwise, in the interruption voltage and
irradiance increases, the efficiency of UPQC-PV decreases
between 58.70% to 61.63%.

I'V. CONCLUSION

The analysis of the UPQC-PV system model has been
presented in this paper. The PV is connected to a 3P3W
distribution system with 380 volts (L-L) and a frequency of 50
hertz, through UPQC-DC link circuit. This system is used to
maintain and supply sensitive loads. This research shows that
in the sag voltage and irradiance levels of 200 W/m? to 1200
W/m?, the 3P3W system using UPQC-PV with PI can
maintain the active load power above 3714 W. However, in the
interruption voltage and same irradiance level, the active load
power drops to between 2560 W and 2805 W. This paper also
shows that in the sag voltage and same irradiance level, the
3P3W system using UPQC-PV with PI can generate PV power
between 500 W to 920 W. In the scenario of the interruption
voltage and same irradiance levels, the power that can be
generated by PV increases between 1300 W to 1635 W.
However, at 25°C and 1000 W/m?, the increase in PV power
on interruption voltage has not been able to meet the load
power so it finally drops to 2650 W. The increase in PV power
close to load power is proposed to overcome this problem.

APPENDIX

Three-phase grid: RMS voltage 380 volt (L-L), 50 Hz,
line impedance: Rg =0.1 Ohm Lg = 15 mH; series and shunt
active filter: series inductance Lg, 0.015 mH; shunt
inductance Lg, = 15 mH; injection transformers: rating 10
kVA, 50 Hz, turn ratio (N1/N2) = 1:1; sensitive load:
resistance R; = 60 ohm, inductance L; = 0.15 mH, load
impedance R, = 0.4 ohm and L, = 15 mH; unbalance load:
resistance R; = 24 ohm, R,= 12 ohm, and R; = 6 ohm,
capacitance C, C,, C3 = 2.2 puF; DC-link: voltage V;. = 650
volt and capacitance C;. = 3000 pF; photovoltaic: active
power Pp, = 0.6 kW temperature = 25° C, irradiance = 1000
W/m?; PI controller: Kp =0.2, K;= 1.5; input: Vye_error and
AV _error; OUtput: instantaneous of power losses  (Pjyss)-
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