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Abstract: This paper proposes a dual UPQC system model supplied by two PV arrays and then
called the 2UPQC-2PV system to enhance load real power flow performance in a 380 V (L-L)
low-voltage 3P3W ributiun system with a frequency of 50 Hz. The 2UPQC-2PV
configuration is used to maintain the load voltage and enhance the real load power performance
in the event of an interruption voltage disturbance on the source bus. The performance of the
2UPQC-2PV configuration is further wvalidated with the 2UPQC and 2UPQC-1PV
configurations. The simulation of disturbance in each model configuration consists of six
operating modes (OMs) i.e. OM 1 (Sinusoidal-Swell-Non Linear Load or S-Swell-NLL), OM2
(S-Sag-NLL), OM 3 (S-Interruption-NLL or S-Inter-NLL), OM4 (Distorted-Swell-NLL or D-5-
NLL), OMS5 (D-Sag-NLL), and OM 6 (D-Inter-NLL). The Dual-Fuzzy-Sugeno (Dual-FS)
control method is used to overcome the weaknesses of the dual-proportional-integral (Dual-P1I)
control in determining the optimum parameters of proportional and integral constants. In OM 3
and OM 6, the 2UPQC-2PV configuration with Dual-PI and Dual-FS controls is able to maintain
a higher load voltage than the 2UPQC and 2UPQC-1PV configurations. In OM 6, the Zlmf
configuration with the dual PI and dual FS methods is able to produce the lowest average (Total
Harmonic Distortion (THD) of load voltage compared to the 2UPQC-1PV and 2UPQC-2PV. In
OM 3 and OM 6, the 2UPQC-2PV configuration with Dual-PI and Dual-FS controls is capable
of producing higher real load power, compared to the 2UPQC and 2UPQC-1PV configurations.
In OM 3 and OM 6, the 2UPQC-2PV configuration with the Dual-FS method is able to produce
higher load real power, compared to the Dual-PI method. Furthermore, in OM 3 and OM 6, the
2UPQC-2PV configuration with the Dual-FS method is also able to produce higher dual-UPQC
efficiency, compared to the Dual-PI method. In the case of interruption voltage disturbances with
sinusoidal and distorted sources, the 2UPQC-2PV configuration with dual-FS8 control can
enhance load real power performance and dual-UPQC efficiency better than dual-PI control.
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1. Introduction

In the last decades, the use of non-linear loads by customers has contributed to a decrease in
power quality (PQ) in the power system, causing current distortion. On the other hand, the
presence of sensitive loads and voltage distortion on the source bus also causes a number of
voltage disturbas, thereby also causing a decrease in voltage qua To solve the problem of
worsening PQ due to the use of sensitive loads or non-linear loads on the load %\nd voltage
distortion on the source bus, a power electronics device is proposed, namely Unified Power
Quality Conditioner (UPQC) [1]. The UPQC consists of a Series-Active Filter (mand a Shunt-
AF connected in parallel viaa DC-link capacitor and serves to overcome several of power quality
problems on the source and load sides simultaneously [2]. The Series-Active Filter (AF)
functions to reduce the several of disturbances on the source bus. Meanwhile, the Shunt-AF
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functions to reduce the current quality problems on the load bus [3]. The strategy of developing
a three-phase shunt-AF to mitigate the power quality of the source flow has been carried out by
several researchers. These methods are robust extended complex kalman filter (RECKF)-linear
quadratic regulator (LQR) [4], modified dynamic distribution static compensator (DSTATCOM)
[5]. transformerless DSTATCOM [6], and modified instant power theory-fuzzy logic [7]. The
reduced-rule fuzzy logic method to support the performance of series-AF or dynamic voltage
restorer (DVR) in mitigating sensitive load voltages from various power quality problems 1.e.
distorted source voltage and sag/swell voltage has been UbSEl‘ mm [8]. To umfy the
performance of the shunt-AF and the series- AF as well as to mitigate power c@t}' problems on
the source and load bus, the UPQC has been in\fﬁagatcd. This equipment 1s a combination of a
shunt-AF and a series-AF, as well as, both are connected in parallel via a common DC link
circuit. The optimal method of parameters for weight factor extraction on trapezoidal
membership function using fuzzy logic has been developed by [9] in a single UPQC circuit. To
anticipate the failure of both inverters in a single UPQC circuit, a dual UPQC supply by PV was
developed. The advantage is that|w/flas a more reliable inverter circuit structure and control
because if there is a disturbance i one of the inverters, this system is still able to operate
normally This configuration uses a two-phase two-level inverter with a synch@:us rotating
reference frame to control voltage and current method [ 1 @'hc dual or interline UPQC consists
of two active filters, namely Series-AF and Shunt-AF (parallel active filters), used to reduce
harmonics and \fultagc.-"aent imbalances. Different from the single UPQC, the dual UPQC has
a Series-AF which is controlled as a sinusoidal current source, and a Shunt-AF which is
controlled as a sinusoidal voltage source. 25
Implementation of dual UPQC circuit and control, to improve power quality on the source
and load side of the low voltage distribution system has been done and discussed in several
papers. The simplification technique UPQC control has been proposed in [11] and developed on
the ABC reference frame using the sinusoidal reference synchroniza theory. In [12], a
comparison of two different controls has been carried out to generate the PWM reference signal
using the o-f and d-q reference frames, respectively. The comparison of the operating
performance of single UPQC and dual UPQC in a 3 phase 3 wire (3P3W) system under static
disturbances, as well as dynamic disturbances, has been carried out through simulations [13] and
experiments [14]. The simulation and experiment results verify that a dual UPQC is capable of
producing better static and dynamic performance than a single UPQC. The improvement of
ower quality using dual UPQC under conditions of sudden load changes has been investigated
. The study, analysis, and implementation of the dual UPQC model can be connected to a
3P3W or_three-phase four-wire (3P4W) [16] aff¥BP4W distribution system [17] with
pmpm‘ti:m-integral (PI) control have been applied to improve the power quality system. The
analysis to balance reactive power between series-AF shunt-AF on a dual UPQC using
power angle control has been carried out by [18]. The simulation results show@ the power
angle control method 1s able to determine the load power angle between load and source voltage.
The experimental study of the PV-UPQC system connected to a single-stage 3P3W network
with dual compensation strategies and feed-forward closed control (FFCL) has been carried out
both in static and dynamic conditions, as well as different load and solar irradiance levels [19].
The UPQC-PV system control base on fractional open circuit algorithm control mc [20],
Space Vector Pulse Width Modulation (SVPWM) [21], and tests based on improved
synchronous reference frame control on moving average filter [22] have been observed. The
stability analysis and power flow through three-phase multi-function distributed generator (DG)
series and parallel converters using a single-stage PV system connected to the UPQC using an
islanded and connected mode on the 3P3W system have been simulated and validated through
an experimental laboratory [23]. The weakness of [10],[18-23] is that the analysis is only
performed on conditions of distorted voltage sources, sag/swell voltages, and unbalanced
voltages as well as unbalanced currents and unbalanced currents due to non-linear loads. In [24],
the UPQC-PV system is also proposed not only to mitigate sag voltage but also to m;@in load
voltage and supply load power from PV due to interruption voltage. However, the simulation
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reats show that the proposed system is still unable to overcome the drop in load voltage so that

it 1s not fully able to meet the real power supply on the load side.

To overcome the malfunction of one of the inverters and the inability of the single UPQC-
PV system to overcome the disturbance caused by the interruption voltage, several researchers
proposed a Dual UPQC system supplied by PV arrays or hereinafter known as the dual UPQC-
PV system. The use of multilevel inverters has also been simulated in a dual UPQC-PV system
connected to a 3P4W system to mitigate sag voltages, load voltage harmomnics, and source current
harmonics under different solar irradiance [25]. In [26], the dual-UPQC systc supplied by
two PV arrays using two separate DC-link circuits that were proposed from two three-phase
voltage source converters (VSC). The weakness ufsystcr@,ldcls n [25],]26] was that it only
discussed one level of PV array integration and was used to mitigate voltage sag/swell,
unbalance, and harmonics due to non-linear loads and was not implemented to overcome
interruption to maintain load real power remains stable. Besides, the determination of the
optimum proportional and integral gains as control parameters for the shunt active filter circuit
in the dual UPQC-PV model wa§fhBlso a problem that must be found in a solution

Referring to the above problems, the main contributions of this study are:

1. Designing a dual UPQC model supplied by two PV arrays and then called as the 2UPQC-
2PV configuration on a 3P3W system to maintain load voltage, to enhance load real power
performance, and efticiency of dual-UPQC circuits due to interruption voltage disturbances
on the source bus. The dual UPQC circuit is located between the load bus and the source bus
(PCC) which is then connected to the 3P3W grid via a 380 V (L-L) distribution line with a
frequency of 50 Hz. Both of PV array 1 and PV array 2 consists of several PV panels with a
maximum power PV of 600 W respectively.

2. Validation of the performance of the 2UPQC-2PV configuration with the 2UPQC and
ZUPQC-IPEunfiguratiuus to determine the best system configuration in maintaining the
magnitude and THD of load voltage as well as enhancing the load real power performance
and efficiency of the dual-UPQC in the condition of voltage interruption on the source bus.

3. Implementation of the dual-FS control method on the shunt-AF respectively i.e. 2UPQC-
2PV, 2UPQC, and 2UPQC-1PV to overcome the shortage of PI control in determining
proportional (K,) dan integral (K;) gains in the proposed model.

4. Validation of the results of the dual-FS with the dual PI control method on the shunt-AF
circuit of the 2UPQC-2PV, 2UPQC, and 2UPQC-1PV to determine the best system control
method in maintaining magnitude and THD of load voltage as well as enhancing load real

ower performance and efficiency of the dual-UPQC circuit in the condition of the voltage
bn‘uptiun at the source bus.

This paper is arranged as follows. Section 2 presents the proposed method, 2UPQC-2PV
configuration system, simulation parameter, PV system, series-AF control, and shunt-AF
control, PI and FS method, percentage of sag/swell, and interruption voltage, as well as the
efficiency of 2UPQC-2PV, ZUPIPV, and 2UPQC configurations. Section 3 presents results
and discussion of load voltage, source current, THD of load veltage, THD of source current,
source real power flow, load real power flow, series real power flow, shunt real power flow, PV1
power, and PV2 power using the FS validated with the P1 method. The percentage of sag/swell
and interruption voltage as well as the efficiency of the proposed dual-UPQC configuration using
both FS and PI method are also analyzed. In this section, three configurations of dual-UPQC and
six disturbance OMSs are presented and the results are verified with Matlab-Simulink. Finally,
this paper is concluded in Section 4.

2. Research Method
A. Proposed Method

This study aims to improve the load power flow performance with the dual UPQC system
supplied by a PV array based on the dual-FS method on the 3P3W distribution system. Both of
PV array 1 and PV array 2 consists of several PV panels with a maximum power PV of 600 W
respectively. There are three power electronic devices proposed, i.e. Dual-UPQC (2UPQC),
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Dual-UPQC-Single PV Array (2UPQC-1PV), and dual UPQC-dual PV array (2UPQC-2PV).

The 2UPQC-2PV system is used to overcome the weaknesses of 2UPQC and 2UPQC-1PV

system to maintain the magnitude of load voltage so that the load bus still gets a more stable

active power supply in the event of a voltage interruption on the source bus. The dual UPQC

circuit is located between the load buses and connected to the source bus (PCC) @ 380 V (L-

L) low-voltage distribution line with a frequency of 50 Hz. The FS controller 1s proposed to

overcome the weakness of the I@ntmllf:r in the tuning of proportional (Kp) and integral gain

(K;) parameters. The proposed model of the 2UPQC-2PV system is presented in Figure 1. The

disturbance on three dual UPQC systems is described in the following six OMs respectively

below:

1. OM 1 (S-Swell-NLL), In OM 1, the system 1s connected to the NLL, and the sinusoidal source
runs into a voltage of 50 % swell.

2. OM 2 (S-Sag-NLL): In OM 2, the system is connected to the NLL, and the sinusoidal source
runs into a voltage of 50 % sag.

3. OM 3 (S-Inter-NLL): In OM 3, the system is connected to the NLL and the sinusoidal source
runs into a voltage of 100% interruption.

4. OM 4 (D-Swell-NLL): In OM 4, the system is connected to the NLL, the source produces 5th
and 7th odd-order harmonic components with the individual harmonic of 5 % and 2 %,
respectively, and is subjected to a voltage swell 50%.

5. OM 5 (D-Sag-NLL): In OM 35, the system is connected to the NLL, the source produces 5th
and 7th odd-order harmonic components with the individual harmonic of 5 % and 2 %,
respectively, and is subjected to a voltage sag 50%.

6. OM 6 (D-Inter-NLL): In OM 6, the system is connected to the NLL, the source produces 5th
and 7th odd-order harmonic components with the individual harmonic of 5 % and 2 %,
respectively, and is subjected to a voltage interruption of 100%.

55
The total simulation time for all cases of disturbance is 0.7 sec with a duration ufﬁs&c
between t= 0.2 sec to t= 0.5 sec.
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Figure 1. The proposed model of the 2UPQC-2PV system
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Figure 2. The real power flow of: (a) 2UPQC, (b) 2UPQC-1PV, (c) 2UPQC-2PV on a single-

phase system

Table 1. Parameter of 2UPQC-2PV System

Devices Parameters Design Values

3P3W Grid RMS Voltage (Line-Ling) 380 Volt
Frequency 50 Hz
Line Impedance R:=0.1 ohm, L = 15 mH

Series-AF Series Inductance Lse. = 0.015 mH

Shunt-AF Shunt Inductance Ls, =15 mH

Series Transformer | Rating kVA 10 kVA
Frequency 50 Hz
Transformation Rating (N, /N,) 1:1

NNL Resistance R, = 60 ohm
Inductance L; = 0.15mH
Load Impedance R-=04 ohmand L. = 15 mH

DC Link 1 and 2

DC Voltage 1 and 2
Capacitance 1 and 2

Ve = 650 volt
Cy. = 3000 pF

Photovoltaic Active Power 0.6 kW
Array | and 2 Irradiance 1000 W/m2
Temperature 25" ¢
PT Perturb and Observe
Proportional Proportional Gain (Kp) 1 and 2 Kp=0.2
Integral (PI)1 and 2 | Integral Gain (K;) 1 and 2 K,=1.5
Fuzzy Logic Fuzzy Inference System Sugeno
Controller 1 and 2 | Composition Max-Min
Df:fuz@catim wtaver

Input Memberships
Function | and 2

Error Vdc (VdC—EWDTJ
Delta Error Vg, (AV._error)

trapmf and trimf
trapmf and trimf

Output Membership
Function | and 2

Instantaneous of Power Losses

{ﬁ!oss)

constant [0,1]
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The FS control is implemented as a DC voltage control on the real shunt filter to enhance
the power quality of each OM and the results are compared to the PI control. On each OM, each
dual UPQC model uses PI and FS ccls s0 a total of 12 OMs. The results analysis 1s carried
out feyjparameters i.e. magnitude and THD of voltage and current on the source é magnitude
and THD of voltage and current on the load bus, the source real power, the series real power, the
shunt real power, the load real power, the PV1 power, and the PV2 power. After all these
parameters have been obtained, the next step is to determine the percentage of load voltage
disturbances and the efficiency of each dual-UPQC configuration as theis for determining
the circuit model that produces the best performance m mamtaining the load voltage, the load
current, and the load real power under six OM disturbances. Figure. 1 shows the proposed model
using the 2UPQC-2P system. Figure. 2 shows the real power flow using a combination of
2UPQC, 2UPQC-1PV, and 2UPQC-PV in a single-phase system. The simulation parameters for
the proposed model are shown in Table 1.

B. Photovoliaic Model 2

The equivalent circuit of the solar panel 1s shown in Figure. 3. It consists of several PV
cells that have external connections in series, parallel, or series-parallel [27].
WA .

lpy I R, I

y 2n, v

Figure 3. PV equivalent model

@

The V-1 characteristic is presented in Equation (1):

I = Ipy—I, [exp(":—f;’) —1] —"’;—?’ (1)
Wla: Ipy 1s PV current, [, is saturated re-serve current, 'a’ is the ideal diode constant, Vit =

NsKTq ™! is the thermal voltage, Ns is the number of series cells, g is the electron charge, K is
Boltzmann constant, T 1s temperature p-n junction, R and Ry are series and parallel resistance
of solar panels. I, has a linear relationship with light mtensity and also varies with temperature
variations. [, 1s a dependent value on the temperature variation. Equation (2) and (3) are the
calculation of Iy, and I, values:

‘

lpy = (lpvn + KiAT) = (2)

150+ AT (3]
exp(V, + Ky AT) faV,—1

o

2

Where Ipy 5, Iscn. and Vg, are the PV current, short circuit {:Lant, and open-circuit voltage
under environment conditions (T, = 25°C and G,, = 1000 W/m?), raective]y. The K; value
is the coefficient of short circuit current to temperature, AT = T — T,, is temperature distortion
from standard temperature, G is the irradianceavel and K, is the coefficient of open-circuit
voltage ratio to temperature. By using (4) and (5) derived from the PV model equation, short-
circuit current and open-circuit voltage can be calculated under different ambient environmental
condefhns.

192 :

Isc = (sc + K,4T) G (4)

Voc = (Voc + KyAT) (5)
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B. Control of Dual Series Active Filter

The Series-AF control on a single UPQC has been fully described in [24]. Based on this circuit
model, the Series-AF control circuit on the dual UPQC is arranged by duplicating a single SeAF
control circuit while still using one series of three-phase series transformers. Then based
procedure, the authors further propose complete control of the dual UPQC whose model is shown
in Figure. 4. The distorted source voltage is calculated and divided by the base input voltage peak

amplitude V,,, as described in (6) [28].

2
— 2 2 2
Vm = JE{K!I + Vsb + I'";;c
= : Sensed Load Ve
Vyp= Paakfundamlf:t{a’:'mput Vi Vis \,g_:“aggiating
voltage magnitu * Signals
Yer >—> Sin fwt) Vi, SeAF1
—-
K =
-
Sensed Ve Three Function to | Sin (wit - 2m) e PWM
Source >—> Phase || getSin (wf) __-'_|X|—‘i Voltage ’
Voltage K PLL terms only Confroller *
Ven Sin {wt + 2m) Ve .
=
P S
= " Sensed Load Vo
V= Pna“: fu ndama;t;:aln put Vi Vis Vi, Gating
voltage magnitu * Signals
Ve, >_. Sin (wi) vy, SeAF2
- i
K —={X}—
—=
Ve Three Function to | Sin (wt - 2m) Vs PWM .
>—‘ Phase [™| get Sin (wf) 3 X}—=| Voltage
K1 e terms only Confroller [
Sin {wt + Zm) =
Ver v
—
P S

Figure 4. Control of dual series-AF

C. Control of Dual Shunt Active Filter based on Fuzzy Sugeno Method

The ShAF control on a single UPQC has been described in detail in[24]. Based on this circuit
model, the dual UPQC ShAF control circuit is arranged by duplicating the control circuit on a
single ShAF. Using the "p-q" method, the voltages and currents can be transformed ito the ¢ —

B. The axis is indicated in (7) and (8) [29].

A
Vb‘
A

Lol =,

[i]=15

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

-1/2
_ﬁfz

_1_/2 :;a
—\f'ifz] P

his

(6)

(7)

(8)

The computation of real power (p) and imaginary power (g) is presented in (9) and (10) [28].

2 i
[q] = [—v,s Vg

) [i]

p=pP+P;q=q+q

(9)
(10)

The total imaginary power (g) and fluctuating component of real power (f) are chosen as
power and current references and are used by using (11) to balance the harmonics and reactive

power [24].
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F%]= 1 [Ya ]rp+mm] (1)

LCB v§+v =V

The piysc parameter is calculated from the voltage controller and is used as average real power.
The compensation current (iZ,. i;g) is used to fulfill load power consumption as presented in (11).
The current 1s stated in coordinates a — 8. The current cumpcnsatiras needed to gam source
current in each phase by using (7). The source current in each phase (i3, ,i5,, Io4) 18 stated in the
ABC comdmdtes gained from the compensation current in @8 axis and is expressed in (12) [30].

‘ e [—1/2 v’iofzhi] (12)
—\3/2|"F

-1/2

In order to operate properly, the dual UPQC must have a minimum DC-link voltage(V,,.)
stated in (13) [31]:

242V,

V3m (13)

Vac =

The proposed system of a dual Shunt-AF control based on dual-FS method 1s presented by
authors in Figure 5.

Input
e p:')f'—-u'ra' | Rulebase I Output
Variable o | Varisbla
- : vzl Defuzzi-
- Database
Voer Heation [, 1 fication [T—
+| AV | | Pliosst
DC—erarl Ream_n |
. " Mechanism |
ﬁpm 1] 00 maeae e e ==
‘Sensed Source Current
Sensed fus o fas fan e Gating
ans. . Signals
Ll =]
Load e Eq 7). | . . bty Shunt-AF 1
Current e g lea fsa p—-
= A
q | -g P Hysterisis (I
Eq. 9 | -1 Eg. 11 . |Eq.12}—=| Current | _
V. Va g fse | Controller |
Sensed - Vi Vs ™ " S
Source Vis Eq. B
Voltage Ve v
Fuzzy Sugeno 2
| emmmm———
Input Vot armaz 1 Rulabase I Output
Variable = I | Variabla
- uzzi- Defuzzi-
T Database
VD("‘ _E: fication || | |_fication [—j
B g2
T Ao ! Reason l s
- : Mechanism :
AV:’.I'_ —————————
i + Sensed Source Curment
fua L p [P T Gating
I — LPF ‘ ‘ * Signals
Eq.7|. - . Shunt-AF 2
iLe B ™ - lea i |
q | g L | Hysterisis =
Eq.9 |" Eq. 11 _|Eq. 12 el Current [
Via ¥y - ie | Controller |
V. Vi Vit * =
2wl Eq. 8
Vie Ve

Figure 5. Control of dual shunt-AF based on dual FS model

Using the modulation value (m) equal to 1 and the line to line source voltage (V) of 380 V,
V4. 1s calculated to be equal to 620.54 V and set at 650 V. The dual Shunt-AF input indicated in
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fmre 5 is DC voltage 1 (gI) and reference of Dm]tage 1 (V3 ) as well as DC voltage 2
(Vpez) and reference of DC voltage 2 (Vyc5), e Pyyesq and Py ., are selected as the output of
the FS 1 and FS 2 1'55&ti\fcly‘ Furthermore, Py, ; and Py, will be input variab generate
the reference source currents (is,, isq, fsq) In shunt-AF1 amahunt-AFZ Then, the reference
source currents output is compared with the current sources (i, iy, i) by hysteresis current
regulator to result in a trigger signal in the IGBT circuit of Shunt-AF 1 and Shunt-AF 2.

he FS is the development of Fuzzy-Mamdani (FM) in the fuzzy inference system
represented in IF-THEN rules, where the output (consequent) of the system is not set,
but rather a constant or linear equation. The FS method uses a singleton MF that has a
membership degree of 1 at a single crisp value and 0 at another crisp value. The difference
between FM and FS is the determination of the output crip resulting from the fuzzy input. The
FM uses the defuzzification output technique, while FS uses a weighted average for computing
the crips output. The ability to express and interpret the FM output is lost on the FS because the
consequences of the rules are not fuzzy. Using this reason, then FS has a better processing time
because it has a weighted average replacing the defuzzification phase which takes a relatively
long time [32].

This research starts by determining p,,.. as an input variable, to produce a reference source
current on the hysteresis current control and to generate a trigger signal on the shunt active IGBT
filter circuit from UPQC with P11 and P12 controls (Kp = 0.2 and (K; = 0.2). Using the same
procedure, Py, 18 also determined using FS1 and FS2. The FS1 and FS2 sections compri
fuzzification, decision making (rulebase, database, reason mechanism), and defuzzification m
Figure 5 respectively. The fuzzy inference system (FIS) in FS1 and FS2 uses Sugeno Method
with a max-min for input and [0,1] for output variables. The FIS consists of three parts i.e.
rulebase, database, and l‘eason-mechanism2?]. The FS1 and FS 2 me 15 applied by
determining input variables i.e. Ve error (Ve _prrer) and delta Ve error (AVye_ppror ) value to
dctne Dioss i defuzzification phase respectively.

The value of P, is the input variables to obtain the compensation current (igg, icg) in (24).
During the fuzzification process, a number input variables are calculated and converted into
linguistic variables called the MFs. The Vp-_ o and AVp - _ oo are proposed as input variables
with P, ss output variables. In order to translate 1, each input and output variable is designed
using seven membership functions (MFs) i.e. Negative Big (NB), Negative Medium (NM),
Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium (PM) and Positive Big
(PB) shown in TablmThf: MFs of input and output r.‘:m are showed with triangular and
trapezoidal MFs. The Vpo_pppr ranges from -650 to 650, AVpe_pprgr from -65!9: 650, and py,
from -100 to 100 in FS 1 and FS 2 respectively. Th@uut MF of Vpe—error. input MF
of AVpe_ orrar. and output MF of py,sc of FS 1 and FS 2 are presented in Figure. 6, Figure. 7,
and Figure. 8 f&§pectively.

After Vpe_grror and AVpe_ grror are obtained, two input MFs are subsequently converted into
linguistic variables and used as an input function for FS 1 and FS 2. Table 2 presents the output
MF generated using the inference block and be rules of FS 1 and FS 2. Then, the
defuzzification block finally operates to change the 1 and Py ,..; output generated from the
linguistic variable to numeric again. The value of Pross1 and Piossz then becomes the input
variable for current hysteresis control to produce a trigger signal in the IGBT 1 and IGBT 1 of
dual UPQC shunt active filter to reduce source current harmonics. Then at the same time, they
also enhance PQ of 3P3W under six disturbance OMs of three configurations i.e. 2UPQC,
2UPQC-1PV, and 2UPQC-2PV respectively.
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D. Percentage of Sag/Swell and Interruption Voltage

The monitoring sag/swell and interruption are validated by IEEE 1 1 995 [33]. This
regulation presents a table definition of voltage sag/voltage and interruption base on categories
(instantaneous, momentary, and temporary) typical duration, and typical magnitude. The authors
propose the percentage of disturbances i.e. sag/swell and interruption voltage in (14) below.
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of the average value of the source voltage (V;), load voltage (), source current (I), and 1&E]
current (1, ) of the three dual-UPQC configurations based on the PI and FS control methods are
presented in Table 3, Table 4, and Table 5 respectively. Using the same procedure, then the
average THD of V;, average THD of V;, average THD of I average THD of I, with three
dual UPQC combinations and two methods are presented m Table 6, Table 7, and Table 8,
respectively.

Table 3 shows that in OM 1, OM 2, OM 4, and OMS35, the 3P3W system using 2UPQC with
the PI control method is still able to maintain an average load voltage (V) between 297.30 V to
322.23 V. However, at OM 3 and OM 6, the average load voltage decreased to 256.53 V and
266.60 V. In the same configuration and using the FS control method as well as OM 1, OM2,
OM4, and OM 35, the average load voltage increased slightly between 297.30 V and 322.50 V.
However, at OM 3 and OM 6, the average load voltage drops to 20@ V and 208.03 V
respectively. Table 3 also shows that the 3P3W system uses 2UPQC on OM 1, OM 2, OM 4,
and OM 3, with PI control method is still able to maintain the average load current (I, ) between
8,242 A to 8,928 A, However, at OM 3 and OM 6, the average load current decreases to 7,105
A 7.275 A respectively. In the same configuration and using the control method FS as well
as OM 1, OM 2, OM 4, and OM 35, the average load current increased slightly between 8.239 A
to 8.953 A. However, at OM 3 and OM 6, the average load currents drops to 5.658 A and 6.160
A respectively.

Table 4 shows that in OM 1, OM 2, OM 4, and OMS5, the 3P3W system using 2UPQC-1PV
with the PI control method is still able to maintain an average load voltage(V,) between 297.60
V to 323.27 V. However, at OM 3 and 6, the average load voltage drops tlé@. 10 V and 289.29
V. In the same configuration and using the FS control method as well as OM 1, OM 2, OM 4,
and OM 35, the average load voltage increases slightly between 297.71 V to 323.70 V. However,
at OM 3 and OM 6, the average load voltage drops to 187.97 V and 230.67 V respectively. Table
4 also shows that the 3P3W system uses 2UPQC-1PV on OM 1, OM 2, OM 4, and OM35, with
the PI control method 1s still able to mamtain the average load current (f;) between 8.252 A to
8.967 A. However, at OM 3 and 6, the average load current dmps 7.928 A and 7.468 A. In the
same configuration and using the control methods FS as well as OM 1, OM 2, OM 4, and OM
5, the average load current increases slightly between 8. 254 A to 8,972 A. However, at OM 3
and OM 6, the average load current drop to 5.247 A and 6.661 A respectively.

Table 5 shows that in OM 1, OM 2, OM 4, and OMS5, the 3P3W system using 2UPQC-2PV
with the PI control method is still able to maintain an average load voltage(V,) between 297.53
V to 323.53 V. However, at OM 3 and 6, the average load voltage drops to 300.97 Vd 286.07
V respectively. In the same configuration and using the FS control method as well as OM 1, OM
2, OM 4, and OM 35, the average load voltage increases slightly between 297.50 V up to 323.70
V. However, at OM 3 and OM 6, the average load voltage drops to 202.63 V and 234.70 V
respectively. Table 5 also shows that the 3P3W system uses 2UPQC-2PV on OM 1, OM 2, OM
4, and OMS3, with the PI control method is still able to maintain the average load current (I;)
between 8.250 A to 8.975 A. However, at OM 3 and 6, the average load current drops to 8.285
A and 7.910 A respectively. In the same configuration and using the control methods FS as well
as OM 1, OM2, OM 4, and OM 5, the average load current increases slightly between 8.250 A
to 8.979 A. However, at OM 3 and OM 6, the average load current drops to 5.281 A and 6.585
A respectively.

34




z-uPQC-PI
Bz-UPQC-FS
[Cl2-uPQC-1PV-PI |

E‘lhancing The Performace of Load Real Power Flow using Dual
[ ]2-uPQC-1PV-FS
I2-UPQC-2PV-PI ||

300

250

200

150

100

50
0 l2-UPQC-2PV-FS

S-Swell-NLL S-Sag-NLL S-Inter-NLL D-Swell-NLL D-Sag-NLL D-Inter-NLL
Operating Modes

Figure 9. Performance of average load voltage under six OMs
10

8

6

4 Il 2-UPQC-PI |
B2-UPQC-FS
[Cl2-uPQC-1PV-PI

2 [12-UPQC-1PV-FS}
B 2-UPQC-2PV-PI

0 | B 2-UPQC-2PV-FS

S-Swell-NLL S-Sag-NLL S-Inter-NLL D-Swell-NLL D-Sag-NLL D-Inter-NLL
Operating Modes

Figure 10, Performance of average load current under six OMs

|

S-Swell-NLL S-Sag-NLL S-Inter-NLL D-Swell-NLL D-Sag-NLL D-Inter-NLL
Operating Modes

Figure 11. The performance of load voltage disturbance under six OMs

Average VL (Volt)

Average IL (Ampere)

40

Il 2-UPQC-PI

B 2-UPQC-FS
[C2-UPQC-1PV-PI
[]2-UPQC-1PV-FS
B 2-UPQC-2PV-PI
B 2-UPQC-2PV-FS

[95]
=]

—
o

Average VL Disturbance (%)
1]
=

74

ggm‘e. 9 and Figure. 10 present the performance of load ltagc and load current
respectively. Using Equation (14) and pre-disturbance voltage (Vpre dgisturs) @ 310 'V, the
percentage of load average voltage on each OM and dual-UPQC configuration is obtained and
the results are shown in Figure 11. They are a 3P3W system that using a configuration i.e.
2UPQC, 2UPQC-1PV, 2UPQC-2PV on six OM with dual PI, and dual FS methods.
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Figure. 9 presents that the 3P3W system using three dual-UPQC configurations as well as
dual PI and dual FS methods, the OM 4 is able to maintain a higher load voltage (V; above 322.23
V) than the OM 1 (¥, above 309.97). This condition presents that the source voltage distortion
in the Swell-NL disturbance causes an increase in load voltage compared to the source voltage
without distortion. In the same three dual-UPQC configurations and using Pl and FS methods,
OM 4 is able to keep the load voltage lower (V, above 297.30 V) than OM 2 (V; above 309.33).
This condition indicates that the source voltage distortion in the Sag-NL disturbance causes a
voltage drop compared to the source voltage without distortion. In the three dual-UPQC
configurations, the OM 3 is able to keep the load voltage lower (V, above 187.97 V) than the
OM 6 (V, above 208.30). In OM 3, the 2UPQC-2PV configurations with dual PI and dual FS
method is able to result in the highest load voltage (V) of 300.97 V and 202.63, respectively,
compared to the 2UPQC and 2UPQC-1PV configurations. In OM 6, the 2UPQC-2PV
configuration with PI and FS method is also able to result in the highest load voltage (1) of
286.07 V and 234.07, respectively, compared to the 2UPQC and 2UPQC-1PV configurations

Figure. 10 presents that in a 3P3W system using three dual-UPQC configurations as well as
the dual PI and dual FS methods, OM 4 is able to maintain a higher load current (I, above 8.928
A) than the OM 1 ([; above 8. A). This condition presents that the source voltage distortion
in the Swell-NL fault causes an increase in load current compared to the undistorted source
voltage. In the same condition, the OM 5 is able to keep the load current lower (I, above 8.239
A) than the OM 2 fault (I, above 8.566 A). Thinditiun indicates that the source voltage
distortion in the Sag-NL fault causes a decrease n load current compared to the undistorted
source voltage. In the three dual-UPQC configurations, the OM 3 is able to keep the load current
lower (I, above 5.427 A) than the OM 6 fault (/; above 6.150 A). In the OM 3 fault, the 2UPQC-
2PV configuration with PI and FS method is able to result in the highest load current of 8.285 A
and 5.821 A, respectively, compared to the 2UPQC and 2UPQC-1PV configurations. In the OM
6, the 2UPQC-2PV configuration with dual PI and dual FS method is also able to result in the
highest load current of 7.910 A and 6.585 A, respectively, compared to the 2UPQC and 2UPQC-
1PV configurations.
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Figure 11 presents that in a 3P3W system using three dual-UPQC configurations and dual P1
and dual FS methods, OM 4 is able to result a higher percentage of load voltage disturbances (V
above 3.95% A) than OM 1 (V,; above 0.01%). This condition shows that the distortion of the
source voltage in the Swell-NL fault causes an increase in the percentage of the voltage
disturbance compared to undistorted source voltage. In the same conditions, OM 5 is able to
result a higher percentage of voltage disturbances (Vp above 4 %) than OM 2 (1 above 0.1%).
This condition indicates that the distortion of the source voltage in the Sag-NL disturbances
causes an increase in the percentage of the load voltage disturbances compared to the undistorted
source voltage. In the three dual-UPQC configurations, OM 3 is able to produce a lower
percentage of voltage disturbance (V; above 2.91%) than OM 6 (Vp above 7.72%). In the OM
3, the 2UPQC-2PV configuration with dual PI and dual FS methods is able to result in the lowest
percentage of voltage disturbances of 2.91% and 35.63%, respectively, compared to the 2UPQC
and 2UPQC-1PV configurations. In the OM 6 fault, the 2UPQC-2PV configuration with PI and
FS methods is also able to result in the lowest percentage of load voltage disturbance of 7.72%
and 24.29%, respectively, compared to the 2UPQC and 2UPQC-1PV configurations.
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Figure 13. The performance of ¥, on phase A using the FS method on OM 6 (D-Inter-NLL)
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Figure 14. The performance of V. on phase A using the FS method on OM 6 (D-Inter-NLL)
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Figure 15. The performance of I5 on phase A using the FS method on OM 6 (D-Inter-NLL)
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Figure 17. The performance of V- and V; 5 using the FS method on OM 6 (D-Inter-NLL)

Figure. 12 to Figure. 17 presents the performance of the configuration of 2UPQC, 2UPQC-
1PV, and 2UPQC-2PV respectively using the FS CGlTl'l‘]Ctth on OM 6 (D-Inter-NLL).
Figure.12.a presents that in the 2UPQC configuration at t = 0.2 sec to t = 0.5 sec, the source
voltage (V) on phase A drops 100% from 310 V to 2.297 V. Under these conditions, the DC-
link capacitor C1 and C2 are not able to generate maximum power and are only able to inject the
compensation voltage (V) on phase A of 258.403 (Figure. 14.a) through a series transformer




or

BETT BELT BETT LETT BOFC 69°ed BEFC LT'¥C 0l 0el 0001 001 00ty T 00Fy T 006L°T 005+ [
6rTl LY'TT 6y T v tELY L¥FLY 05°Le 0Ly 0s0°C 0e0°C 0o0t0°C 00L0°E 005’1 ooee’l 00se’1 009¢°1 I
POYIRIN S-[Bnd
RTTC 1 i S LOTT 10°1T 1L91 08°1¢T [ 0101 0051 L ol 01C° 11 6O°FELT | FEESOT | E1°6ETT | 6ETICI 9

ERCC it 61'tg ) BTRT 88°6L 019z SREC 0t9°L 0098’8 0ClL 0076’9 091711 0911 0L6'01 0L801 S
LY'TT L LI'TT {1 o 909t 1L 9F9¢ [L9¢ 0699 00918 0559 mmﬁm 00ER't 0086't o0gee 0089E t
L [ 16°CC 0Lve 17761 ro6l 6991 oorig 091 095781 orel 0£s91 6ol 6lgel 095l 8TLYPL 3

Ly BT SECT 9eTe T vivl 86°ET LOFT orcl 00eT 1 0cal 00FT1 004y 006t T 00Fr'C 00LYT C
9y Il LYTT SETT 9L ge L69t 6Ly 169 06'9¢ 0L0°¢ 00L0°T 080T 0090 009g71 00oe’l 009e71 00se’l 1

PO [d-[BnQ
a2y | o | g | W aw | D | g | W sy | D | g8 | W ay | o | 8 | WO
(%) Tant (%) °1 aH L (%) "1 aH1 (%) °A dHL —m
D0dNT Suls() (JH.L Ju21m)) PuE ase) oA "9 JqeL ﬂ

‘(291 "a31]) ¥ 7R 9 18 ursuod surewal y aseyqd uo Tj jewp os 12313 aanoe junys 2t ysnoay yuarmd Addns pue ramod
Merouad 0) 2[qe st uoneMIYuod AJ7-I0dNT 2 ‘poriad 9 WO 2 Suump (2°¢1 "2mdi]) vV 976’6 01 sdoip v aseyd uo (57) juaumo aamos ap yinoyy
(0L 1 -2am31g) 238 6°0 =118 A[2an0adsar A Opp 01 APYS1[s pasearoap sanfea 23 e os (P94 pue 29y safeyjoa z D pue [ D YI0q UIRUIBW 0) J[qR
a1e poypawt S 21 jo uoneordde oy pue sfewe 7 Ad Pue [ Ad 2y Jo uonenauad 2y ‘9doueqamisIp 9 Hau.t Fuung (9°¢1 2m3g) A 06°01T Aq saseaIOUI
v aseyd uo (74) aSeyjoa peop ap ‘poutad g IO Y UL IR OF “I2)[1J JANOE SILIAS B U0 JOULIOJSURI) SALAS B yBnoay (91 2mdig) A #176°607 J0 v aseyd
uo (74) 28eoa uonesuadwoo aip 10alur pue ramod wnwxew 2jeRULS 0) J[qe AR T pue  JUI-D( U SABLIE TAJ Pue 1A Jo uonenauad 2yl A 98.6°0
0} A 1€ wod o001 sdoip v aseyqd uo (54) 28ej0a 20In0s 2 238 ¢ =17 031 238 7' = 318 uonemIYuod AJ7-O0dNT 2y utiey sjuasaxd o'z oy
(91 2m31) ¥ 9019 18 JurIsuod surewal y aseyd uo (77) N2 PEO[ A} UTEJUIRW 0} J[qE 2 0} )1 SISNED pue (q'/] "2n31q) 298
S'0=118 A 06 01 APYS1s paseardap sanfea aanaadsar aay yep os (2794 pue P9y) sageyjoa D g pue [ D Ay urepurewr AQySis 0 [qe AU ST poipatu
S 21 jo uonearpdde ayy pue Aeue 1 A4 2y Jo uonenauad ) ‘2ourqIMISIP 9 auf Sutmq "(q'¢1 2md1g) A 781 Aq AySis pasearour v aseyd uo
("A) 28ej0A prol 2} ‘porrad g WO AU UL JE) OS "12)[1 2ATIR SILIAS B U0 JIULIOJSURY SALIAS v ydnonp (q 1 2m3ig) A 90L 081 Jo v aseyd uo (?4) aSeyjoa
uonesuadwod atp 10afur pue tamod wnwirxew APYS1s JLI2UE 0 QR ST INDAD | JUI[-)( Ul KBLE [ A JO uonenauad ‘suonipuod asayp Japun) “A +67°1
01 A 01 € woij ¢,001 sdoap v aseyd uo (5q) 25eijoa 201nos 2t 038 ¢ =1 01 238 70 = 318 uonRINSYUod AJ[-D0dNT 2 ul 1e siuasaad q-z1 -2ansig
(e'91 -a31]) ¥ 1L Aq saseaidap os[e A[[euy v aseyd EED_ JURLIND PBO] 1) SB [[am Se (B°L] 2mB1) A 01 € Aq Apueoyiusis
paddoap anjea 2w jep os (2794 pue M9y) safeyjoa 7 O pue [ D UIBIUIEL 0} [qE JOU ST potpaw S 243 Jo uoneorjdde ayy pue 7z pue 1) s103t0eded yuij
-0 2y nej 9 O 2y Suung (eg] smmn: A 0L°097 Aq pasearoap v aseyd uo (74) afejoa peoy a ‘porad g () A3 UL IR OF "IA[I} JATOR SILIAS B UO

e 18 "ye|niwy




34

6U8F | THetr | oF9r | 9ter | 90LE 81 | LTIS | 181 | LT8% 6U6h | OLILE | 09¥RT | €OET01 | POLRS | 09GP | SHTEEl | 9
TwTT | £IET | v8TT | 61Tt | 6TO0E IRIE | 608T | L60T | 08SL 08%8 | 001TL | 00V9'9 | OFLLL | 0Z9I1 | 08601 | OTROI g
seTT | 9sTT | 961T | tSTT | 919t T5°SE | LO9E | 6R9E | 0659 0908 | 00£99 | 0060’ | 0OFLE | 00GRE | O0ELE | O009E | b
PE9 | S%e6r | 8TEY | L6SL TLES | 8TOF | 8CI19 | 6Fes | TI6k TLIE | 06995 | 0SGRS | 09°ERD | T90LL | TUIRD | L0611 £
LYTT | 8CTT | 9¢TT | sLT | 99T 1S9T | 1L9T | OL9T | 0811 08171 0811 | O0SI1 | 009€T | O0SET | 00S€T | 009¢CT | €
vrZT | feeT | TET | 9fT TULE | 8ULE | 6O0LE | 60°LE | 0651 0551 0851 | 00P91 | 00SO'T | 00ZO1 | 00ROT1 | O0SO'I 1
POy S [8nd
teor | oLel | 690t | 8sRT | 606T | 90kE | STLT | 96'ST | 081 91°01 891 LT | Less8 | meSI6 | 8ssR9 | sst96 | 9
ILZT | t0eT | seTT | ¥1ET | v96T | eb1E | v1ILT | sTOE | o0fsL 0948 OLTL 0599 | 09111 | 04911 | 08601 | 0£8°01 g
vezT | sz | 1T | LTEe | pr9f | 089t | Lese | 96'SE | 0£9°9 080°8 01£°9 005s | 00bLE | 0068°€ | 00ELE | 0019€ | F
09ZT | sz | Loer | 81T 1901 6851 | teR1 | vR1 06t°9 orTs 0T6°S 0zZEs | 6FI8T | 1TE6l | TFSLl | psSLI £
LETT | LTT | 95T | £ 7097 | Ss9T | 919T | sTeT | 00Tl 061°1 0611 | O0ETT | 000FT | OORET | 006ET | O0EYT | €
sezz | teTe | 9T | s | os9r | 898 | Lose | voLe | 0Tl 0zL1 0691 | 00bL1 | 00£UT | OOEIT | 00111 | 00FII 1
POURIA [d-[8nQ
Ay 2 d v Ay 2 [ s v w [ D il v Ay 2 | H=
(%) TaHL (%) STaHL (%) A aH.L (%) "1 GHL @‘ NO
AdI-D0dNT SWs)) JHL 21N PuE BBEYOA "L AqEL 8
SUTE | YRSt | SLvE | 99FF | 906t sbet | vRFE | SSEF | 9ssE 0108 | OFPTTE | ObLPE | PSPES | GRLYS | 99FI6 | O0THL | 9
SYTT | 10€T | ¥EET 1772 S6'8T | 9v0f | 8L9T | 96T 099°L 0188 | 0060L | 0060L | OOSITT | OE9'11 | OFGO1 | 088701 g
9097 | T&EE | ToIT | seiT 769% TOLE | L89F | LY9E | 0899 0ZI8 | 006v'9 | 00TP'S | 00ZRE | OOLGE | OOIRE | 0069% |
ses | wss | Ttr I¥'8S ITHr | 969F | L89T | I88F | TOOF ey | 0Es0E | OETER | 6F0L1 | 06LTG | BLS9l | IEEEl £
Ay 5] d v Ay D g v AY 2 g v AY 5] d
%) T aHl %) T GHL (%) A GH.L (%) 1 GHL m‘ O

|eng Buisn moj4 lamod |eay peo JO eoeulopad 8y | m_.__u_._m_.__.m




ay ‘[onuod awes Ay} uf “Afpandadsan ‘0,76 0F PUB ‘04771 ‘%60°7 JO aSmoA prol Jo (QH L 25eAr ue saonpoid

(44

"adej[oA prol 21 Jo gH.L 2y 01 paiediuiod JUILMD 321108 ) JO (H L 25eI2AR 1)
20NPai 0] A[qe 21 S[ONUOI § [ENP PUB [ [ENP § O PUB € JNO 2} ‘PUBY IO ) UQ JUILND PRO[ 21 JO HLL 25e1248 3} 0] parediod JUALIND 30108 L)
Jo gl 23
U.Uﬂauﬁ_u UJ "% EHE] JO 28E)[0A 20IN08 2] JO (JHI 28e1daE 21 0] pateduwiod ¢496°¢E £q hﬁ:mumg,ﬁm PasBAIDap 25E)[0A PEO] 2} JO (JH I 25eIaAe
a1y ‘9INO IV "A[panoadsar ‘o 96 L pue ‘040, 7 ‘04,899 0] 38BI[OA PRO] A1) JO (JHL 25BIAAR 3] SEIIDUL 0] [ SI QN PUB ‘SINO “FINQO JO 20UBqISIp

B 31} 2SBIAIDUI 0} D[R 218 S[ONUOD S [enp Pue [J [BNP 2} °S JAIO PUB *F JAO ‘T WO ‘T JNO [Pim 20ueqimsip pasuatiadxa ety uonemsyguod

WO PU ‘7 WO ‘T WO JO oueqmysip

o ‘[onuod g4 [Enp ay) Sursn J "Ajaanoadsar ‘o401 °0T PUB ‘94£9°L ‘94699 01 a5¥I[0A PRO] A1) JO aneA (L1 ATEIIAE AT ISEAIOUI 0) [QE AIE [OIUOD
1 28e1aae
ue 2onpod 03 2[qQE SI € WO PUE ‘T JAO ‘T WO [Ia 20ueqamsip pasuaradxa yorgm jonuoed [4 pm D040 JO UONEUIqUIOD U} JEL) SMO0YS § QL

pue uonemIYuod wes ay) JuIsn g O PUB *S WO ‘+ WO JO 20UBQINSIP 2], "A[aan0adsar ‘t40'9] PUR “0op7 | 00,0 T JO AFe)0A PRO] JO

8

sest | ses | goor | se0s | 9oes | covs | 1suw | ooes | soee | oros | seoe | wse | ceoert | sowar | arzier | wesn | oo
97z | oree | e | vz |wos | evze | ssse | esoe |osse [ooss | o | oise |ostrr | oeo1r | oeeor | ocgor s
e | | wiz | eoze oo | ssse | esoe [ oroe |osee  |osts | osso [ oros  [ooece | ooese [ ooice | oooos ¥
879 | 665L | 89 | €9ub | T6Ls | 6689 | ve6s | ¥SPF | 60TS | 0S8y | 0219 | pE9F | 6511 | 1RIET | SUSTI | LL'6ST £
sec | sewe | |esee e | wie | we [ wse |ozer [oosr |ozer [eser |ootez [ooesz [oooz | ooeer | ¢
g7 | LT | etTe | seTe | veot | gos aie | w9s | oeo1 |oect | o9or [oror oottt Joocrt | oosor | oooot 1
PO SI-nQ
oser | soez | |wer | sive [erse | ewoe | orse |osos  [oess [owe | mes | swzent [1ssse | esornr | srvorn | oo
s8tc | wer | stec | otz |ecoe | ores | swor | veos [ooor  [owes  [oeso  [oseo  [orzir [owtr [oront [ ocsor s
ovzz | sswe | oz |wsee | 1ese | swse | esoe | cese |ozee |osrs [ owe [ oscs | oosce | oooes | oosze | ooros v
seec | voce | v ootz |eser  [ssur |esiz [zsoz |oesr  [osoo oz |oee  |zeser [ 1z9er | essst [ zssor | s
sezc | seee |z |esze s [wwe | e [erie foser [ozer [ozer [oorr [oowez [oosoz [omez [ooerz |z
veze | sewe |seww | ieze |osor [zoe [ wsoe [ #sor |ower oot [ost [oozt |ooert [oorrt [oostn | ooort I
PO 1d-190C]
Ay o) € v AV o | = v aw | D] g | AV o | =
%) T GH. %) 7 GHL %) 1 GH %) *A GHL m na

AdT-D0JNT BUIS QHL UdIM)) pue aFej[oA '§ J[qeL

8

e 18 "yelniwy




@ng The Performace of Load Real Power Flow using Dual
el

rnational Journal on Electrical Engineering and Informatics - Volume 13, Number 1, March 2021

Table 7 shows that the combination & 2UPQC-1PV with PI control which experienced
disturbance with OM 1, OM 2, and OM 3 1s able to produce an average THD of load voltage of
1.72%, 1.20%, and 6.49% l‘ESpEa’Ely, While at the same control with disturbance OM 4, OM
5, and OM 6, this configuration 1s able to increase the average THD of load voltage to 6.63%,
?,53%,:1 14.80% respectively. If using dual-FS control, the disturbance of OM 1, OM 2, and
OM 3 15 able to produce an average THD of load voltage of 1.59%, 1.18%, and 49.12%,
respectively. In the same configuration and control, disturbance of OM 4, OM 5, and OM 6 are
able to increase an average THD of load voltage to 6,590%, 7,580%, and 38.27%, respectively.
At disturbance OM 6, an average THD of load voltage decreased significantly by 38.27%
compared to an average THD of the sourdgfvoltage of 1023.03%. In the 2UPQC-1PV
configuration that experiences disturbance M1, OM 2, OM 4, and OM 35, dual PI and dual
FS controls are able to increase the average THD of the source current compared to the average
THD of the load -::u%lt. On the other hand, the OM 3 and OM 6 disturbances using dual PI and
l FS controls are able to reduce the average THD of the source current compared to an average
THD of the load current.
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Figure 18. Harmonic spectra of: (a) V5 and (b) V, on phase A for 2UPQC-2PV configuration
using FS method

Table 8 shows that the cumbinati of 2UPQC-2PV with dual-PI control which experienced
disturbance OM 1, OM 2, and OM 3, is able to produce an average THD load voltage of 1,740%,
1.35%, and 7.39%, rcspcctivfa Whereas in the same control with disturbance OM 4, OM 5,
and OM 6, this configuration is able to increase the average THD value of the load voltage to
6.62%, 7.6%, and 8.65%, respectively. If using dual-FS control, the disturbance OM1, OM2, and
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OM 3 are able to produce an average THD of load voltages of 1,690%, 1.32%, and 52.09%,
respectively. In the same configuration and control, the OM4, OMS5, and OM6 disturbances are
able to increase an average THD of the load voltage of 6,680%, 7,580%, and 39.08%,
respectively. At the disturbance OM 6, an average THD of the load voltage decreased
significantly by 39.08% compared to an average THD ufthajurce voltage of 1430.07%. In the
2UPQC-2PV configuration whiell experienced disturbance OM 1, OM 2, OM 4, and OM 5, the
dual 1d dual FS controls are able to mcrease the average THD of the source current compared
to an average THD %.he load current. On the other hand, the OM 3 and OM 6 using duim and
dual FS controls are able to reduce the average THD of the source current compared to an average
THD of the load current.

Figure 18 shows that in the OM 6 disturbance, the 2UPQC-2PV configuration using the dual
FS method is able to produce THD of phase A load voltage of 35.82% significantly lower than
THD of phase A source voltage of 1733.41%.

60,
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i . T=
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Operating Modes

Figure 19. Performance of average harmonics of load voltage under six OMs

ﬁle 9. Real power flow and efficiency of 2UPQC using PI and FS methods

oM urce Series Shunt PV1 PV2 Load Eff
Power(W) Power (W) Power (W) Power (W) Power (W) Power (W) (%)
PI method
1 6060 -1960 280 - - 3728 97.592
2 2920 3000 2100 - - 3700 96.859
3 0 6400 3500 - - 2880 99310
4 6300 -1900 =200 - - 4030 95952
5 2550 2430 -1400 - - 3425 95670
6 0 5400 -2150 - - 2800 86.154
FS method
1 6000 -1930 225 - - 3728 96.957
2 2870 2970 -2010 - - 3700 96.606
3 0 9950 -7000 - - 2660 90.169
4 6250 -1850 =250 - - 4030 07.108
5 2500 2370 -1300 - - 3425 95,938
6 0 G000 -6000 - - 2900 96.667

Table 9, Table 10, and Table 11 present real power flow and efficiency for the configuration
of (1) 2UPQC, (ii) 2UPQC-1PV, and (iii) 2UPQC-2PV using Pl and FS methods.

Figure 19 shows that the 3P3W a;tem uses three dual-UPQC configurations as well as the
dual P1 and dual FS methods, OM 4 is able to increase the average THD of a higher load voltage
(THD V, above 6.59%) than OM 1 (THD V, above 1.59%). In three dual UPQC configurations
using the PI and FS methods, OM 5 is also able to produce a higher average THD load voltage
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(THD V, above 7.53%) than OM 2 (THD V, above 1.18%). This condition shows that the Ece
voltage with distortion in the Swell-NLL and Sag-NLL disturbances causes an increase in the
average THD of the load voltage compared to the source voltage without distortion. In three dual
UPQC configurations, OM 6 is able to produce the THD average load voltagelef| lower than OM
3. In OM 6, the 2UPQC configuration with the dual PI and dual FS methods 1s able to produce
the lowest average THD load voltage (THD V) of 10.10% and 35.56% respectively compared
to the 2UPQC-1PV and 2UPQC-2PV configurations.

Table 10. Real

iuwer flow and efficiency of 2UPQC-1PV using P1 and FS methods

OM Source ries Shunt PV1 PV2 Load Eff
Power(W) ower (W) Power (W) Power (W) Power (W) Power (W) (%)
PI Method
1 6100 -1900 =200 =250 3720 99200
2 2730 2880 -1700 350 3703 83.027
3 0 6630 -3100 1200 3400 71579
4 6500 -1 800 =250 =200 4200 98824
5 2500 2500 -1300 530 3430 81087
6 0 6250 -2800 950 2900 65909
FS Method
1 6100 -1 800 -235 =290 3712 98331
2 2690 2780 -1647 556 3700 84.494
3 0 11800 -8370 1150 3200 69869
4 6500 -1750 -350 =300 4060 99.024
5 2400 2270 -1050 560 3430 82.057
6 0 8000 -5000 1100 3150 76829
4
4 10
N - !
£
'&.1 0.15 0.2 0.25 03 0.35 04 045 05 0.35 06
Time (Sec)
(a) 2UPQC
jx10*
Eujb—__/\. ! -/h——_
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Time {Sec)
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. '
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(c) 2UPQC-2PV
Figure 20. The performance of P using the FS method on OM 5 (D-Sag-NLL)
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Figure 20 to Figure. 24 present the performance of: P, P.., Ps,. P,, and Py for the
configuration of: (a) 2UPQC, (b) 2UPQC-1PV, and (c) 2UPQC-2PV respectively, using the FS
method on OM 5 (D-Sag-NLL).

Table 11. Real power flow and efficiency of 2UPQC-2PV using PI and FS methods

oM Source ﬁries Shunt PV1 PV2 Load Eff
Power{W) ower (W) Power (W) Power (W) Power (W) Power (W) (%)
PI Method
1 6200 -1900 0 -250 -250 3710 97632
2 2700 2750 -1600 450 450 3700 77895
3 0 6400 2500 1000 1000 3600 61.017
4 6500 -1900 0 =250 -250 4050 98.780
5 2500 2400 -1200 450 450 3500 76.087
[ 0 6500 -2500 900 900 3100 53448
FS Method
1 6200 -1950 0 -240 -240 3720 98.674
2 2600 2700 -13500 460 460 3700 78.390
3 0 11000 -7000 1000 1000 3700 61.667
4 6460 -1920 0 =240 =240 4055 99877
5 2400 2300 -1000 450 450 3420 74348
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Figure 21. The performance of P;, using the FS method on OM 5 (D-Sag-NLL)
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Figure 22. The performance of Pg, using the FS method on OM 5 (D-Sag-NLL)
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Figure 23. The performance of P, using the FS method on OM 5 (D-Sag-NLL)
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Figure 24. The performance of P, using the FS mcthﬁcm OM 5 (D-Sag-NLL)
32
Figure. 25 to Figure. 29 presents the performance of: P, Pe., Pgp. P, and Ppy, for the
configuration of: (a) 2UPQC, (b) 2UPQC-1PV, and (c) 2UPQC-2PV respectively, using the FS
method on OM 6 (D-Inter-NLL).
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Figure 25. The performance of P; using the FS method on OM 6 (D-Inter-NLL)
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Figure 26. The performance of P;, using the FS method on OM 5 (D-Sag-NLL)
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Figure 27. The performance of Pg;, using the FS method on OM 6 (D-Inter-NLL)
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Figure. 20.a ta"igure. 23.a presents the 3P3W system performance when experiencing OM
5 disturbances at t = 0.2 seconds to t= 0.5 sec and is resolved by the 2UPQC configuration using
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the FS method. In this configuration the source real power (F;) decreases to 2500 W (Figure.
20.a), the series real power (Pg,.) increases by 2370 W (Figure. 2 1.a), and the shunt real power
(P;p,) decreases by -1300 W (Figure. 22.a), so the load real power (P,) becomes 3425 W
(Figure.23.a). Figure.20.b to Fig&.Z-ﬂl.a presents the 3P3W system performance when
experiencing OM 5 disturbances att = 0.2 sec to t =0.5 sec and is resolved by the 2UPQC-1PV
configuration using the FS method. In this configuration the source real power (FP;) decreases to
2400 W (Figure. 20.b), the series real power (P, ) (Figure. 21.b) increases by 2370 W, and the
shunt real power (Psp, ) decreases by -1300 W (Figure. 22.b), and PV1 1mts the power (Ppyy ) of
560 W (Figure.24.a) so that the load real power (P,) becomes 3430 W (Figure. 23.b). Figure.20.c
to Figure. 24.b aGFigurc 24 ¢ presents the 3P3W system performance when experiencing OM
5 disturbances at t=0.2 sec to t = 0.5 sec and is resolved by the 2UPQC-2PV configuration using
the FS method. In this configuration, the source real power (Ps) decreases to 2400 W (Figure.
20.¢), the series real power (Pg.) ncreases by 2300 W (21.¢), and the lshunt power (Psp,)
decreases by -1000 W (Figure. 22.¢), and PV1 and PV2 inject the power (Ppyy and Ppyz) of 450
W and 450 W respectively (Figure. 24.b and Figure. 24.¢), so the load real power (P,) to 3420
W (Figure.23.c).

Figure. 25.a taigurc. 29.a presents the 3P3W system performance when experiencing OM
6 disturbances at t = 0.2 sec to t=10.5 sec and 1s resolved by the 2UPQC configuration using the
FS method. In this condition the source real power (Pg) decreases to 0 W (Figure. 25.a), the
series real power (Pg,) increases by 9000 W (Figure. 26.a), and the shunt real power (Pg,)
decreases by-6000 W (Figure.27.a), so the load real power (P, ) drops by 2900 W (Figure. 28.a).
Figure. 25.b tuagure. 29.a presents the 3P3W system performance when experiencing OM 6
disturbances att = 0.2 sec to t = 0.5 sec and is resolved by the 2UPQC-1PV configuration using
the FS method. In this configuration, the source real power (P) drops to 0 W (Figure. 25.b), the
series load power (Ps,) increases by 8000 W (Figure. 26.b), and the shunt real power (Pg,)
decreases by -5000 W (Figure. 27.b), and PV 1 helps inject the power ( Ppy1) of W (Figure.
29.a) so that the load real power (PL) increases slightly to 3150 W (Figure. 28.b). Figure. 25.c
to Figure.29.b m&igure,Z‘lc presents the 3P3W system performance when experiencing OM
6 disturbances at t = 0.2 sec to t = 0.5 sec and is resolved by the 2UPQC-2PV configuration using
the FS method. In this configuration, the source real power (P;) drops to 0 W (Figure. 25.¢), the
series real power (Ps.) increases by 4600 W (Figure. 26.c), and the shuntd:l power (Psy)
decreases by -1400 W (Figure. 27.¢), and PV1 and PV2 help inject the power (Ppy and Ppy;) of
930 W and 930 W respectively (Figure. 29.b and Figure. 29.c) so that the load real power
(P;) increases to 3300 W (Figure 28.c).
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Figure 30. Performance of load real power
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Figure 31. Performance of dual-UPQC efficiency

Figure. 30 presents that in the 2UPQC, 2UPQC-1PV, and 2UPQC-2PV configurations using
the PI and FS methods, the OM 4 disturbance is able to produce higher real load power (P, above
4030 W) than the OM 1 terference (P, above 3712 W). This condition presents that the
distortion of the source voltage in the Swell-NL distorted causes an increase in the load real
power compared to the undistorted source voltage. In the same three configurations and using
the PI and FS methods, the OM 5 disturbance produces lower load real power (P; above 3420
W) than the OM 2 disturbance (P, above 3700 W). This condition shows that the distorted source
voltage in the Sag-NL disturbance causes a decrease in the load real power compared to the
undistorted source voltage. In the same three configurations and using the PI and FS methods,
the OM 3 disturbance is able to produce load real power higher than the OM 6 disturbance of
3600 W and 3700 W, compared to the 2UPQC and 2UPQC-1PV configurations. In the OM 6
disturbance, mUPQC-ZPV configuration with PI and FS control is also capable of producing
a higher load real power of 3100 W and 3300 W respectively than the 2UPQC and 2UPQC-1PV
configurations. In OM 3 and OM 6, the FS method is able to produce higher real load power of
3700 W and 3300 W, respectively, compared to the PI method of 3600 W and 3100 W.

Using (15), the efficiency of load real power on each OMs and dual-UPQC configurations is
obtained and the results are presented in Figure. 31. It shows that in the 2UPQC, 2UPQC-1PV,
and 2UPQC-2PV configurations using the PI and FS methods, the OM 4 disturbance is able to
produce a slightly higher efficiency than the OM 1 disturbance. In the three same configurations
and using the PI and FS methods, OM 5 disturbance produces lower system efficiency than OM
2 disturbance. In the same three configurations and using PI and FS methods, OM 6 disturbance
results in lower system efficiency than OM 3 disturbance. In OM 3 disturbance, 2UPQC-2PV
configurations with PI and FS control are able to produce The lowest system efficiency was
61,017% and 61,667%, respectively, compared to the 2UPQC and 2UPQC-1PV configurations.
In OM 6 disturbance, the 2UPQC-2PV configuration with Pl and FS control is also able to
produce the lowest system efficiency of 53,448% and 65,217% respectively compared to the
2UPQC and 2UPQC-1PV configurations. This condition shows that increasing the integration
of the number of PV arrays (PV | and PV 2) in the dual-UPQC circuit will increase system losses
so that the 2UPQC-2PV configuration produces the smallest system efficiency compared to the
2UPQC and 2UPQC-1PV configurations. In OM 3 and OM 6, the FS method is able to produce
a higher efficiency of 61,667% and 65,217% respectively, compared to the Pl method of
53,448% and 61,017%, respectively.

4. Conclusion

The 2UPQC-2PV to configuration to enhance load real power flow performance in a 380 V
(L-L) with a frequency of 50 Hz on 3P3W has been implemented and validated with the 2UPQC
and 2UPQC-1PV configurations. The simulation of disturbance in each model configuration
consists of six OMs. The Dual-FS method is used to overcome the weaknesses of the Dual-PI
control in determining the optimum parameters of proportional and integral constants. In OM 3
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and OM 6, the 2UPQC-2PV configuration with Dual-PI and Dual-FS controls is able to maintain
a higher load voltage than the 2UPQC and 2UPQC-1PV configurations. In OM 3 and OM 6, the
2UPQC-2PV configuration with Dual-PI and Dual-FS controls is capable of producing higher
real load power, compared to the 2UPQC and 2UPQEER PV configurations. In OM 6, the 2UPQC
configuration with the dual PI and dual FS methods 1s able to produce the lowest average THD
of load voltage compared to the 2UPQC-1PV and 2UPQC-2PV configurations. In OM 3 and
OM 6, the 2UPQC-2PV configuration with the Dual-FS method 1s able to produce higher load
real power, compared to the Dual-PI method. Furthermore, in OM 3 and OM 6, the 2UPQC-2PV
configuration with the Dual-FS method 1s also able to produce higher dual-UPQC efficiency,
compared to the Dual-PI method. In the case of interruption voltage disturbances with sinusoidal
and distorted sources, the 2UPQC-2PV configuration with dual-FS control can enhance load real
power performance and dual-UPQC efficiency better than dual-PI control. The average load
voltage of 2UPQC, 2UPQC-1PV, and 2UPQC-2PV configuration using dual FS is below the
dual PI method, especially during OM 3 and OM 6. The percentage of average load voltage
disturbance at OM 3 and OM 6 using the dual PI and dual FS methoddis still greater than 5%.
The use of PV arrays with higher power and advanced control base on artificial intelligence such
as a combination of fuzzy logic control and artificial neural networks (ANFIS), can be proposed
as future work to solve this problem.
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