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Dual Fuzzy-Sugeno Method to Enhance Power 

Quality Performance using a Single-phase Dual 

UPQC-Dual PV Without DC-Link Capacitor 

Amirullah Amirullah and Adiananda Adiananda 

Abstract— Unified power quality conditioner (UPQC) 
is a power electronics device consisting of a series active 
filter (Se-AF) and a shunt active filter (Sh-AF) connected 
in parallel through a DC-link circuit to overcome power 
quality problems, i.e., voltage sag, voltage swell, and 
non-linear (NL) load. The weakness of the UPQC is that it 
cannot function normally if the Se-AF and/or Sh-AF fail, 
and the devices are unable to transfer active power to the 
load in the event of an interrupt voltage at the source. This 
paper proposes a novel configuration of a dual UPQC 
supplied by a dual photovoltaic (PV), hereinafter referred 
to as 2UPQC-2PV, to improve the power quality perfor-
mance of a single-phase 220 V/50 Hz distribution system. 
The 2UPQC-2PV configuration is proposed to anticipate 
the possible failure of both inverters in one of the UPQC 
circuits. The PV array replaces the DC-link capacitor to 
maintain its voltage connected to the DC-link of the 
UPQC constant while at the same time supplying active 
power to the load during an interruption voltage. The 
dual-fuzzy Sugeno (dual-FS) method is used to overcome 
the weakness of the dual-proportional-integral (dual-PI) 
control in determining the optimum parameters of pro-
portional and integral constants. There are three  
disturbances simulated in each-of 2UPQC-2PV and 

1UPQC-1PV using dual-FS and dual-PI, i.e., Case 1 

(S-Sag-NL), Case 2 (S-Swell-NL), and Case 3 (S 

-Inter-NL). Each UPQC-PV combination using FS control 

is compared with PI control resulting in a total of six cases. 

The 2UPQC-2PV configuration with dual-PI and dual-FS 

controls, in the three fault cases, is able to produce higher 

voltage changes than the 1UPQC-1PV configuration. For 

the 2UPQC-2PV configuration in the three fault cases, 

Dual-FS control is able to produce lower THDs of load 

voltage and source current, than the dual-PI control, 

while meetings the limits of IEEE 519 Standard. In Case 3, 

the configuration of 2UPQC-2PV using the dual-FS 

method, is capable of delivering the active power of the 

load close to that in Case 1. 
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NOMENCLATURE 

A. Abbreviations 

UPQC unified power quality conditioner 

PI proportional integral 

FS fuzzy Sugeno 

FM fuzzy mamdani 

THD total harmonics distortion 

3P3W three-phase three-wire  

3P4W three-phase four-wire 

Se-AF series active filter 

Sh-AF shunt active filter 

PV photovoltaic 

WT wind turbine  

WE wind energy 

BES battery energy storage 

DVR dynamic voltage control restorer 

DSTATCOM dynamic static compensator 

ESS energy storage system 

MPPT maximum power point tracking 

ANN artificial neural network 

STF self-tuning filter 

UVTG unit vector generator technique  

SRF-PLL synchronous reference frame-phase 

locked loop  

DG distributed generation  

VSC voltage source converter 

FIS fuzzy inference system  

PCC point common coupling  

S-Sag-NL sinusoidal-sag-non-linear load 

S-Swell-NL sinusoidal-swell-non-linear load 

S-Inter-NL sinusoidal-interruption-non-linear 

load 

2UPQC-2PV dual UPQC-dual PV 

1UPQC-1PV single UPQC-single PV  

MF membership function  

MOSFET metal oxide semiconductor field 

effect transistor 

IGBT insulated gate bipolar transistor 
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THD 
SV  THD of source voltage 

THD 
SEV  THD of series compensation voltage 

THD 
LV  THD of load voltage 

THD 
SI  THD of source current 

THD 
SHI  THD of shunt compensation current 

THD 
LI  THD of load current 

 

B. Variables 

PK  proportional constant 

IK  integral constant 

SL  line inductance  

SHL  shunt inductance  

SEL  series inductance 

LI  load current  

SI  source current  

SHI  shunt compensation current  

LV  load voltage 

SV  source voltage 

SEV  series compensation voltage 

PVV  PV voltage 

PVI  PV current 

PVP  PV power 

DCV  DC-link voltage 

DCP  DC-link power 

LP  load active power 

a b c, ,i i i  load currents for phase “a”, “b”, 
and “c” 

a b c, ,v v v  load voltages for phase “a”, “b”, 
and “c” 

,  ,  oi i i   reference currents for phase “α”, 
“β” and “o”  

,  ,  β ov v v  reference voltages for phase “α”, 
“β” and “o” 

p  active power 
q  reactive power 

p  average active power  

q  average reactive power  

p  oscillating active power 

q  oscillating reactive power 

lossp  instantaneous power loss 

i


 α-β reference current 

*

abci  three phase reference current 

DC_crrorV  error DC-link voltage 

DC_crrorV  delta error DC-link voltage 

CI  compensation current  

DCV  DC-link voltage 

PVV  PV voltage  

LoadP  load active power  

SourceQ  source reactive power  

ShAFQ  Sh-AF reactive power  

Ⅰ.   INTRODUCTION 

n addition to electricity production, photovoltaic (PV) 

generators also cause harmonics, and voltage/current 

disturbances. Because of PV integration, the presence of 

converters, and the increase in the quantity and capacity 

of non-linear loads, the power quality of the power 

system is reduced. A unified power quality conditioner 

(UPQC), which corrects for power quality issues from 

the source voltage and/or load current side, can be em-

ployed to counteract these disruptions. Series filters and 

shunt filters are coupled in parallel to form the UPQC. 

This can provide improved control for many power 

quality issues [1], [2]. A dual UPQC supply can be 

created to cater for the breakdown of both inverters in 

one UPQC circuit. Because such a system can continue 

to operate even if one of the inverters has a disruption, it 

is more reliable with better control of the inverter circuit. 

In this set-up, the voltage and current are controlled by a 

two-phase, two-stage inverter at the synchronous ro-

tating reference frame [3]. The dual or interline UPQC 

used to lessen harmonics and voltage/current imbal-

ances consists of two active filters, i.e. a series active 

filter (Se-AF) and a shunt active filter (Sh-AF) con-

nected in parallel.  

Many papers have discussed the deployment of dual 

UPQC circuits and control to enhance the power quality 

of supply and load of the low-voltage distribution net-

work. The sinusoidal reference synchronization theory 

was used to build a straightforward UPQC control ap-

proach in the ABC reference frame in [4], whereas in [5], 

two distinct controls were compared to produce a pulse 

width modulation (PWM) reference signal using the α-β 

and d-q reference frames, respectively. There have al-

ready been simulations [6], [7] and lab tests [8] com-

paring the operating performance of single UPQC and 

dual UPQC in a three-phase three-wire (3P3W) system 

under static and dynamic faults as well as providing 

additional adjustment to the grid voltage. Dual UPQC 

was able to produce better static and dynamic perfor-

mance than single UPQC, according to the simulation 

and experimental data. 

Under conditions of abrupt load changes, improved 

power quality using dual UPQC has been investigated 

in [9], whereas dual UPQC models coupled to 3P3W or 

three-phase four-wire (3P4W) and 3P4W distribution 

systems were studied, analyzed, and put into practice 

utilizing proportional-integral (PI) control in [10], [11]. 

Power angle control was used to analyze the reactive 

power balance between Se-AF and Sh-AF on dual 

I 
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UPQC [12], [13]. The simulation results showed that 

the proposed method was able to equalize the power 

processed by each dual UPQC converter under abnor-

mal conditions. A UPQC interline model was developed 

in [14][16] using the configuration of improving in-

terline UPQC, a combination of dynamic voltage con-

trol restorer (DVR) and dynamic static compensator 

(DSTATCOM), and fuzzy logic control, respectively. 

A three-phase UPQC configuration using 

three-dimensional space vector pulse width modulation 

(3Ph-UPQC-3D-SVPWM) was implemented in [17], 

while [18] investigated single-phase UPQC using a 

notch filter and feedback to suppress DC-link voltage 

ripple due to low frequency effects. In [19], a 

three-phase-UPQC-modular multilevel converter was 

implemented to mitigate PQ voltage sources and load 

currents, while [20] carried out a power flow analysis 

and increased PQ on the three 

-phase-UPQC-photovoltaic-wind turbine 

(3Ph-UPQC-PV-WT) system. A module for an AC 

microgrid (ACMG) as a three-phase modulated-unified 

power quality conditioner (3Ph-Modulated-UPQC) was 

proposed in [21], and a combination of 

3Ph-UPQC-PV-WT connected to the 3P3W grid system 

to increase PQ was examined in [22]. 

The increase in power in PV and wind energy 

(PV-WE) systems connected to the UPQC network 

integrated with energy storage systems (ESS) and elec-

tric vehicles (EV) was studied in depth in [23]. The 

results of the analysis showed that the power output of 

maximum power point tracking (MPPT)-PV based on 

fuzzy logic was better than MPPT based on Artificial 

Neural Networks. Three-phase UPQC to mitigate power 

quality problems in grid systems and harmonics due to 

non-linear loads supported by PV and battery energy 

storage battery energy storage (BES) systems was ob-

served in [24], in which the UPQC control synchroni-

zation operation used a self-tuning filter (STF) inte-

grated with the unit vector generator (UVG) technique. 

This method was able to provide better control over the 

quality of the load voltage at an unbalanced and dis-

torted source voltage than the synchronous reference 

frame-phase locked loop (SRF-PLL) method. The DG 

system that integrates PV with a single-phase system 

into a three-phase UPQC (DG-UPQC-1Ph-3Ph) was 

studied in [25], in which the PV generator was capable 

of injecting power into the grid, serving local loads 

connected to a 3P3W system, and serving rural and/or 

remote area customers supplied by a single-phase grid. 

In [17][25], the analyses were performed in the con-

ditions of distorted voltage source, sag/swell voltage, 

unbalanced voltage, and unbalanced currents due to 

non-linear loads. A single UPQC-PV system linked to a 

3P3W system was also proposed in [26] to reduce 

voltage sag as well as to sustain load voltage and deliver 

load power from PV due to interruption voltage. How-

ever, the system was unable to properly transfer active 

power to the load because of load voltage drop caused 

by the interruption voltage. 

Several studies have proposed a dual UPQC system 

supplied by a PV array. This was subsequently referred 

to as the dual UPQC-PV system. It was to address the 

malfunction of one of the inverters and the single 

UPQC-PV system incapacity to address disruptions 

brought by the interruption voltage. A dual UPQC-PV 

system coupled to a 3P4W system was modelled with 

multilayer inverters to lessen voltage sag, load voltage 

harmonics, and source current harmonics under various 

solar radiation in [27], while a dual-UPQC system was 

injected by two PV arrays in [28] using two distinct 

DC-link circuits and two three-phase voltage source 

converters (VSC). 

The drawback of the system model in [27], [28] was 

that it only discussed one level of PV array integration 

and was only used to lessen harmonics, sag/swell volt-

ages, and imbalances brought by non-linear loads. It did 

not include any implementation to deal with interrup-

tions and to maintain the active load power at a stable 

level. It is also necessary to find the best proportional 

P( )K  and integral constants 
I( )K , to use for the Sh-AF 

circuit in the dual UPQC-PV model. On the basis of the 

dual-PI and dual-FS methods on the 3P3W system, an 

improvement in load active power flow performance 

using the 2UPQC-2PV system was noted in [29], [30]. 

The three-phase 2UPQC-2PV configuration with du-

al-FS control was able to increase load active power 

performance and efficiency of the dual-UPQC circuit 

better than the dual-PI control in the case of an inter-

rupting voltage with a sinusoidal and distorted source. 

This paper applies the single-phase dual UPQC 

model combined with dual PV, hereinafter referred to as 

single-phase 2UPQC-2PV, using fuzzy logic control 

(FLC) with Sugeno’s fuzzy inference system (FIS) 

algorithm. In contrast to the two studies in [29], [30], the 

dual UPQC model was applied to a single-phase 220 V/ 

50 Hz distribution network connected to nonlinear loads. 

Different from UPQC model configurations that have 

been examined by previous researchers [27][30], the 

proposed UPQC design does not use the DC-link ca-

pacitor. Instead, the PV generator is used as a DC 

voltage source, and supplies load power when the 

source experiences an interruption while at the same 

time it keeps the UPQC DC voltage constant. Referring 

to the problems described above, the main contributions 

of this paper are: 

1) A single-phase dual UPQC model injected by two 

PV arrays without DC-link capacitor, namely, sin-

gle-phase 2UPQC-2PV, is designed in order to reduce 

source current total harmonics distortion (THD), 

maintain load voltage, reduce load voltage THD, and 

enhance load active power performance during voltage 
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interruption on the source bus. The dual UPQC circuit is 

placed between the load bus and source bus (PCC), 

which is connected to a 220 V/50 Hz single-phase dis-

tribution system. Both PV arrays 1 and 2 are made up of 

a number of PV panels, each with a maximum power of 

12 kW. 

2) To determine the best system configuration for 

preserving load voltage magnitude, reducing load 

voltage THD, lowering source current THD, and pre-

serving load active power due to voltage disturbance on 

the source bus, the performance of the 2UPQC-2PV 

configuration is validated with the single-phase 

1UPQC-1PV. 

3) Implementation of the dual-FS control method on 

the Sh-AF in the single-phase 2UPQC-2PV and 

1UPQC-1PV circuits, respectively, to overcome the 

weakness of PI control in determining the proportional 

P( )K  and integral constants 
I( )K  in the two proposed 

models. 

4) Validation of dual-FS results with dual-PI control 

method on 2UPQC-2PV and 1UPQC-1PV of sin-

gle-phase Sh-AF circuits to determine the best control 

method to maintain load voltage magnitude, reduce load 

voltage and source current THDs, and at the same time 

maintain load active power in a number of fault condi-

tions on the source bus. 

The rest of the paper is arranged as follows. Section Ⅱ 

presents the proposed method, i.e., single-phase 

2UPQC-2PV system model, simulation parameters, 

dual Se-AF control circuit, dual Sh-AF control circuit, 

and dual-PI and dual-FS control methods on a sin-

gle-phase 2UPQC-2PV circuit. Section Ⅲ presents the 

results and discussions on the load voltage, series 

voltage, source current, shunt compensation current, 

load current, and their corresponding THDs. It further 

presents the output power of PV1 and PV2, as well as 

the load active power using the FS method validated by 

the PI method. Observations of the results are given on 

the percentage of sag/swell and disconnection voltages 

in the proposed dual UPQC circuit using the FS and PI 

methods. Two dual UPQC circuit configurations and 

three fault cases are presented and the results are verified 

using Matlab-Simulink simulation. The validation and 

comparison of the method with previous research are 

further discussed. The paper is concluded in Section Ⅳ. 

Ⅱ.   RESEARCH METHOD 

A. Proposed Method 

In a single-phase low-voltage distribution system, this 

study aims to enhance the performance of power quality 

in a dual UPQC system supplied by a PV array using the 

dual-FS approach. Both PV arrays 1 and 2 consist of a 

number of PV panels, and each has a maximum PV 

power of 12 kW. The single-phase UPQC is a combina-

tion of a single-phase Se-AF and a single-phase Sh-AF. 

In this study, the single-phase Se-AF circuit consists of 

four MOSFET switches 
1 2 3 4(MO ,MO ,MO and MO )  

which inject a compensating voltage to the load bus when 

a sag/swell occurs on the source bus. The single-phase 

Sh-AF circuit consists of four IGBT switches 

1 2 3 4(IG ,IG ,IG and IG )  that inject harmonic compensa-

tion current to the source bus because of the presence of 

nonlinear load (NL). In the proposed model, the NL is a 

full-bridge rectifier with diodes 
1 2 3 4(D ,D ,D and D )  

connected to a RL DC load. 

The two proposed power electronics devices are the 

1UPQC-1PV array and the 2UPQC-2PV arrays. To 

overcome the shortcomings of the 1UPQC-1PV system 

and maintain the magnitude of the load voltage while 

simultaneously reducing the load voltage THD and 

providing the load bus with a more stable active power 

supply in the event of voltage interruption on the source 

bus, the 2UPQC-2PV system is proposed. The sug-

gested UPQC circuit does not include a DC-link capac-

itor, in contrast to other studies. The dual UPQC circuit 

is connected to the source bus by a low voltage distri-

bution line at 220 V/50 Hz, and is situated between the 

source and load buses. The FS control is suggested as a 

solution to the PI control's shortcomings in the setting of 

the 
PK  and 

IK  Fig. 1 further presents the configuration 

of the 2UPQC-2PV system. The following three cases 

explain the disturbances on the source bus for a sin-

gle-phase system using the two dual UPQC systems. 

1) Case 1 (S-Sag-NL): The system is connected to a 

non-linear load (NL) and the sinusoidal source is expe-

riencing a 50% sag voltage disturbance. The sag voltage 

in a single-phase system is generated by connecting the 

220 V/50 Hz source voltage which is in series with the 

source inductance
S( 0.1mH)L  , in parallel with the 

inductance component 
1( 0.1mH)L  using circuit 

breaker 1 
1(CB )  under normally open (NO) condition. 

2) Case 2 (S-Swell-NL): The system is connected to an 

NL and the source is experiencing a 50% swell voltage 

disturbance. The swell voltage in a single-phase system is 

generated by connecting the 220 V/50 Hz source voltage 

which is in series with the source inductance 
SL , in par-

allel with a 110 V/50 Hz voltage source through circuit 

breaker 2 2(CB )  under NO condition. 

3) Case 3 (S-Inter-NL): The system is connected to 

an NL and the source is experiencing 100% voltage 

disturbance. The disconnection voltage in a sin-

gle-phase system is generated by short-circuiting the 

220 V/50 Hz source voltage which is connected in se-

ries with the source inductance 
SL ,through circuit 

breaker 3 3(CB )  under NO condition.  

The total simulation time for the three disturbances is 

0.5 s with a fault duration of 0.2 s between 0.15 s to 0.35 s. 
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In each case, the FS control is used as DC voltage 

control on the Sh-AF to enhance power quality, and the 

results are compared with PI control. There are six ex-

amples, with PI and FS controls used in each dual UPQC 

model in each case. The magnitudes of the source and 

load voltages and the source and load currents, their 

corresponding THDs, and the real power of the load are 

the parameters used for the analysis. The percentage of 

load voltage disturbance and load active power are cal-

culated in each dual UPQC model in order to choose the 

circuit model that performs the best in terms of preserv-

ing load voltage and load active power in the three dis-

turbance cases after all these parameters have been ob-

tained. Figure 1 depicts the proposed concept without a 

DC-link capacitor circuit using a single-phase 

2UPQC-2PV system. The active power flow employing 

a single-phase 1UPQC-1PV and 2UPQC-2PV combina-

tion is shown in Fig. 2, and the research flowchart of the 

proposed method is illustrated in Fig. 3. Table Ⅰ displays 

the simulation parameters for the proposed model. 

 

Fig. 1.  The proposed model of single-phase 2UPQC-2PV without DC-link capacitor. 
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Fig. 2.  Active power flow in single-phase. (a) Active power flow in single-phase 1UPQC-1PV. (b) Active power flow in single-phase 

2UPQC-2PV. 

TABLE Ⅰ 

PARAMETERS OF THE SINGLE-PHASE 2UPQC-2PV SYSTEM  

Devices Parameters Design values 

Single-phase grid 

RMS voltage (line-neutral) 

frequency 
line inductance 

220 V  

50 Hz  

0.1 mHSL   

Sag voltage fault generation 

(Case 1) 
Sag parallel inductance 1 0.1 mHL   

Swell voltage fault generation Swell voltage (line-neutral) 110 V  

Series-AF Series inductance Sc 0.0015 mHL   

Shunt-AF Shunt inductance Sh 15 mHL   

Series transformer 

Rating kVA 
frequency 

transformation rating 1 2( / )N N  

series ripple filter 

1000 kVA  

50 Hz  

1:1 

Sc 4700 FC    

Non-linear load 

Resistance 

inductance 

load impedance 

L 60R    

L 1 mHL   

C C1 and 0.01 mHR L    

DC-link 1 and 2 DC voltage 1 and 2 dc 100 VV   

Photovoltaic 
array 1 and 2 

Active power 

irradiance 
temperature 

MPPT 

12 kW  

21000 W/m  

25℃ 

Perturb and observe 

DC-DC converter 

Resistanace 

inductance 

capacitance 

0.01R    

0.01 HL   

L 0.002 FC   

PI 1 and 2 
PK  1 and 2 

IK  1 and 2 

P 0.2K   

1 1.5K   

Fuzzy logic controller 1 and 2 

Fuzzy inference system 

composition 
defuzzyfication 

Sugeno 

max-min 
wtaver 

Input memberships function 1 

and 2 

Error ( dc dc crror( )V V   

delta Error dc dc crror( )V V   

Trapmf and trimf 

trapmf and trimf 

Output membership function 1 

and 2 
Instantaneous of power losses loss( )p  constant [0,1] 



AMIRULLAH et al.: DUAL FUZZY-SUGENO METHOD TO ENHANCE POWER QUALITY PERFORMANCE… 139 

 

Fig. 3.  Research flowchart. 

B. Single-Phase Dual Series Active Filter Control 

The implementation of Se-AF control on a single 

UPQC connected to a single-phase system using the 

unit vector templates generation (UVTG) method can 

be found in [31]. Based on this circuit model, the Se-AF 

control circuit in a dual UPQC connected single-phase 

system is constructed by duplicating a single Se-AF 

control circuit while still using a single-phase series 

transformer circuit. Based on this procedure, a complete 

control of a single-phase dual UPQC is proposed as 

shown in Fig. 4. The magnitude of the peak fundamental 

input voltage 
m( )V  is selected at the nominal voltage of 

220 V. 

 

Fig. 4.  Control of dual Se-AF on a single-phase system. 

C. Single-Phase Dual Shunt Active Filter Control 

As a part of the UPQC control, Sh-AF control in a 

single-phase system has been described in detail in [32]. 

Based on this circuit model, the Sh-AF control circuit 

on a dual UPQC is constructed by duplicating the con-

trol circuit on a single Sh-AF. For three-wire, 

three-phase and three-phase four-wire power systems, 

P-Q theory, often referred to as instantaneous power 

theory, is normally used. This theory uses three voltage 

and current signals, but can also be applied to sin-

gle-phase active filters by duplicating two more voltage 

and current signals with an angular shift of 120º. The 

basis of this theory is the division of power components 

into mean and oscillations. Assigning phase “a” to the 

load current of the single-phase load, and phases “b” 

and “c” to the additional phases of the doubling tech-

nique, mathematically, the load current 
ai  can be ex-

pressed as phase current “a” using (1) while (2) and (3) 

can be used to describe the load currents 
bi  and 

ci  for 

phases “b” and “c”, respectively as [32]:  

a 0
2 sin( )

n

i i ii
i I w 


          (1) 

b 0
2 sin( 120 )

n

i i ii
i I w 


            (2) 

c 0
2 sin( 120 )

n

i i ii
i I w 


               (3) 

Where 
iI  is a single-frequency root mean square current 

at the ith harmonic; 
iw  is the angular frequency of the 

waveform in radians per second at the ith harmonic; and 

i  is the phase angle in degrees or radians per second at 

the ith harmonic. 

Equations (1)(3) can be converted into a matrix 

form for the load current and load voltage as [32]: 

a

b a

c

1

1 120 [ ]

1 240

i

i i

i

   
   

  
   
      

                    (4) 

a

b a

c

1

1 120 [ ]

1 240

v

v v

v

   
   

  
   
      

                   (5) 

where the av , bv and cv are the load voltage for phases 

“a”, “b” and “c.” 

The reference load current i , i  and oi , and refer-

ence load voltage v , v  and v  can be calculated us-

ing the Clarke transformation as [32]: 

a

b

c

1 1
1

2 2

2 3 3
0

3 2 2

1 1 1

2 2 2

i i

i i

i i







 
 

    
    

     
       
 
 
 

     (6) 
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a

b

c

1 1
1

2 2

2 3 3
0

3 2 2
1 1 1

2 2 2

v v

v v

vv







 
 

     
      
     
     

 
  

     (7) 

According to [32], the active power p  and reactive 

power q  can be expressed as: 

p v i v i v i                              (8) 

q v i v i                                (9) 

v v ip

v v iq

  

  

    
           

                  (10) 

The two sections that make up the active power and 
reactive power are the average and oscillating power, or 
the DC part and AC part, expressed as [32]: 

p p p                           (11) 

q q q                            (12) 

where p  is average active power; q is the average 

reactive power; p  is the oscillating active power; and 

q  is the oscillating reactive power. 

A low-pass filter, which removes high frequencies, 
can be used to determine the DC portion. Equation (13) 

can be used to describe the reference current -  ( )


i  

of the DC active power and reactive power sections [33]. 

loss

2 2

1 v v p p

v v qv v

 



  


    

        
i            (13) 

The average active power is obtained by using 

theparameter 
lossp  of the voltage controller. This value 

is in the form of instantaneous active power which 

corresponds to the resistive loss and switching loss of 

the UPQC. The three-phase reference current of the 

active power filter *

abci  is given in (14) [33]. A PWM 

signal is generated using a hysteresis band. Only two of 

the six PWM signals generated are used as the 

hysteresis band input for the single-phase Sh-AF. 

* *

abc

1 0

2 1 3

3 2 2

1 3

2 2



 
 
 
 

  
 
 
   

i i                  (14) 

To operate properly, dual UPQC must have a mini-

mum DC-link voltage 
DCV  as [24]: 

Ph N

DC

2 2

3

V
V

m

                        (15) 

where m is the modulation index; and 
Ph NV 

 is the 

phase-to-neutral source. Using m of 1 and 
Ph NV 

 of 

220 V, 
DCV  is calculated to be 359.26 V, so the value of 

400 V is selected. 

Based on the duplication of (1)(14), a dual Shunt-AF 

control model is further developed on a single-phase 

system using the dual-FS method shown in Fig. 5. 

 
Fig. 5.  Dual Sh-AF control on a single-phase system based on the dual-FS method. 
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D. Design of Dual Fuzzy Sugeno Control 

Dual Sh-AF control in the dual UPQC circuit begins 

by specifying 
lossp  as the input variable to generate a 

reference source current in the hysteresis current control 
and a trigger signal in the Sh-AF IGBT circuit from 

UPQC with PI 1 and PI 2 controls 
P( 0.2K   and 

I 1.5)K  . Using the same procedure, 
lossp  is also de-

termined using FS 1 and FS 2. Considerations for 
choosing FIS with the FS method over the Fuzzy 
Mamdani (FM) method are because such system uses 
single membership functions (MFs) which have a 
membership degree of 1 for a single crisp value and 0 
for other crisp values. With this model configuration, 
FS produces a faster simulation because it has a 
weighted average to replace the defuzzification phase in 
FM which requires a relatively long simulation time 
[34]. FS1 and FS2 consists of fuzzification, deci-
sion-making (rulebase, database, reason mechanism), 
and defuzzification as shown in Fig. 5. FIS on FS1 and 
FS2 uses the Sugeno Method with max-min for input 
variables and [0, 1] for output variables. FIS consists of 
three parts, namely, rulebase, database, and rea-
son-mechanism [35]. The FS 1 and FS 2 methods are 
applied by determining the input variables, namely, the 

value of VDC error
DC-errorV  and delta VDC error 

DC-errorV  

to determine 
lossp  at the defuzzification phase. 

The value 
lossp   is the input variable to get the com-

pensation current ( )


i  in (16). During the fuzzification 

process, a number of input variables are calculated and 

converted into linguistic variables called MFs. The 

values of 
DC-errorV  and 

DC-errorV  are selected as input 

variables with 
lossp  as output variables. The values of 

the two input variables and one output variable on the 

MFs are divided into seven linguistic variables, respec-

tively. The crips input variables used in 
DC-errorV  and 

DC-errorV  are negative big (NB), negative medium (NS), 

negative small (NM), zero (Z), positive small (PS), 

positive medium (PM) and positive big (PB). Crips 

input variables are triangular and trapezoidal member-

ship functions with limits between -400 and 400. Crips 

output is 
lossp  in the form of two different constant 

values [0, 1] with membership function limits between 

-100 to 100 on FS1 and FS2, respectively. The crips 

input and output variables have the same linguistic 

variables. Membership Function (MF) input 
DC errorV 

 

and 
DC errorV   and MF output 

lossp  of FS 1 and FS 2 are 

presented in Figs 68, respectively. Tables ⅡⅣ show 

the linguistic functions and boundaries of the FS 1 and 

FS 2 set of MF input 
DC errorV 

 and 
DC errorV   and MF 

output 
lossp , respectively. 

After 
DC errorV 

 and 
DC errorV   are obtained, the next 

two MF inputs are converted into linguistic variables 
and used as input functions for FS 1 and FS 2. Table V 
presents the MF output generated using the inference 
block and rules base of FS 1 and FS 2. Then, the de-
fuzzification block finally operates to convert the re-

sulting 
loss1p  and 

loss2p  outputs from the linguistic var-

iables back to numeric variables. 
loss1p  and 

loss2p  then 

become input variables for current hysteresis control to 
generate trigger signals for IGBT 1 and IGBT 2 on the 
Sh-AF dual UPQC circuits to reduce source current 
harmonics. At the same time, they also improved the 
power quality of the single-phase system of the three 
fault cases in the two proposed UPQC configurations of 
1UPQC-1PV and 2UPQC-2PV, respectively. 

TABLE Ⅱ 

LINGUISTIC FUNCTIONS AND BOUNDARIES OF THE FS 1 AND FS 2 SET OF INPUT VARIABLES OF 
DC errorV 

 

No. Input variables Linguistic functions MFs Boundaries parameter 

1 Negative big NB trapmf -400, -240, -120 

2 Negative medium NM trimf -240, -120, -40 

3 Negative small NS trimf -120, -40, 0 

4 Zero Z trimf -40, 0, 40 

5 Positive small PS trimf 0, 40, 120 

6 Positive medium PM trimf 40, 120, 240 

7 Positive big PB trapmf 120, 240, 400 

TABLE Ⅲ 

LINGUISTIC FUNCTIONS AND BOUNDARIES OF THE FS 1 AND FS 2 SET OF INPUT VARIABLES OF 
DC errorV    

No. Input variables Linguistic functions MFs Boundaries parameter 

1 Negative big NB trapmf -400, -300, -200 

2 Negative medium NM trimf -300, -200, -100 

3 Negative small NS trimf -200, -100, 0 

4 Zero Z trimf -100, 0, 100 

5 Positive small PS trimf 0, 100, 200 

6 Positive medium PM trimf 100, 200, 300 

7 Positive big PB trapmf 200, 300, 400 
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TABLE Ⅳ 

LINGUISTIC FUNCTIONS AND BOUNDARIES OF THE FS 1 AND FS 2 OF OUTPUT VARIABLES OF 
lossp   

No. Output variables Linguistic functions MFs Boundaries parameter 

1 Negative big NB constant [0,1] -100 

2 Negative medium NM constant [0,1] -60 

3 Negative small NS constant [0,1] -30 

4 Zero Z constant [0,1] 0 

5 Positive small PS constant [0,1] 30 

6 Positive medium PM constant [0,1] 60 

7 Positive Big PB constant [0,1] 100 

 

Fig. 6.  Input MFs of
DC-errorV . 

 

Fig. 7.  Input MFs of 
DC-errorV .  

 

Fig. 8.  Output MFs of 
lossp . 

TABLE Ⅴ 
FUZZY RULE BASE OF FS 1 AND FS 2   

DC-errorV  

DC-errorV  
NB NM NS Z PS PM PB 

PB Z PS PS PM PM PB PB 
PM NS Z PS PS PM PM PB 

PS NS NS Z PS PS PM PM 

Z NM NS NS Z PS PS PM 
NS NM NM NS NS Z PS PS 

NM NB NM NM NS NS Z PS 

NB NB NB NM NM NS NS Z 

E. Percentage Sag/Swell and Interruption Voltage 

The sag/swell and interruption voltage monitoring 

was in accordance to IEEE 11591995. This regulation 

provides a table of definitions of sag/swell and different 

fault voltages by category (momentary and transient) 

considering the typical duration and magnitude. Then, 

the percentage of disturbance of sag/swell and inter-

ruption voltage D is proposed as: 

pre _ disturb disturb

pre _ disturb

100%
V V

D
V


        (16) 

where pre _ disturbV  is the load voltage before disturbance of 

sag/swell and interruption voltage happens and is selected 

as 220 V for all cases; 
disturbV  is the load voltage after 

disturbance of sag/swell and interruption voltage happens 
and its value is different for each case. 

Ⅲ.   RESULT AND DISCUSSION 

A. Simulation Results 

The proposed model uses two UPQC-PV combina-

tions connected to a single-phase (on-grid) system via a 

DC link circuit without a capacitor. Two UPQC-PV 

combinations are proposed, namely 1UPQC-1PV and 

2UPQC-2PV. A single-phase CB is used to connect and 

disconnect the second UPQC-PV circuit to the first 

UPQC-PV circuit. The disturbance simulation is the 

combinations of 1UPQC-1PV and 2UPQC-2PV, with 

each consisting of three cases, i.e., Case 1 (S-Sag-NL), 

Case 2 (S-Swell-NL), and Case 3 (S-Inter-NL). Each 

UPQC-PV combination uses FS control and is validated 

by PI control thus resulting in a total of six cases.  

By using Matlab Simulink, each model combination is 
executed according to the proposed case to obtain the 

waveforms of the source voltage 
S( )V , series voltage 

SE( )V , load voltage 
L( )V , source current 

S( )I , shunt 

current 
SH( )I , and load current 

L( )I . Based on the 

waveforms, their magnitudes and corresponding THDs 
are obtained. The measurement of the magnitude of the 
voltage, nominal current, and THD values in each 
UPQC-PV combination was carried out in 3 cycles be-

tween 0.22 s0.28 s. The next process performs simula-
tions on a number of proposed cases to obtain curves and 

determine the values of PV voltage 
PV( )V , PV current 

PV( )I , and PV power 
PV( )P , and their contribution to 

changes in load active power 
L( )P , which are carried out 

in one cycle at 0.25 s. The PV power value is measured 
after the DC-DC boost converter circuit so its value is the 
same as the DC-link power because the UPQC circuit 
does not use capacitors. The total simulation time for 

disturbances in Cases 13 is 0.5 s with a disturbance 

duration of 0.2 s between 0.15 s0.35 s.  
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Figure 9 presents the performance of 
SV ,

SEV ,
LV , 

SI ,
SHI  and 

LI  for 2UPQC-2PV and dual-FS control in 

Case 1 (S-Sag-NL). It shows that in the configuration and 
control method at 0.15 s to 0.35 s from the total simula-

tion duration of 0.5 s, the source voltage 
SV  decreases by 

50% from 220 V to 113.4 V. In this condition, voltages 

DC1 
DC1( )V  and DC2 

DC2( )V  are not able to produce 

maximum power and only inject a series compensation 

voltage 
SE( )V  of 102.9 V through the series transformer 

on the Se-AF. Thus, in the Case 1 period, the load voltage 

LV  on the single-phase system decreases slightly to 

216.3 V. The decrease in the 
LV  eventually also causes 

the 
LI  to slightly decrease to 3515 A. On the other hand, 

in the same case, the 2UPQC-2PV configuration is able 

to inject a shunt compensation current 
SHI  of 15.11 A 

and a THD of0.34% with the opposite phase direction so 

as to reduce the THD of the source current 
SI  to 0.47% 

compared to 
LI  THD of 1.68%. 

 

 

 

 

 

 
Fig. 9.  Performance of 

SV ,
SEV ,

LV ,
SI ,

SHI  and 
LI  from 

2UPQC-2PV using dual-FS control in Case 1 (S-Sag-NL). 

In the same case, and same configuration and control 

method, Fig. 10 shows that because the system does not 

use a DC-link capacitor, DC1 voltage 
DC1( )V  and DC2 

voltage 
DC2( )V  are the same as PV1 voltage 

PV1( )V  and 

PV2 voltage 
PV2( )V  of 176.4 V. The PV1 and PV2 gen-

erators generate the same PV1 power 
PV1( )P  and PV2 

power 
PV2( )V  of 72,750 kW with PV1 current 

PV1I  and 

PV2 current 
PV2I  of 530.9 A. Figure 10 also shows that 

the nominal PV1 power 
PV1( )P  and PV2 power 

PV2( )P  

are equal to DC1 power 
DC1( )P  and DC2 power 

DC2( )P , 

while delivering 380.3 W load active power 
L( )P . 
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Fig. 10.  Performance of 
PVV , 

DCV , 
PVI , 

PVP , 
DCP  and

LP  from 

2UPQC-2PV using dual-FS control in Case 1 (S-Sag-NL). 

Figure 11 shows the performance of 
SV ,

SEV ,
LV , 

SI ,
SHI  and 

LI  in the 2UPQC-2PV configuration con-

nected to a single-phase system using dual-FS control in 
Case 2 (S-Swell-NL), while Fig. 12 shows the perfor-

mance of 
PV DC PV PV DC, , , ,V V I P P  and 

LP . 

Figure 11 shows that in the configuration and control 

method during 0.15 s to 0.35 s, the 
SV  increases 50% 

from 220 V to 321 V. In this condition, PV1 and PV2 

 

 

 

 

 

 

Fig. 11.  Performance of 
SV ,

SEV ,
LV ,

SI ,
SHI  and 

LI  for config-

uration 2UPQC-2PV using dual-FS control in Case 2 (S-Swell-NL). 

are able to maintain 
DC1V  and 

DC2V  so that they can 

inject a 
SEV  with an opposite phase of 97.4 V through a 

series transformer on the Se-AF. Thus, in Case 1, the 
LV  

in the single-phase system increases slightly to 223.7 V. 

The increase in the 
LV  eventually also causes the load 

current 
LI  to slightly increase to 3634 A. On the other 

hand, in Case 2, the 2UPQC-2PV configuration is able 

to inject the shunt compensation current 
SHI  with the 

opposite phase direction of 15.83 A and THD of 0.23%, 

and reduce the THD of 
SI  to 0.01% compared to the 

LI  

THD of 1.19%. 

For the same Case 2, and same configuration and 

control method, Fig. 12 shows that the 
DC1V  and 

DC2V  

are the same as the 
PV1V  and 

PV2V  of 171.6 V. PV1 and 

PV2 generate the same 
PV1P  and 

PV2P  of 72.41 kW with 

PV1I  and 
PV2I  of 454.3 A. Figure 12 also shows that the 

PV1P  and 
PV2P  are equal to the 

DC1P  and 
DC2P delivering 

the 
LP  of 406.2 W. 
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Fig. 12.  Performance of 
PVV ,

DCV ,
PVI ,

PVP ,
DCP and

LP for config-

uration 2UPQC-2PV using dual-FS control in Case 2 (S-Swell-NL). 

Figure 13 shows the performance of 
SV ,

SEV ,
LV , 

SI ,
SHI  and 

LI in the 2UPQC-2PV configuration con-

nected to a single-phase system using dual-FS control in 

Case 3 (S-Inter-NL) conditions, while Fig. 14 shows the 

performance of 
PV DC PV PV DC, , , ,V V I P P  and 

LP . 

 

 

 

 

 

 
Fig. 13  Performance of 

SV ,
SEV ,

LV ,
SI ,

SHI  and 
LI  for configu-

ration of 2UPQC-2PV using dual-FS control in Case 3 (S-Inter-NL) 

Figure 13 shows that in this configuration and control 

method, the 
SV  drops from 220 V to 66.6 V. In this 

condition, PV1 and PV2 are able to maintain the 
DC1V  

and 
DC2V  so that it can inject a 

SEV  with an opposite 

phase of 149.8 V through the Se-AF series transformer. 

Thus, in Case 3, the 
LV  on the single-phase system 

slightly decreases to 216.2 V. A small decrease in the 

LV  eventually also causes the 
LI  to slightly decreases 

to 3512 A. On the other hand, in Case 3, the 

2UPQC-2PV configuration is able to inject 
SHI  through 

the Sh-AF with the opposite phase direction of 15.11 A 

and THD of 2.98%, so as to reduce the THD of the 
SI  to 

0.01% compared to the l 
LI  THD of 2.65%. 

In the same case, and with the same configuration and 

control method, Fig. 14 shows that because the system  
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Fig. 14  Performance of 

PVV ,
DCV ,

PVI ,
PVP ,

DCP  and 
LP for 

configuration of 2UPQC-2PV using dual-FS control in Case 

 3 (S-Inter-NL) 

does not use a DC-link capacitor, the 
DC1V  and 

DC2V  are 

equal to the 
PV1V  and 

PV2V  of 203.7 V. PV1 and PV2 

generate the same 
PV1P  and 

PV2P  of 75.79 kW with 
PV1I  

and 
PV2I  of 562.9 A. Figure 14 also shows that the 

nominal output power of 
PV1P  and 

PV2P  are equal to 

DC1P  and 
DC2P , while delivering a 

LP  of 378.6 W. 

B. Analysis of Voltage Magnitude, Current, and Load 

Voltage Change 

Using the same procedure, the magnitudes of 

SV ,
SEV ,

LV , 
SI ,

SHI  
LI  and 

DisturbV  using (16), as well as 

their respective THD values and the values of 

PV DC PV PV DC, , , ,V V I P P  and 
LP  in different cases and 

configurations of UPQC-PV using the PI and FS control 

methods are presented in more detail in Tables ⅥⅪ. 

Table Ⅵ shows that in Cases 13, a single-phase 

system using 1UPQC-1PV with PI control is able to 

maintain a 
LV  of 218.6 V, 221.8 V, and 218.3 V, re-

spectively. In the same configuration and using FS 

control, Cases 1-3 are able to maintain similar 
LV  of 

218.1 V, 221.8 V, and 218.5 V, respectively. Table VI 

also shows that in Cases 13, a single-phase system 

using 1UPQC-1PV with PI control is still capable of 

carrying 
LI  of 3.543 A, 3.604 A, and 3.546 A, respec-

tively. With FS control, Cases 1 are also capable of 

carrying similar 
LI  of 3.543 A, 3.605 A, and 3.550 A, 

respectively. Table Ⅵ also shows that in Cases 13, a 

single-phase system using 1UPQC-1PV with PI control 

produces respectively load voltage changes 
Disturb( )V  of 

0.64%, 0.82%, and 0.77%, compared to 0.86%, 0.82%, 

and 0.68% using FS control. 

Table Ⅶ shows that in Cases 13, a single-phase 

system using 2UPQC-2PV with PI control is able to 

maintain respectively load voltages 
L( )V  of 216.4 V, 

223.7 V, and 216.0 V, while having similar load volt-

ages with FS control of 216.3 V, 223.7 V, and 216.2 V. 

Table Ⅶ also shows that in Cases 13, a single-phase 

system using 2UPQC-2PV with PI control is capable of 

carrying 
LI  of 3.515 A, 3.635 A, and 3.508 A, respec-

tively, whereas using FS control, similar 
LI  of 3.515 A, 

3.634 A, and 3.512 A are achieved. The single-phase 

system using 2UPQC-2PV with PI control produces 

DisturbV  of 1.64%, 1.68%, and 1.82% for Cases 13, 

respectively compared to 1.68%, 1.68%, and 1.73%, 

respectively with FS control. 

TABLE Ⅵ 

MAGNITUDE OF VOLTAGE AND CURRENT USING 1UPQC-1PV 

Case 
Source voltage 

S (V)V  

Load voltage 

L (V)V  

Source current 

S (A)I  

Load current 

L (A)I  

Series voltage 

SE (V)V  

Shunt current 

SH (A)I  

Load voltage disturb 

Disturb (%)V  

PI method 

1 113.6 218.6 3469 3.543 104.6 -24.14 0.64 

2 321.3 221.8 3333 3.604 99.5 -23.54 0.82 

3 66.62 218.3 6663 3.546 152.0 -22.91 0.77 

Fuzzy-Sugeno method 

1 113.6 218.1 3469. 3.543 104.5 -23.14 0.86 

2 321.3 221.8 3333 3.605 99.48 -23.54 0.82 

3 66.61 218.5 6663 3.550 152.2 -22.90 0.68 
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TABLE Ⅶ 

MAGNITUDE OF VOLTAGE AND CURRENT USING 2UPQC-2PV 

Case 
Source voltage 

S (V)V  

Load voltage 

L (V)V  

Source current 

S (A)I  

Load current 

L (A)I  

Series voltage 

SE (V)V  

Shunt current 

SH (A)I  

Load voltage disturb 

Disturb (%)V  

PI method 

1 113.4 216.4 3472 3.515 102.9 -15.30 1.64 
2 321.3 223.7 3333 3.635 97.63 -15.82 1.68 

3 66.6 216.0 6661 3.508 149.7 -15.12 1.82 

Fuzzy-Sugeno method 

1 113.5 216.3 3472 3.514 102.9 -15.30 1.68 

2 321.0 223.7 3333 3.634 97.64 -15.82 1.68 
3 66.6 216.2 6661 3.512 149.8 -15.11 1.73 

TABLE Ⅷ 

VOLTAGE AND CURRENT THD USING 1UPQC-1PV 

Case 
Source voltage 

S (V)V  

Load voltage 

L (V)V  

Source current 

S (A)I  

Load current 

L (A)I  

Series voltage 

SE (V)V  

Shunt current 

SH (A)I  

PI method 

1 0.17 0.97 1.08 1.11 3.36 0.47 
2 0.01 0.85 0.09 0.81 3.45 0.35 

3 0.10 3.61 0.08 3.62 5.46 4.51 

FS method 

1 0.09 0.08 0.48 1.04 3.29 0.29 
2 0.00 0.81 0.02 0.76 3.48 0.23 

3 0.02 2.20 0.01 2.21 3.60 3.12 

C. Analysis of Voltage and Current Harmonics 

Figures 15 and 16 respectively show harmonic spec-

tra of 
SI , 

LI , 
SV  and 

LV  in Case 1 (S-Sag-NL) and 

2UPQC-2PV using dual-FS method. 

 

 
Fig. 15.  Harmonic spectra. (a) 

SI  in Case 1 (S-Sag-NL) 

2UPQC-2PV using dual-FS method. (b) 
LI  in Case 1 (S-Sag-NL) 

and 2UPQC-2PV using dual-FS method. 

 

 

 

Fig. 16.  Harmonic spectra. (a) 
SV  in Case 1 (S-Sag-NL) and 

2UPQC-2PV using dual-FS method. (b) 
LV  in Case 1 (S-Sag-NL) 

and 2UPQC-2PV using dual-FS method. 

Figure 15 shows that in Case 1, the 2UPQC-2PV 
configuration with the dual-FS method is capable of 
producing a source current THD of 0.47%, lower than 
the load current THD of 1.68%. The 2UPQC-2PV con-
figuration with the dual-FS method is capable of  
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injecting a 
SHI  so that it can reduce the THD of the 

SI  according to the IEEE 519 standard. Figure 16 shows 

that in Case 1, the 2UPQC-2PV configuration with the 
dual-FS is able to produce a load voltage THD of 1.63%. 

Although it is higher than the source voltage THD of  

0.14%, it meets the THD voltage limit of the IEEE-519 

Standard. Using the same procedure, the THD values of 

SV ,
SEV ,

LV , 
SI ,

SHI  and 
LI  in the two UPQC-PV config-

urations, two control methods, and three cases are obtained, 

and the results are presented in Tables Ⅷ and Ⅸ. 

TABLE Ⅸ 

VOLTAGE AND CURRENT THD USING 2UPQC-2PV 

Case 
Source voltage 

S (V)V  

Load voltage 

L (V)V  

Source current 

S (A)I  
Load current L (A)I  

Series voltage 

SE (V)V  

Shunt current 

SH (A)I  

Dual-PI method 

1 0.20 1.68 1.08 1.73 6.67 0.47 
2 0.01 1.58 0.09 1.22 7.05 0.31 

3 0.10 3.91 0.08 3.88 6.67 4.34 

Dual-FS method 

1 0.14 1.63 0.47 1.68 6.65 0.34 
2 0.00 1.55 0.01 1.19 7.09 0.23 

3 0.03 2.71 0.01 2.65 5.29 2.98 

Table Ⅷ shows that the combination of 

1UPQC-1PV with PI control for Cases 13 is capable of 

producing 
LV  THDs of 0.97%, 0.85%, and 3.61%, re-

spectively. In the same configuration with FS control, 
the load voltage THDs are reduced to 0.08%, 0.81%, 

and 2.20% for Cases 13, respectively. In addition, the 

SI  THDs are 1.08%, 0.09%, and 0.08% for Cases 13, 

respectively. In comparison, using FS control, the 
SI  

THDs are reduced to 0.48%, 0.02%, and 0.01% for 

Cases 13, respectively. Table Ⅷ also shows that in 

the 1UPQC-1PV configuration with Cases 13, the PI 
and dual-FS controls are able to reduce the THD of the 

source current compared to the THD of the 
LI . 

Table Ⅸ shows that the combination of 2UPQC-2PV 

with dual-PI control, experiencing interference with 

Cases 13, is capable of producing 
LV  THDs of 1.68%, 

1.58%, and 3.91%, respectively, whereas with dual-FS 

control, they are reduced to 1.63%, 1.55%, and 2.71% 

for Cases 13, respectively. The combination of 

2UPQC-2PV with dual-PI control is capable of pro-

ducing 
SI  of 1.08%, 0.09% and 0.08% for Cases 13, 

respectively, while using dual-FS control the corre-

sponding THDs are reduced to 0.47%, 0.01%, and 

0.01% for Cases 1-3, respectively. Table Ⅸ also shows 

that the 2UPQC-2PV configuration using the dual-PI 

and dual-FS controls is able to reduce the THD of the 
SI  

compared to the THD of the 
LI  for Cases 13. 

D. Analysis of PV Output and Load Active Power 

PV output and load power using PI and FS methods 

for 1UPQC-1PV and 2UPQC-2PV configurations are 

shown in Tables Ⅹ and Ⅺ, respectively. 

TABLE Ⅹ 

PV OUTPUT AND LOAD POWER USING 1UPQC-1PV USING PI AND FS METHODS 

Cases 
PV1 voltage 

PV1(V)V  

DC1 voltage 

DC1(V)V  

PV1 current 

PV1(A)I  

PV1 power 

PV1(W)P  

DC1 power 

DC1(W)P  

Load power 

L (W)P  

PI method 

1 167.5 167.5 536.5 72 130 72 130 386.7 

2 192.7 192.7 462.2 71 390 71 390 399.6 
3 213.4 213.4 850.4 75 680 75 680 386.7 

FS method 

1 177.2 177.2 445.4 7209.0 7209.0 386.7 

2 162.8 162.8 489.3 71 350 71 350 399.5 
3 164.0 164.0 518.3 75 390 75 390 386.8 

Table Ⅹ shows that the combination of 1UPQC-1PV 

and using PI and FS controls is able to produce the 

same 
PV1V  and 

DC1V . 
PV1I  flowing into the DC-link 

circuit without a capacitor in the 1UPQC-1PV com-

bination results in the same 
PV1P  and 

DC1P . Case 3 in 

the combination of 1UPQC-1PV with PI and FS con-

trol shows that PV1 is able to inject the highest power 

PV1( )P  so that it is still able to distribute the 
LP  with a 

value close to those of Cases 1 and 2. 

Table Ⅺ shows that the combination of 2UPQC-2PV  

and using dual-PI and dual-FS controls is capable of 

producing the same 
PV1V  and 

PV2V  with 
DC1V  and 

DC2V  

The 
PV1I  and 

PV2I  flowing into DC-link 1 and DC-link 

2 circuits without capacitors on the 2UPQC-2PV com-

bination, lead to the same 
PV1P , 

PV2P , 
DC1P , and 

DC2P . 

Case 3, in the combination of 2UPQC-2PV with dual-PI 
and dual-FS controls, shows that PV1 and PV 2 are able 

to inject the largest output power of PV1 
PV1( )P  and 

PV2 
PV2( )P  so that they are still able to distribute 

LP  

with a value close to those of Cases 1 and 2. 
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TABLE Ⅺ 

PV OUTPUT AND LOAD POWER USING 2UPQC-2PV USING PI AND FS METHODS 

Case 

PV1, PV2 

voltage  

PV1 PV2, (V)V V  

DC1, DC2 

voltage 

DC1 DC2, (V)V V  

PV1, PV2  

current  

PV1 PV2, (A)I I  

PV2 current  

PV2 (A)I  

PV1, PV2 

power  

PV1 PV2, (W)P P  

DC1, DC2 power  

DC1 DC2, (W)P P  

Load active 

power  

L (W)P  

Dual-PI Method 

1 209.3 209.3 239.3 239.3 72 760 72 760 380.4 

2 192.3 192.3 236.8 236.8 73 250 73 250 406.3 

3 187.3 187.3 132.2 132.2 75 110 75 110 378.5 

Dual-FS Method 

1 176.4 176.4 530.9 530.9 72 750 72 750 380.5 

2 171.6 171.6 454.4 454.4 72 410 72 410 406.2 

3 203.7 203.7 562.9 562.9 75 790 75 790 378.6 

E. Analysis of Load Voltage Changes, Load Voltage 

Harmonics, Source Current Harmonics, and Load Ac-
tive Power 

Figure 17 shows that in Cases 13 a single-phase 
system using the 2UPQC-2PV configuration with du-
al-PI and dual-FS controls produces a higher voltage 

change (
DisturbV  above 1.64%) than when using the 

1UPQC-1PV configuration (
DisturbV  above 0.64%). The 

load voltage changes in all the scenarios are still within 

the limit of the maximum voltage change value (
DisturbV  

under 5%). 

 
Fig. 17.  Performance of changing load voltage 

Disturb( )V  in three 

disturbance cases. 

Figure 18 shows that in Case 3, the 1UPQC-1PV and 

2UPQC-2PV configurations with PI/dual-PI and 

FS/dual-FS control produce the highest load voltage 

THDs (above 2.20%) compared to those of Cases 1 and 2. 

The 1UPQC-1PV configuration in Cases 13 using PI and 

FS controls is capable of producing a lower THD load 

voltage than the 2UPQC-2PV configuration. In the 

1UPQC-1PV configuration in the three disturbance Cases, 

the FS control is able to produce a lower load voltage THD 

than the PI control. In the 2UPQC-2PV configuration 

 
Fig. 18.  Performance of load voltage 

L( )V  THD in three dis-

turbance cases. 

in the three disturbance cases, the dual-FS control is also 

able to produce a lower load voltage THD than the du-

al-PI control. In all the studied scenarios, the produced 

load voltage THDs are lower than the IEEE 519 limits. 

Figure 19 shows that for Case 1, the 1UPQC-1PV and 

2UPQC-2PV configurations with PI/dual-PI and 

FS/dual-FS controls produce higher source current THD 

(over 0.47%) than Cases 2 and 3. In Case 3, using con-

figurations of 1UPQC-1PV and 2UPQC-2PV with 

PI/dual-PI and FS/dual-FS control produces the lowest 

source current THD (maximum THD of 0.08%) of the 

three cases. In the 1UPQC-1PV configuration with the 

three fault cases, the FS control is able to produce a 

lower source current THD than the PI control, whereas 

in the 2UPQC-2PV configuration the control produces a 

lower source current THD than the dual-PI control. The 

configurations of 1UPQC-1PV and 2UPQC-2PV with 

PI/dual-PI and FS/dual-FS control in the three disturb-

ance cases are capable of generating sourcing current 

THD below the IEEE 519 limits. 

 
Fig. 19.  Performance of source current 

S( )I  THD under in three 

disturbance cases. 

Figure 20 shows that the 1UPQC-1PV and 
2UPQC-2PV configurations with the PI/dual-PI and 
FS/dual-FS methods are capable of delivering the 

highest load active power (
LP  above 399.5 W) in Case 2. 

In Case 3, the 1UPQC-1PV configuration using the FS 

method is capable of delivering active power (
LP  of 

386.8 W) close to that of Case 1 ( LP  of 386.7 W). In 

Case 3, the 2UPQC-2PV configuration with dual-FS is 

also capable of delivering active power (
LP  of 378.6 W) 

close to that of Case 1 ( LP  of 380.5 W). 
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Fig. 20.  Performance of load active power 

L( )P  in three dis-

turbance cases. 

F. System Validation and Comparison  

Table Ⅻ shows the system validation results for the 
research compared to the previous nine studies. The 
observed parameters are the load voltage THD, source 
current THD, type of interference mitigation, 
PV-injected UPQC difference, and battery energy 
storage (BES). The three-phase UPQC configuration 
using the three-dimensional space vector PWM 
(3Ph-UPQC-3D-SVPWM) was implemented [17]. The 
types of disturbance that are mitigated are sag, imbal-

ance, and NL which produce average 
LV  and 

SI  THDs 

of at least 1.43% and 3.37%, respectively. The UPQC 
system uses only a DC-link capacitor without PV in-
jection and BES. 

Reference [18] investigated 1PH-UPQC using a 
notch filter and feedback to suppress DC-link voltage 
ripple due to low frequency effects. The type of 

interference mitigated is limited to NL which produces 

an 
SI  THD of 1.32%. The UPQC system uses DC-link 

capacitors without PV injection and BES. In [19], a 
Ph-UPQC-Modular Multilevel Converter was imple-
mented to mitigate PQ voltage sources and load currents. 
The types of disturbance mitigated are sag, swell, linear 
load (LL) and NL which produce a minimum average 

LV  and 
SI  THDs of 3.89% and 2.87%, respectively. 

The UPQC system uses only a DC-link capacitor. Ref-
erence [20] carried out a power flow analysis and in-
creased PQ on the 3Ph-UPQC-PV-WT system. The 
types of interference mitigated are sag, imbalance and 

NL which produce average 
LV  and 

SI  THDs of at least 

1.4% and 29%, respectively. The UPQC system uses a 
DC-link capacitor supplied by PV-WT. 

The module for the AC microgrid (ACMG) as a 
3-phase modulated-unified power quality conditioner 
(3PH-Modulated-UPQC) was proposed in [21]. The 
type of disturbance mitigated is only NL and produces 

minimum average 
LV  and 

SI  THDs of 4.4% and 5.3%, 

respectively. The UPQC system uses a DC-link capac-
itor and is supplied with PV-WT. The combination of 
3Ph-UPQC-PV-WT connected to the 3P3W grid system 
to increase PQ was examined in [22]. The types of 
disturbance mitigated are sag and NL which produce a 

minimum average 
LV  and 

SI  THDs of 2.13 % and 

5.27 %, respectively. The UPQC system uses DC-link 
capacitors and is supplied with PV-WT. 

TABLE XII 

PROPOSED RESEARCH OF SINGLE-PHASE 2UPQC-2PV WITHOUT DC-LINK CAPACITORS USING FS COMPARED WITH PREVIOUS RESEARCH 

No. Authors Method 
THD 

L (%)V  

THD 

S (%)I  
Disturbance 
mitigation 

UPQC injected 
by PV 

DC-link 
capacitor 

BES 

1. 

Y. A. 

Garces-Gomez, 
et. al, 2019 [17] 

3PH-UPQC-3D-

SVPWM 

1.43 

(Average) 

3.37 

(Average) 

Sag, Unbalance, 

NL 
NA A NA 

2. 
L. Meng, et. al, 

2021 [18] 

1PH-UPQC-Low 

frequency 
DC-link Riple 

NA 1.32 NL NA A NA 

3. 
T. M.T Thentral, 

et. al., 2022 [19] 

3PH-UPQC-mod

ular-multilivel 
Converter 

3.89 

(Average) 

2.87 

(Average) 

Sag, Swell, LL, 

NL 
NA A NA 

4. 
N. Zanib, et, al, 

2022 [20] 

3PH-UPQC-PV-

WT 

1.4 

(Average) 

29 

(Average) 

Sag, Unbalance, 

NL 

A and also with 

WT 
A NA 

5. 
N. Khosravi, 

2022 [21] 

3PH-modulated-

UPQC 
4.4 5.3 NL NA A NA 

6. 
T. Lei, et. al, 

2022 [22] 
3PH-UPQC-PV-

WT 
2.13 

(Average) 
5.27 

(Average) 
Sag, NL 

A and also with 
WT 

A NA 

7. 
K. Sarita, et. al, 

2020 [23] 

3PH-UPQC-PV-

WT-EVA-FLC 

6.27% 

(Average) 

2.37% 

(Average) 

Sag, Swell, LL, 

NL 

A and also with 

wind turbine 
(WT) 

A A 

8. 
M.A. Mansoor, 

et. al, 2020 [24] 

3PH-UPQC-PV-

BES 

0.28% 

(Average) 

2.663% 

(Average) 
Sag, Swell, NL A A A 

9. 
G. M. Pelz, et. 

al., 2000 [25] 

DG-UPQC-1PH-

3Ph 

1.167 

(Average) 
2.2 NL A A NA 

10. 
Proposed 

research 

1PH-2UPQC-2

PV-2FS 
1.55 0.01 

Sag, swell, inter-

ruption, NL 
A NA NA 

 Note: A = Available; NA = Not Available; LL = Linear Load; NL = Non-Linear Load   

Reference [23] observed an increase in power quality 

using 3PH-UPQC-PV-WE-EVA-FLC. The types of 

disturbance mitigated are sag, swell, LL, and NL which  

produce a minimum average 
LV  and 

SI  THDs of 6.27% 

and 2.37%, respectively. The UPQC system uses a 
DC-link capacitor, PV-WT injection, and BES. In [24], 
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power quality problems in the grid and harmonics due to 
NL were investigated using 3PH-UPQC-PV-BES. The 
types of disturbance mitigated are sag, swell and NL 

which produce a minimum average 
LV  and 

SI  THDs of 

0.28% and 2.663%, respectively. The UPQC system 
uses a DC-link capacitor, PV-WT injection, and BES. 
Reference [25] implemented a DG-UPQC-1PH-3PH 
system using PV to serve local loads connected to a 
3P3W system and serve rural and/or remote area cus-
tomers supplied by a single-phase network. The type of 
disturbance that is mitigated is only NL which produces 

a minimum average 
LV  and 

SI  THDs of 1.67% and 

2.2%, respectively. The UPQC system uses a DC-link 
capacitor supplied by PV. 

This paper has proposed the 1Ph-2UPQC-2PV-2FS 

system for mitigating power quality issues on the source 

and load sides. The types of disturbance mitigated are 

sag, swell, interruption, and NL resulting in a minimum 

LV  and 
SI  THDs of 1.55% and 0.01%, respectively (see 

Table Ⅻ). The THD of 
LV  in the proposed system is 

slightly higher that than in [17], but the THD of 
SI   is 

lower than that in [18], while both meet the IEEE-519 

limits. The system provides the best performance be-

cause it is also able to mitigate disturbances to interrup-

tion voltage, compared to [19], [23], [24]. The UPQC 

system also has better circuit efficiency because it only 

uses PV injection without a DC-link capacitor and BES 

compared to [23], [24]. 

Ⅳ.   Conclusion 

The 2UPQC-2PV configuration to improve power 

quality performance in a single-phase 220 V / 50 Hz 

distribution system has been implemented together with 

the 1UPQC-1PV configuration. The 2UPQC-2PV con-

figuration is proposed to anticipate the failure of the two 

inverters in one of the UPQC circuits. The proposed 

model does not use a DC-link capacitor whose role is 

replaced by a PV generator to keep the UPQC DC 

voltage constant, while at the same time supplying 

power to the load during interruptions. The dual-FS 

method is used to overcome the weakness of the dual-PI 

control in determining the optimum parameters of 

proportional and integral constants. Disturbance simu-

lations are carried out for the 2UPQC-2PV and 

1UPQC-1PV configurations using dual-FS and dual-PI 

controls, and three cases, i.e., Case 1 (S-Sag-NL), Case 

2 (S-Swell-NL), Case 3 (S -Inter-NL).  

In the three disturbance cases, the 2UPQC-2PV con-

figuration with dual-PI and dual-FS controls produces a 

higher voltage change (
DisturbV  above 1.64%) than the 

1UPQC-1PV configuration ( DisturbV  above 0.64%). For 

both 1UPQC-1PV and 2UPQC-2PV in the three dis-

turbance cases, the FS/dual-FS control is able to produce 

a lower load voltage and source current THDs than the 

PI/dual-PI control, while meeting the IEEE 519 standard 

(see Figs. 18 and 19). 1UPQC-1PV and 2UPQC-2PV 

using the PI/dual-PI and FS/dual-FS methods with Case 

2 are capable of delivering the highest load active power 

(
LP  above 399.5 W). In Case 3, the 2UPQC-2PV con-

figuration using the dual-FS method is able to distribute 

LP  of 378.6 W which is close to that in Case 1, i.e. 

380.5 W.  

The cost for the 2UPQC-2PV is higher than that of 

the 1UPQC-1PV. Thus, even though 2UPQC-2PV is 

able to provide better technical performance, the eco-

nomic aspect needs to be considered. 

The source voltages in Case 3 are still over 0.1 p.u. 

limit of the IEEE standard 1159-1995 interruption 

voltage during the disturbance (0.15 s0.35 s) [36]. This 

situation exists because, despite the source voltage been 

short-circuited to zero, the PV is still injecting electric-

ity through the Se-AF and the series transformer. To 

remedy this issue, future studies on the Se-AF may be 

suggested using series voltage intelligent control. 
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