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Abstract: The distorted supply voltage degrades the control performance of a unified power quality
conditioner (UPQC). This problem causes incorrect calculations in the harmonic identification and
reference signal generation processes. This paper proposes a modified harmonic identification of the
UPQC. The reference compensating current calculation for the shunt active power filter (shunt APF)
is developed using the sliding window with the Fourier analysis (SWFA) method. In addition, the
variable power angle control (PAC) is applied to operate the reference signal generation of the series
APF and the shunt APF of the UPQC. Under the distorted voltage and nonlinear load conditions, the
proposed approach can provide accurate reference compensating signals and successfully share the
load reactive power compensation between the shunt APF and the series APFE. In this work, a three-
phase, three-wire power system with linear and nonlinear loads was implemented. The proposed
method was validated using the processor-in-the-loop technique on an eZdsp™ F28335 board and
the MATLAB/Simulink program. The testing results indicated that SWFA has excellent filtering
performance and enhances harmonic identification compared to the operation without any filter or
with low pass filters (LPF). With the proposed approach, the percentage of total harmonic distortion
of voltage and current could be maintained within the IEEE519-2022 standard, and the magnitude of
the RMS voltage across the load was in the recommended range specified by ANSI C84.1-2016.

Keywords: unified power quality conditioner; power angle control; sliding window with Fourier
analysis; distorted utility source

1. Introduction

Modern power distribution systems are facing various power quality (PQ) problems.
The widespread of renewable energy distributed generation [1] and the increase in nonlinear
loads in industrial and domestic appliances [2] can potentially degrade both the voltage
and current quality of the power system. Voltage sag, voltage swell, harmonic current, and
harmonic supply voltage are common power quality problems [3]. These may lead to power
system issues such as power losses in transmission lines [4], overheating of capacitors and
transformers, and malfunctioning of protective relays [5]. Moreover, electronics-based
instruments (e.g., computers and micro-controller systems) are growing rapidly in domestic
and industrial applications. These devices require a high standard of power quality for a
safe and stable operation [6]. Considering the distribution side and load side of the power
system, it is essential to ensure a pure sinusoidal waveform of constant magnitude and
frequency of supply.

To mitigate the problems mentioned above, capacitor banks and passive power filters
are commonly selected in the conventional approach. Capacitor banks are used for reactive
power compensation. Passive power filters (PPFs) are installed to mitigate harmonic issues
due to their simplicity and low cost [7]. However, these devices are inflexible as they are
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generally setup for one particular load. In other words, a change in load demand can
worsen the compensation performance. PPFs are also sensitive to resonance between the
system and filter [8]. This effect can cause an amplification of harmonic current, which
may lead to excessive heat and machine breakdown. Therefore, active power filters (APFs)
have been mostly adopted as they are more flexible and can suppress various PQ problems
compared to PPFs [9]. APFs are classified into three configurations: shunt APFs, series
APFs, and hybrid APFs. The combination of a series APF and a shunt APF called unified
power quality conditioning (UPQC) is designed to simultaneously suppress disturbances
on the load and supply sides [10]. A common UPQC structure is shown in Figure 1. This
structure is called UPQC-R according to the position of the shunt APF with respect to the
series APF. The control of UPQC can be divided into three main parts: reference signal
generation, reference signal tracking control, and DC bus voltage control.
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Figure 1. Schematic of a basic UPQC-based system.

This paper focused solely on the reference signal generation process. This process is
the first and crucial step to ensure the performance of reference signal tracking control.
The reference signal generation process concerns the voltage compensation strategy and
harmonic identification methods. There are four main voltage compensation strategies for
UPQC, including UPQC-P, UPQC-Q, UPQC-VAnin, and UPQC-S. In the UPQC-P strategy,
active power is injected through the series transformer for the voltage sag and voltage
swell compensation [11]. In the UPQC-Q approach, only voltage sag is mitigated by the
reactive power compensation [12,13]. The UPQC-VAnin has been developed to compensate
for the voltage swell. Moreover, a minimum VA rating of UPQC is considered in this
approach [14,15]. Recently, UPQC-S was proposed [16-18]. This approach cooperates with
the power angle control (PAC) method. The PAC method can be considered for both voltage
sag and voltage swell conditions. Simultaneously, the reactive power compensation is shared
between a shunt APF and a series APFE. This results in a reduction in the shunt APF rating
and its cost. However, in voltage sag/swell conditions, the UPQC with the PAC method
cannot share equal reactive power compensation. The variable PAC method [18] has been
proposed. The power angle is regulated by the voltage fluctuation factor. Here, this approach
can maintain a balanced reactive power compensation between a shunt APF and a series APE.
Due to these advantages, the UPQC-S with variable PAC is also adopted in this study.

Apart from the voltage compensation strategy, harmonic identification of the shunt
and series APFs is also an important process for reference signal generation. The harmonic
identification of UPQC is classified mainly as frequency domain methods [19] and time
domain methods [16,17,20-28]. The frequency domain method required a large dataset and
high computational capability. This results in a delay in calculation, which is not suitable
for the real-time performance of UPQC. Therefore, time-domain methods are more widely
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considered for identifying the harmonics. From the literature reviews, the instantaneous
p-q theory (PQ) [16,17,20-24], the synchronous reference frame (SRF) or d-q theory [25,26],
unit vector template generation (UVTG) [27], and machine learning-based techniques [28]
have been presented.

It was found that the PQ method can operate suitably with the UPQC-S approach,
leading to simple and fast computation in the digital signal processor implementation.
However, in a distorted voltage source condition, a harmonic voltage extraction process for
the reference signal generation must be considered. The harmonic voltage on the utility
source side can cause an incorrect calculation of the reference signal [29]. This problem
also affects the UPQC control performance for power quality improvement. The design
and development of the filtering method to obtain the fundamental component of the
source voltage has been researched to overcome this condition. In [25], an LPF method was
adopted. This filter is simple, but it has limitations, including cut-off frequency tuning and
a non-ideal characteristic of filters. Thus, the LPF cannot accurately draw the fundamental
component from the distorted source voltage. In [26], under distorted voltage conditions, a
modified PLL was applied to track the fundamental frequency and phase angle of the PCC
voltage for the SRF method. However, according to the functional block diagram of the
modified PLL circuit, the PI controller cannot attenuate the oscillating component of the
three-phase power well. The appropriate design of the PI controller parameter is required
to avoid instability. In the study in [21], generalized cascaded delay signal cancellation
(GCDSC) was proposed to extract the fundamental source voltage. However, this technique
can still cause magnitude and phase errors at high frequencies. Thus, additional bandpass
filters (BPF) were used to draw these high-frequency components. In [24], the fundamental
source voltage was calculated by the limit cycle oscillator—frequency lock loop (LCO-FLL)
circuit. To obtain the fundamental source voltage, this technique requires the Jacobian
matrix analysis, the Lyapunov theory, and the BPF. From the studies in [21,24], it can be
observed that more design procedures, computational complexity, and processing delay
must be taken into account in the reference signal generation process when the distorted
voltage source is presented.

The sliding window with Fourier analysis (SWFA) as a filter has been applied in the
harmonic identification process [30]. The SWFA mechanism can be designed to calculate
a signal component at a specific frequency. The considered component is accurately
calculated based on the discrete Fourier transform. Here, multiple processes are not
required in the harmonic voltage extraction, thereby reducing the complexity and the
computational burden of the filtering procedure. In this work, the SWFA method is applied
to improve power quality using UPQC.

Based on existing works in the literature, a summary comparison between the related
work and the proposed work is presented in Table 1. The main contributions of this work
are as follows:

e A distorted voltage source was not studied in many literature [17-20,23,28]. In this
work, the reference compensating current calculation with the SWFA is proposed to
achieve robustness of harmonic identification in a distorted utility source.

e  For the control of UPQC, the use of SWFA in the harmonic voltage extraction process
is presented. The use of multiple filters and design complexity are not required in this
proposed approach.

As mentioned above, these two points can provide accurate reference signals for the
UPQC control. This results in an excellent performance of the power quality improvement
under voltage sag, voltage swell, harmonic source voltage, and harmonic current. Accord-
ing to performance indices, the total harmonic distortions (%THD;, %THD,) and the RMS
voltage magnitude are maintained within the IEEE519-2022 [31] and ANSI C84.1-2016 [32]
standards, respectively. Moreover, the PAC method operated with the proposed reference
signal generation can still share the load-reactive power compensation between the shunt
APF and the series APF. Therefore, this approach can reduce the required VA rating of
shunt APF and installation cost.
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The rest of this paper is organized as follows: Section 2 describes the structure of the
UPQC and the power system investigated in this study. Section 3 explains the proposed
methodology, including the principles of harmonic identification and reference signal gen-
eration using the SWFA filter. Section 4 explains the processor-in-the-loop (PIL) simulation
setup and the testing conditions for the UPQC. The performances of the SWFA and the
UPQC operation are presented and discussed in Section 5. Finally, the significant results of
this paper are summarized in Section 6.

Table 1. Comparative studies of harmonic identification method for the UPQC control strategy.

. Harmonic Identification Operating Conditions Shari :
Publication =~ Power Compensation Method /Disturbances L dall';ng g
Year System Strategy X oad Reactive
Series APF Shunt APF Voltage Source Load System Power
Discrete Discrete F
Wavelet Wavelet requency Nonli load
2007 [19] 3P4W proposed Transform Transform change from L(;)ar:;?ﬁ; (;a NO
method (DWT)and  (DWT) and 50 to 51 Hz 8
MRA MRA
Normal Nonli load
UVTG with  Instantaneous voltage onlinear [oa
2008[16]  3P3W UPQC-S PAG oq theory Sth and 7th Load change YES
harmonic
-~ UVTG with  Instantaneous 20% Voltage Nonlinear load
2011 [17] 3P3W UPQC-S PAC pq theory sag/swell Load change YES
UPQC-PSO State Space State Space Unbalanced sag Nonlinear load
2011 [28] 3Paw based ANFIS Extraction Extraction Phase jump Load change NO
15% Voltage sag
V(?l: }gle sag Nonlinear load
2015 [26] 3P4W UPQC-S SREF theory SRF theory ggbalgr‘fggémcs Unbalanced YES
- load
voltage with
harmonic
Change of
Instantaneous irradifition :
. ; affecting DC Nonlinear load
7211 FPAE upees  UVEGuith o pd theory bus Unbalanced YES
GCDSC+BPF 30% Voltage load
sag/swell
Harmonic
Abrupt phase
Proposed .
y Instantaneous change Nonlinear load
2018 [20] 3P3W UPQC-S congxléable pq theory 40% Voltage Load change YES
sag/swell
Not Proposed
2020 [23] 3P3W Not mentioned mentioned Adaptive Normal voltage Nonlinear load NO
LSL
SRE theory Double 20 1/;) /40% Eorﬁmﬁar load
2020 [25] 3P3W  Notmentioned  with LPF closed-loop voltage sag oad change NO
and PLL control based 5th and 7th Unbalanced
harmonic load
Instantaneous Instantaneous 20% Voltage Nonlinear load
2020[24]  3P3W UPQC-S pq theory pq theory sag/swell Unbalanced YES
with with 5th and 7th load
LCO-FLL LCO-FLL Harmonic o4
Instantaneous 20%Voltage
. X UVTG with pq theory sag/swell Nonlinear load
This work 3P3W UPQC-S variable PAC  with SWFA 5th and 7th Load change YES
filtering harmonic

2. Structure of the Studied Unified Power Quality Conditioner System

As illustrated in Figure 1, a UPQC consists of a series APF and a shunt APF. The APFs
are connected back-to-back through a common DC voltage link. The series APF is used to
mitigate load voltage problems such as voltage sag, voltage swell, and harmonic voltages
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on the supply utility, whereas the shunt APF is used to compensate for the distorted current
due to nonlinear load.

This study focused exclusively on the harmonic identification and reference signal
generation of the UPQC in the balanced three-phase three-wire system. To avoid the
performance factor of the UPQC control, the ideal voltage sources and the ideal current
sources were used as the series APF and the shunt APF, respectively. Hence, the capacitor
and DC bus voltage control were excluded. The UPQC topology and the considered power
system are presented in Figure 2. In this configuration, the reference compensating currents
(3}, apc) and the reference compensating voltages (v;, ,,,.) are injected by the ideal sources.
Therefore, the generated reference signals can be taken directly as the compensating signals
of the UPQC. It should be noted that the line impedances between the supply and the point
of common coupling (PCC) were negligible in the system studied. Therefore, the source
voltage (vs) was assumed to be the same as the PCC voltage (vpcc).

Series APF
(Ideal Voltage Sources)
VSa Vsea ] ]
Vpcc,a ISa Via 'La
(\J @ - — A~
5 » ; ’[‘ Lsha j Linear
S,b v se,b S,b v Lb Load
APt AN — L — ]
v Qv qK and
N7 N/ ; :
l Ve v i /]\ Lshb . Nonlinear
1 S,c v se,c S,c v lc Load
pec,c A\ — N "¢
r\J @ \ I LYY Y
/I\ Lshc
PCC .
_________ Vse.abe _ C) C) C)
r *

|
|
v, b Reference Voltage |!
pcc,abe —> g
I Generation : Shunt APF

[ | _ (deal Current Sources)

| s _ {tdeal Curent Soures) __

VL,abe —+> B I
: Power Angle Control 2 RefeGrence (tf.urrent !

) PAC eneration
1L, abe _:9 ( ) T 3 3 |

I vpcc,abc iL,abc Pdc,loss JI

Harmonic Identification and Reference Signal Generation

Figure 2. UPQC system with ideal current and voltage sources.

3. Harmonic Identification and Reference Signal Generation

The harmonic identification and the reference signal generation of the UPQC consist
of three main processes, including the calculation of the power angle (6) using the variable
PAC method, the calculation of the v;‘e, qber @nd the calculation of the i:h, 2be- The first process
is the power angle calculation. This process determines the sharing of the load reactive
power (q1) compensation between the series APF and the shunt APE. The second process is
the reference compensating voltage calculation. This process generates the v, . The third
process is the reference compensating current calculation. This process generates the iy, ;.

The overall procedure is shown in Figure 3.
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Process 1 : Power Angle Calculation | k =
Vor | — k
! from step 2.1) f
H (from step 2. Voltage fluctuation
: factor
abc v 7 4
Lap . Prirswia] i P2 9 =7
vL,ubc [PL } _ |: Vie Vip :| {’ La :| o) 2
i aﬂ 4q, Vi Vie || lp SWFA S=sin'| 14k 9
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i
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SWFA voltage [ u,, = . pL | A Ve = |vntl\ul|5|n pec T e -:A : b Vee.abe
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Step22: ’ 3 sne; 2.4 : Calculation of
SRF-Phase Step 2.3 : Calculation of relerence clmpemmng
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voltage (4pec) ]‘
]
: . '
H . i
1| Process 3 : Reference Compensating Current | Labe
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Figure 3. Procedure of the proposed harmonic identification and the reference signal generation of
the UPQC system.

3.1. Variable Power Angle Calculation

Power angle control (PAC) was introduced by V. Khadkikar in 2008, cooperating
with the apparent power approach of UPQC (UPQC-S). Refs. [16,17] explained PAC with
normal supply and sag/swell supply, respectively. The main advantage of PAC over other
approaches is that the load reactive power (g;) can be compensated by both series and
shunt APFs. This feature reduces the shunt APF rating needed to compensate for reactive
power demand and increases the utilization rate of the series APF.

Process 1 in Figure 3 shows the calculation of the power angle (6), which enforces the
sharing of q; between the two APFs. The details of this process are as follows:

Step 1: Transform three-phase load voltages (v} 4p,c) and currents (if, 4p.) into the af-axis
using the power-invariant Clarke transform.

Step 2: Calculate the load active power (pr) and load reactive power (qr.) in a-axis.

Step 3: Filter out any harmonic component in the load power using SWFA. This step
extracts the DC component to obtain fundamental instantaneous powers (p; ,q; ).

In the original PAC [16], low pass filters (LPF) are needed to eliminate the harmonic
or AC components of load-active and load-reactive powers (pr,41). However, an optimal
cut-off frequency (f.) of LPF must be determined. Moreover, LPFs cannot perfectly filter out
the harmonic contents, leading to inaccurate instantaneous fundamental load-active and
load-reactive powers (p; ,q; ). This could affect the reference signal generation. Therefore,
LPFs are replaced by SWFA filters for DC components, as proposed in [33].

Step 4: Calculate reactive power compensation for series APF (gs.) and its correspond-
ing power angle (5). The method used for the determination of the J is called variable
PAC [18]. This method results in a constant sharing of reactive power compensation during
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voltage sag/swell by considering the voltage supply condition. The voltage fluctuation
factor (ks) can be calculated using (1).

’Upk’ - ‘Umtedl

kg = )

| Orated |

where |0,,4.4| represents the magnitude of the rated value of the desired load voltage and
’vpk’ represents the magnitude of the supply voltage, which is obtained from step 2.1 of
process 2 in Figure 3.

3.2. Sliding Window with Fourier Analysis Filter

Sliding window with Fourier analysis (SWFA) is a filtering method [30]. The signal
values at every sampling time in one period are utilized for the computation. Considering
the Euler-Fourier formula of a signal f(kTs) in (2), it consists of a DC component term
and an AC component term. To extract a signal at the fundamental frequency from the
Upec,abe, ONly the AC component at the first order (h = 1) is considered. Therefore, (2) can be
rearranged to (3), where the coefficients A; and B are determined as shown in (4) and (5),
respectively.

A [ee]
F(KTy) = 70 + Y [Ay cos(hwkTs) + By, sin(hwkTs)] @)
h=1
whereh=1,2,3,...
f(kTs) = Aq cos(wkTs) + By sin(wkTs) 3)
2 No+N-1
A= N Y f(nT;) cos(nwTs) (4)
Vl:NO
o NotN-1
Bi== Y  f(nTy)sin(nwTy) (5)
N n:NO

where T; is the sampling time in seconds.

w is the fundamental angular frequency in rad/s.

N is the number of data points in one period.

n is the index of the data point.

The computation process of a SWFA filter is as follows:

Firstly, receive the data of the considered signal during the first period of N data points
and compute the initial A; and B; coefficients using (4) and (5), respectively. In this step,
the data point indices are considered as n = No, No+1,...,No+ N — 1.

Then, compute a new value of A; and By coefficients (A}°“, B{*") using (6) and (7),
respectively. A‘{ld and B‘l’ld denote the coefficient calculated in the previous step. In this
step, the first or old data point (n = Np) collected in the first step is removed from the data
set, and its index now becomes n = Ny — 1. Then, a new data point (n = Ny 4+ N) is added
to the dataset, where its index becomes n = Ny + N — 1 for the coefficient calculations.

A111ew _ A(lJld + %f{(NO + N)Ts} . COS{(N() + N)wTS} — %f{(NO — 1)Ts} . COS{(NO — 1)CUT5} (6)

B;11ew _ Bgld + %f{(NO + N)Ts} . Sin{(No + N)(uTS} — %f{(Ng — 1)T5} . Sin{(NO — 1)(UTS} (7)

After that, compute f(kTs) with A7” and B{'*“ using (3) and repeat the SWFA process
for the derivation of the new f(kT;) with the next data point. The calculation mechanism
of the coefficients is illustrated in Figure 4.

The SWFA filter for h =1 (50 Hz in the studied power system) is implemented to
extract fundamental source voltages at the point of common coupling (Upcc,apc), which are
utilized for the generation of reference signals explained in Sections 3.3 and 3.4.
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A : f(nT)cos(nwl
Old data NO -1 Leaving{ |2 f(nT)cos( )

point B : f(nT )sin(naT )
T
NO
N, +1
0
N data | 2
points i e 4,B,
|
N, +N —2|
N,+N -1
T

A : f(nT )cos(nwT)
i [y O

B, : f(nT )sin(naT)
Figure 4. Computation of A and B; coefficients.

3.3. Reference Voltage Signal Generation for Series Active Power Filter

In this process, unit vector template generation (UVTG) is implemented due to its
simplicity and fast processing time. In addition, a synchronous reference frame phase-
locked loop (SRF-PLL) is required for this approach to synchronize the system. The details
of this process are as follows:

Step 1: Calculate the unit vector signals (i qpc) of the source voltages by dividing
the Ty by its peak value. These peak values are obtained by multiplying the RMS value
by +/2, where the RMS values are determined using the moving RMS method.

Step 2: Extract the phase angle (6y) of the unit vector signals using SRF-PLL.

Step 3: Calculate the three-phase reference load voltages (v} ,,.) cooperating the 0y
and the J of the previous process.

Step 4: Compare v ,, With v apc to generate the v}

se,abc”

3.4. Reference Current Signal Generation for Shunt Active Power Filter

An indirect control based on the instantaneous pq theory approach is utilized in
Process 3 to produce the reference current signals (i3}, ., .)-

Step 1: Transform T 4 into af-axis using the Power—invariant Clarke transformation.

Step 2: Calculate the fundamental currents (ipcc) in the aB-axis with the use of p;
calculated in Process 1.

Step 3: Transform iycc,« and i g into the abc-frame to obtain the fundamental currents
in a three-phase systerfl Gpcc,abc) using the inverse Clarke transformation.

Step 4: Compare iy 45 with the load currents to produce the i;‘h, abe-

4. Processor-in-the-Loop (PIL) Simulation

In this section, the proposed harmonic identification with the power system under
different test scenarios was implemented to verify the feasibility and the performance of
the proposed harmonic identification and reference signal generation of UPQC.

4.1. Processor-in-the-Loop Setup

The PIL simulation model was developed using MATLAB/Simulink R2018a and the
eZdsp™ F28335 board to validate the performance of the proposed algorithm of a UPQC
with the SWFA filters under linear and nonlinear loads. To record the data, a discrete
time domain was implemented at the sampling time of 32 us. Figure 5 demonstrates the
implementation of PIL. The ‘ReferenceSignalGeneration’ block is computed by the eZdsp™
F28335 board. This block comprises the three UPQC processes, as shown in Figure 6, while
the balanced three-phase, three-wire system is executed by MATLAB/Simulink on the host
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computer. The board is connected to a host computer via a USB port. The parameters of
the simulation model are specified in Table 2.

T Power System with UPQC MATLAB/Simulink on
Host computer

A P O] } Ae o [ [

Line

Line2

I

i

1 4
— L1 =1KW +j1kVar L2 = 1kW + j1.5kVar

Line3

z
o
A a
EEC’H
4

Voltage Source

E
)

Voo ot eZdsp F28335 board
double Vse_ref_abc|
[ ] H <o.tetane

(o]
s

[220*sqrt(2
ReferenceSignalGeneration

Figure 5. The proposed UPQC model with the eZdsp™ F28335 board.

r .
: wlavogaol PL —pl PL PL_fund} . » 2 )
vL I L’ VL_beta SWFA for DG PL_fund
pL_fund

Vpee_fund

IL_alpha
P 1 e | seeCD
r aL QL QL_fund qse Delta Angle
abcapo [~ »{IL_beta SWFA for DC 50%  Variable PAC SWFAS50 HZ
IL sharing of Q
Load PQ 5
= Calculation Power Angle Control 5 SWFA Fll.mr for
(PAC) distorted utility source
D
Vpee
Reference  VSe_abc Vpec_alpha

@ Vrated vL*_a Compensating

V Rated Voltage: ipee_alpha »

@ P Angle VL*_ b Vpcc_beta

Delta

Vpee_a Us_a | Upcc_a B Theta_pcc VL' ¢ PL_fund q iy teh_sbe
PL_fund be eterence
Reference Load Voltage Ipcc_beta Compensating

Vpee_b Us_b|—#{ Upce_b Theta. pec Pross Current

Vpee_fund CO @"
[ re— Pdc_loss .
Vpee_c Us_c|—# Upcc_c ] Fundamental Current '-28r®
Calculation
Unity Supply Voltage PLL Reference Compensating V oltage Reference Compensating Current
Generation Generation

Figure 6. MATLAB/Simulink model of the proposed harmonic identification and the reference signal

generation.

Table 2. System parameters for the simulation model.

Parameters Value
Supply Voltage Frequency vs =380 VL., fs =50 Hz
Line Impedance Ly =10mH
Linear Loads (L1, L2) Sp1 =1kW +jlkVar, S;5 =1 kW +j1.5kVar
Nonlinear Load (L3) Diode Bridge Rectifier with Rz =160 2, Ly 3 = 0.5 H, Cr3 = 40 pF
Series APF Ideal voltage sources

Shunt APF Ideal current sources
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4.2. Test Scenarios

The simulation was divided according to the situations shown in Table 3. Att=0s, an
ideal three-phase balanced supply was connected to a load system consisting of linear load
(L1). Att=0.1s, the UPQC was then ON. This step was carried out to verify that the UPQC
system operated successfully during ideal waveforms of current and voltage. Subsequently,
disturbances, including load changes, voltage sag, voltage swell, and harmonics of the
supply, were introduced individually.

The details of each disturbance are as follows:

e Load Change—two stages of load changes. Firstly, an increase in the reactive power
demand by switching to load (L2). Secondly, a nonlinear load (L3) was connected,
resulting in a 25.3%THD of the load current.

Voltage Sag—a decrease in supply voltage magnitude by 20%.

Voltage Swell—an increase in supply voltage magnitude by 20%.

Harmonic Voltage—20V of the 5th harmonics and 20V of the 7th harmonics are added
to the source voltage, resulting in a 9.09%THD of the source voltage.

Table 3. Simulation time and situations of the system.

Time (s) Situations
0-0.1 Normal supply system connected to Load L1
0.1-0.3 Shunt and Series APFs ON
0.3-0.5 Switch to Load L2 (L1 disconnected)
0.5-0.7 Nonlinear Load L3 added (Load = L2 + L3)
0.7-0.9 20% Voltage Sag
0.9-1.1 20% Voltage Swell
1.1-1.3 Harmonic Voltage

4.3. Performance Evaluation

The RMS values and the percent of total harmonic distortion (%THD) of the source
current and the load voltage were used as performance evaluation metrics. The Fast
Fourier Transform (FFT) analysis was applied to obtain the peak values of the signals at
each harmonic order. These peak values are then converted to RMS values to calculate the
corresponding %THD.

According to the IEEE519-2022 standard, the percent of total harmonic voltage dis-
tortion (%THD,) of a low voltage system (<1.0 kV) limit is 8.0%, and the percent of total
harmonic current distortion (%THD;) should not exceed 5.0%. The voltage fluctuation
range is normally between 0.95 pu and 1.05 pu, as specified by ANSI C84.1-2016. Therefore,
the RMS value of the voltage supply in a 220 V supply system should be kept in the range
of 209-231 V.

5. Results and Discussion

As the simulation study was conducted with a balanced three-phase, three-wire
system, the simulation results of only one phase (i.e., phase a) are illustrated in this section.

5.1. Filter Performance

To mitigate the effects of harmonic voltage (1.1-1.3 s), a filter was placed before
the voltage reference and current reference processes, as explained in Section 3. The
performance of the proposed SWFA filtering was compared with an LPE. A suitable cut-off
frequency (f.) of the LPF had to be determined. As the supply voltage had the 5th and
7th harmonic components, the f. of under 250 Hz were experimented to determine the
most suitable value of fc. The %THD, and RMS values of the filtered signals (0} apc) Were
measured. It was found that LPF reduced both the %THD, and RMS values of the Ty qpc
when f; decreased, as shown in Table 4. In compliance with the IEEE519-2022 and ANSI
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(C84.1-2016 standards, a cut-off frequency of 160 Hz was chosen because the %THD,, of the
filtered signal was minimal while staying within the RMS limit of the normal supply range.

Table 4. LPF performance at different cut-off frequencies.

fc ORMS o/oTHD-U
140 207.54 4.23
160 210.29 4.64
180 212.27 5.01
200 213.69 5.35
220 214.75 5.67
240 215.60 5.95

Considering only the filter performance, the %THD, of the signal filtered by LPF
(fc = 160 Hz) is equal to 4.64% and the RMS value is equal to 210.29 V. In comparison with
the SWFA, the %THDy is equal to 0% and the RMS value is equal to 220.76 V.

Figure 7 shows the waveforms of the v, before and after the filtering process. The
Upce,s waveforms from the LPF and the SWFA filtering were compared with the reference
signal. Considering the transient response of the filters, the LPF signal reached the steady
state immediately in the first cycle with a slight phase shift compared to the reference signal.
In contrast, the SWFA filter required one period (0.02 s) of computation to reach a steady
state. The resulting signal matched perfectly with the reference signal without any phase
shift. Furthermore, the selection of f. is not required by the SWFA approach. The harmonic
content of v, before and after the filtering process are shown in Figure 8. Both the fifth
and seventh harmonic components still appeared after the LPF process, even though their
magnitudes decreased. In comparison, all harmonic components were eliminated after the
SWFA process. Furthermore, the magnitude of the fundamental component remained the
same as the fundamental component of the input v 4.

e Unfiltered 400

— Filtered (LPF)
............. Reference

1.10 1.12 1.14 1.16 1.18 1.20 118 119 120

mem— Unfiltered 400
— Filtered (SWFA)
............. Reference

400

0
Vpcc, a

—400 L L L 1 *4UUI

1.10 112 1.14 1.16 1.18 1.20 18 119 120

(b)
Figure 7. Waveforms of vpcc,q in the filtering process. (a) LPF (b) SWFA.
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400 400 400 T T T
Peak=311.1 Peak =297.4 Peak=311.1
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- 300 _ 300 AE()()
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g 200 g 200 :%200
H Peak=20 ~ Peak =20 H Peak=10.91 Peak=8.43 2
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7 - . 0 — 7
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Frequency (Hz) Frequency (Hz) Frequency (Hz)
(a) Before Filtering (b) LPF (c) SWFA
Figure 8. Harmonic Spectrum of the signal (a) before filtering and after being filtered by (b) LPF and
(c) SWFA.
The results suggested that the utilization of SWFA for the reference signal generation
should lead to a better performance of UPQC under the harmonic voltage.
5.2. Unified Power Quality Conditioner Performance
The simulation results of the UPQC performance between the use of LPF, SWFA, and
without filter in the reference signal generation are shown in Tables 5 and 6. Table 5 shows
the %THD, and RMS values of the load voltage (v ), and Table 6 shows the %THD; and
RMS values of the source current (ig). These tables compared the %THD and RMS values of
the signals in different situations, including the load changes and the supply disturbances.
Moreover, the comparison of UPQC performance between three approaches of filtering (no
filter, LPF, and SWFA) is presented in these tables.
Table 5. Performance of UPQC considering load voltage waveform.
Load/Supply Situation
Normal Voltage Voltage Harmonic
Case Index Normal Voltage Voltage Sag Swell Voltage
L1 L2 L2 and L3
Before %THDy, 0.00 0.00 0.00 0.00 0.00 9.09
Compensation RMS 220 220 220 176 264 220
. . %THD. 0.00 0.00 0.00 0.00 0.00 3.67
Without Filter [16] RMS 2211 2316 2209 2206 2213 220.7
After
. LPF % THD. 0.02 0.05 0.00 0.00 0.00 1.67
Compensation (f. = 160 Hz) RMS 220.4 21.1 220.2 220 220.4 220.90
. %THD. 0.03 0.04 0.00 0.01 0.00 0.55
With SWFA RMS 21.1 221.6 2209 2205 2213 2209
Table 6. Performance of UPQC considering source current waveform and power factor.
Load/Supply Situation
Normal Voltage Voltage Harmonic
Case Index Normal Voltage Voltage Sag Swell Voltage
L1 L2 L2 and L3
%THD; 0.00 0.00 25.31 25.31 25.31 22.16
Before ) RMS 2.15 2.69 4.76 3.81 5.71 4.75
Compensation Power Factor  0.709 0.556 0.760 0.760 0.760 0.758
. . %THD; 0.00 0.07 191 1.53 2.29 9.59
Without Filter [16] RMS 155 152 3.77 470 3.15 3.77
LPF %THD; 0.00 0.05 1.83 1.47 2.20 4.78
After (f. = 160 Hz) RMS 1.61 1.58 3.92 489 3.27 3.93
Compensation
%THD; 0.00 0.07 1.91 1.53 2.29 1.93
With SWFA RMS 1.55 1.52 3.77 4.70 3.15 3.76

Power Factor 1.00 0.999 0.999 0.999 0.999 0.996
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In the process of reference voltage signal generation for series APF, peak voltage
detection using the moving RMS method is performed. For the first period, this method
requires the data in one period (0.02 s) to calculate the magnitude of vp.. Then, the peak
value is updated at every sampling time. The performance of the moving RMS method for
the magnitude detection of vpcc,q4 is shown in Figure 9a.

After Compensation

Before Compensation

A

—
«<—— Linear Load L1

———¥ LinearLoadL2 —¢— Linear Load L2 + Nonlinear Load L3
Voltage Voltage 5Mand 7"
.
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Vpcc,a 0 ! 1
—400__t I | | e ik |
0 0.1 0.3 0.5 . 0.9 1.1 1.3
time(s)
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— |V
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0 0.1 02 03 0.68 0.70 0.72 0.74 0.88 090 092 094
Beginning of the operation Normal to Sag Sag to Swell
(a)
Before Compensation After Compensation
— A
<—— Linear Load L1 HH Linear Load L2 %% Linear Load L2 + Nonlinear Load L3
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P
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vse,a g i
* 0 4
vse,a - E M
—400 ! | ) \ ! ! ! -
0 0.1 0.3 0.5 lime(s) 0.7 0.9 1.1 1.3

(b)

Figure 9. The performance of moving RMS method and the tracking performance of the compensating
values. (a) The magnitude detection of vpcq. (b) The actual compensating signal and the reference
compensating signal.

To ensure that the compensation of v} and ig was conducted correctly, the actual
compensating signal and the reference compensating signal were compared. As seen in
Figure 9b, isj, , and vse,, were identical with i) ; and vg, ,, respectively. This conformed with
the use of ideal current sources and ideal voltage sources as the shunt APF and the series APE
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Before Compensation

During normal, sag, and swell supply, the three filtering methods resulted in a similar
performance of is and v} compensation. However, the harmonic voltage source resulted in
the different %THD; levels of ig in which the SWFA significantly outperformed the other
options. Therefore, the waveform performances of UPQC presented in this section are only
the simulation results with the SWFA integration.

5.2.1. Load Changes

During t = 0.1 to 0.7 s, the loads were varied to demonstrate the behavior of the UPQC
compensation when there was a change in linear load by increasing reactive power demand
and an addition of a nonlinear load under normal supply conditions. It can be seen in
Figure 10 that the voltage across the load (v;) maintained a pure sine waveform with a
relatively constant RMS value. Att =0.5s, a nonlinear load (L2 and L3) was connected,
resulting in an increase in the load active power and a harmonic load current of 25.31%. The
is was increased as expected to supply the increase of pr. UPQC successfully compensated
the harmonic content, reducing the %THD; to 1.91%.

After Compensation
A

<—— Linear Load L1 H& Linear Load L2 %t% Linear Load L2 + Nonlinear Load L3 —_—
Voltage i Voltage i 5"and 7"
Normal Voltage Sag 20% ' Swell 20% ' Harmonics
400 T T T T
i
Vg 0
U
—400 1 | | 1 | |
0 0.1 0.3 0.5 0.7 0.9 1.1 1.3
400 T T T T T T
Vse 0
—400 | | | | | |
0 0.1 0.3 0.5 0.7 0.9 1.1 1.3
400 I I I I I I
YV, o I
b |
V
—400 | | | | | |
0.1 0.3 0.5 0.7 0.9 1.1 1.3
10 I I I I T
r |
10 | L | | | |
0 0.1 0.3 0.5 0.7 0.9 1.1 1.3
10 I T ] I I
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0 0.1 0.3 0.5 0.7 0.9 1.1 1.3
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N
Ig 0
~10 | | | L L L
0 0.1 0.3 0.5 0.7 0.9 1.1 1.3

time (s)
Figure 10. Voltage and current waveforms of phase a during different test scenarios.

5.2.2. Supply Disturbances

After t = 0.7 s, the load was fixed as a combination of L2 and L3, while supply condi-
tions were varied, as stated in Table 3. During voltage sag and voltage swell conditions, the
RMS values of v, could be maintained close to the nominal value of 220 V while keeping
the pure sine waveform. The is was adjusted to supply the load active power, where ig
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increased during the voltage sag and decreased during the voltage swell, and the %THD;
was kept to 1.53% and 2.29%, respectively. Att=1.1-1.3 s, the harmonic supply condition
was introduced, the %THD, of v; was decreased from 9.09% to 0.55% and the %THD; of
ig was reduced to 1.93%. The waveforms of these signals are illustrated in Figure 10. The
%THD and RMS values presented in Tables 5 and 6 were within the IEEE standard limits.

It can be concluded that the proposed harmonic identification and reference signal
generation of the UPQC system with the SWFA filters responded successfully under
different operating conditions of supply and loads.

5.3. Power Flow Analysis

This section reported the active power and reactive power flow of the studied system,
including the source side, load side, and the series and shunt APFs of the UPQC. It should
be noted that the harmonic supply could be considered as a small voltage swell in the
power flow analysis.

5.3.1. Active Power

Typically, the series and shunt APFs provide the active power for the compensation
of voltage sag, voltage swell, and any losses associated with transmission lines, DC link,
and active power filter operation. However, in this study, only the transmission line losses
were accounted for, as the ideal sources were used as the APFs, and the DC link was not
included in the system. During the normal supply t = 0.1-0.7 s, the active power of the
series APF and shunt APF in the UPQC system were only responsible for compensating
the power losses in the transmission lines.

However, during voltage sag (t = 0.7-0.9 s), the series APF injected additional ps, to
maintain the level of vy ; therefore, the shunt APF drew an equal amount of active power
psi, from the system to maintain the operation of the UPQC. In comparison, during voltage
swell, the active power was absorbed from the system by the series APF to maintain the
level of v} while the shunt APF injected an equal amount of active power pgj, back into the
system to maintain the operation of the UPQC. The power flow of active power is shown
in Figure 11.

Before Compensation After Compensation

¢ Linear Load L1 %& Linear Load L2 9% Linear Load L2 + ;“ li Load L3 - o o
¢ N 1 Volt : Voltage Voltage : 5"and 7
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Figure 11. Active power flow of the UPQC system during different test scenarios.
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5.3.2. Reactive Power

Apart from the current and voltage compensations, the other main characteristic of
UPQC operation is the power factor correction. It can be seen in Figures 11 and 12 that after
the UPQC is operating at t = 0.1 s, the distribution system only supplied the active power
to the load as the reactive power of the supply became close to zero as the two APFs were
responsible for the reactive power compensation in all scenarios. As shown in Table 6, the
power factor of the worst case was improved from 0.556 to 0.999 after the compensation.
This power factor correction achieved a value close to 1 in every test scenario.

Before Compensation After Compensation
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Figure 12. Reactive power flow of the UPQC system during different test scenarios.

As the proposed method cooperated with the UPQC-S system with the PAC approach,
the simulation results confirmed that the series APF shared the reactive power compen-
sation burden from the shunt APF. It can be observed that half of the reactive power is
compensated by the series APF, as the proposed model was designed for a 50% sharing
of reactive power demand compensation between the two APFs. Moreover, the variable
PAC approach automatically adjusts the power angle and its corresponding reactive power
compensation during the disturbances of the source voltage. As illustrated in Figure 12 at
t =0.7-1.3 s, the reactive power provided by both APFs remains relatively constant. It can
be observed that in any condition, the sum of the reactive power supplied by the two APFs
is always equal to the reactive power demand. The feature of applying the variable PAC
approach is for better management and installation of the UPQC, where the rating of the
shunt APF and the series APF can be the same and also have a high utilization rate.

6. Conclusions

In this work, harmonic identification and reference signal generation, which is an
important process for power quality improvement using the UPQC, are intensively studied.
A modified harmonic identification based on SWFA with the utilization of instantaneous
pq theory, variable PAC, and UVGT is proposed to mitigate the power quality problems,
including voltage sag, voltage swell, harmonic supply voltage, and harmonic current
due to nonlinear loads. The utilization of SWFA can notably suppress the effect of the
distorted utility source in three-phase, three-wire systems. Additionally, the performance
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comparison of the proposed SWFA and LPF showed that SWFA could accurately extract
the fundamental component of the supply voltage after one time period of the signal. The
performance verification of the modified harmonic identification is performed based on the
PIL technique. The proposed algorithm was implemented on an eZdsp™ F28335 board
and the MATLAB/Simulink program. During the harmonic supply voltage, the THD
of the source current was reduced from 22.16% to 1.93% when SWFA was implemented.
This performance is superior to the compensation without any filter and with LPF, which
reduced the THD to 9.59% and 4.78%, respectively. Moreover, the use of SWFA provides a
less complex calculation and requires a smaller number of filters compared to the method
in the existing literature. The testing results confirm that the total harmonic distortion and
RMS values were maintained within the IEEE519-2022 and ANSI C84.1-2016 standards. The
power flow analysis also showed that the load reactive power compensation was shared by
a series of APFs as the PAC method was implemented. This resulted in an equal rating of
the UPQC, which may lessen the burden on the UPQC installation and cost.
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