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Abstract

Graphical abstract

In this study, a sinusoidal PWM rectifier is designed and modeled to enhance
the performance of the system under different operating conditions. The
+ system is tested under balanced AC sources and various loads. It is also
tested under unbalanced and distorted three-phase AC sources. The key
; performance goal of the suggested system is to minimize the total harmonic
§ L distortion (THD) of the supply AC current while maintaining a unity power
factor. The proposed controller is designed to drive the IGBTs and generate
the required output DC voltage with minimal THD and a power factor of
unity. The designed system and controller were simulated, and the obtained
results demonstrate good power quality. The system showed decreased THD
and a unity power factor across various loads, as well as under stable and

= S8 < unstable conditions in both steady-state and transient conditions. The
(= mmpep | maximum THD value is 3.8992% at 600Vdc, while the minimum THD value is
] 0.3867% at 1200Vdc. These values are achieved with an almost unity power
~ > - &) factor under all conditions. These results demonstrate the effectiveness of the
;l’k;) MD :% : . - proposed system in dynamic operations.
B P e —— s 5 Keywords: Sinusoidal PWM rectifier, PI controller, total harmonic distortion,
a b J e »(] power factor, balanced and unbalanced conditions
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rectifier (SPWMR) based on IGBT or MOSFET switches is
utilized.  Silicon carbide switches with  high
voltage/current and frequency ratings can be used
[2]. SPWMRs are widely used in various applications,

1.0 INTRODUCTION

A PWM (Pulse Width Modulation) rectifier is a power
electronic circuit that converts alternating current

(AC) voltage to direct current (DC) voltage. It offers
several advantages, including improved efficiency,
reduced harmonic distortion, and better power
quality. This is done with the help of diodes or thyristors.
These converters are reliable, easy to configure, and
inexpensive fo manufacture. Many disadvantages,
such as low power factor (PF), high total harmonic
distorfion (THD), one-way power flow, a source of
harmonics, and low power quality problems, are
noted [1]. To solve these problems, a sinusoidal PWM

including motor drives, power supplies, renewable
energy systems, and two-way energy flow [3]. They
offer several advantages over conventional rectifier
circuits, including high efficiency, low harmonic
distortion, smaller size, and the ability fo control the
output voltage and power factor [4]. The PWM
technique controls the switching of the IGBTs in the
rectifier fo closely resemble a pure sine wave inthe AC
input current waveform. By varying the width of the
pulses, it is possible to control the average DC voltage
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output, enabling smooth and precise regulation of the
output voltage. The boost-type PWM rectifier (BPWMR)
has been increasingly utilized in recent years due to its
ability to provide low AC current THD and a power
factor close to unity at various loads, as well as the
option for reverse flow power. The design and
modelling of a SPWMR are important for several
reasons, particularly in the field of power electronics
and electrical engineering. It is used in applications
where maintaining a high-quality AC power source is
crucial. These rectifiers help reduce harmonics and
distorfion in the input current waveform, which can
otherwise cause issues such as interference with other
equipment, voltage fluctuations, and overheating of
power distribution systems. Accurate modelling of the
SPWMR enables precise control of the rectification
process, including the fine-tuning of the modulation
index and other parameters. This control is crucial in
various applications, such as motor drives and
renewable energy systems, for maintaining stability
and efficiency.

Hartani et al., (2010) proposed a control method
using space vector pulse width modulation technique
and utilizing two Pl controllers to regulate the AC
currents and the DC link voltage for a three-phase
voltage source PWM rectifier [5]; Garasiya et al.,
(2012) built a simulation and prototype PWM boost
rectifier circuit model and the system produce a
desirable boost in DC output voltage, maintenance of
unity power factor at the input side, and THD less than
5% [6]; Koshti et al., (2014) employed voltage-
oriented control approach which utilizes two Pl
controllers for the SVPWM-based PWM rectifier to
regulate the input AC current and the output DC
voltage of the system [7]; Hassan et al., (2015)
suggested a confrol sftrategy to improve the
performance of a PWM boost rectifier under different
operating conditions of three-phase supply voltages
(balanced, unbalanced, and distorted waves) [8];
while Qiang et al., (2017) proposed a mathematical
analysis of the three-phase voltage sourced PWM
rectifier based on the rotating coordinate system,
which relies on the space vector modulation
algorithm [?9]; Soe et al., (2019) built a single-phase
PWM rectifier with R and RL loads and the output
voltage fluctuation is reduced by using the PI
controller [10]; Hashemzade et al., (2020) used a
predictive control in a three-phase PWM rectifier to
achieve simultaneous control of the active and
reactive power of the converter [11]; in addition to
that Song et al., (2020) proposed a technique to
reduce grid current distortions and simplify control
systems [12]; while Yuksek et al., developed a space
vector PWM control system based on the d-g
synchronous rotating axis set of the three-level rectifier
[13]; Bie et al., (2021) analyzed the construction and
confrol approach of the PWM rectifier [14]; in the
same year ISEN used hysteresis current control (HCC),
sinusoidal pulse width modulation (SPWM), and
voltage-oriented control (VOC) techniques in the
rectifier circuit [15]; Li et at., (2022) constructed a
three-phase PWM rectifier to enhance the dynamic

response by implementing feed-forward decoupling
and double closed-loop control [16]; in 2022, Wang ef
at. used a basic and improved model-free predictive
current control with the PWM rectifier [17]; and in 2023,
Zhou et al. established a PWM rectifier with d-g
coordinate transformation and double closed-loop
control systems [18].

As a confinuation of the previous study, in order to
obtain a complete understanding of power quality
improvement in PWM rectifier systems, this study
utilized a SPWM technique based on dg-theory and PI-
controllers. The system is tested under various
operating conditions, including both balanced and
unbalanced networks. The novelty of the proposed
SPWMR is that it effectively generates an output DC
voltage with a high response and low input AC current
harmonics. It also maintains a unity power factor
during both balanced and unbalanced AC systems,
regardless of the load and output. The main objective
of this study is fo improve the system's performance
under various operating conditions.

2.0 METHODOLOGY

Modelling a SPWMR can be quite complex due to the
nonlinear behaviour of semiconductor devices and
the interaction between the PWM control and the
electrical components. The modelling of a SPWMR
requires creating a mathematical representation or a
simulation of the circuit's behaviour. To successfully
model a SPWMR, one must have a thorough
understanding of the circuit topology. This includes
establishing differential equations that represent the
relationships between the input and output variables
of the circuit, as well as incorporating an LC filter if
necessary [19]. Additionally, it is important to
implement a PWM switching control model based on
the SPWM technique, describe Pl controllers to
regulate the output voltage or current, and simulate
the system using MATLAB/Simulink in order to analyse
the behaviour of the SPWMR model. The simulation
model of the three-phase voltage source SPWMR
structure is presented in Figure 1. A control strategy is
implemented to regulate the DC bus voltage and
achieve a unity power factor with high performance.
This control strategy is implemented using Pl
controllers. SPWM is a modulation technique used in
power electronics to generate a PWM signal with high-
quality output waveforms and low harmonic
distortion. A sinusoidal reference signal representing
the desired output waveform has a fixed frequency
and amplifude, which is compared with the high-
frequency friangular carrier signal at each instant.
Figure 2 represents the suggested control circuit. The
conversion from abc to dq is used to convert three-
phase currents (lq, Ib, and lc) into two-phase currents
(la. lg), which are often more convenient for analysis
and control [20].
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Figure 1 The block diagram of the proposed three-phase SPWMR
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Figure 2 The SPWM controller circuit block diagram

1q =2 (Iysin(0) + I sin (8 - ) + I sin (0 + Z)) (1)
Id = (I cos(6) + I, cos (9 - —) + 1, cos (9 + 2{)) (2)

A phase-locked loop (PLL) is a confrol system used
in various applications to generate or synchronize a
signal with a reference signal. The phase angle (6) is
calculated based on the principle of the PLL, which
functions as a phase detector [21]. The confrol circuit
utilizes an instantaneous PLL to quickly and accurately
detect the angle of the AC power supply. The phase
angle (8) is detected asillustrated in Figure 2. The input
of the first Pl controller is the difference between the
desired output DC voltage reference (Vdc_ref) and the
measured output DC voltage (Vac), which generates
the reference d-axis current (iaref). The input of the
second PI confroller is the difference between the
reference d-axis current (iaref) and the actual d-axis
current (ia). The output of this controller is then used as
the input for the voltage Pl controller, which generates
the reference d-axis voltage (varer). The other third PI

controller is used to generate the reference voltage
(vq) by subtfracting the actual g-axis current (ig) from
the reference value, as shown in Figure 2. The Ki and
Kp values of these three Pl controllers are determined
using trial and error method as illustrated in Table 1.
After that, fo return from dqg to abc, the inverse
fransformation is used to generate the desired
reference voltages (vaberef). These reference voltages
are compared with the triangular signal, and the
resulting signals are the IGBT pulse signals. The
significance of the proposed controller is to drive the
IGBTs in order to produce the required DC voltage with
unity power factor and minimize distortions in the AC
supply currents.

Va—ref = Va-ref * C0S(0) — Vg_rer * sin (0) (3)

21 . 21
Ub-ref = Vd-ref * COS (9 - ?) — Vg—ref *sin (6 — ?) (4)

2 . 2m
Ve—ref = Vg—ref * COS (9 + ?) — Vg—rer *Sin (8 + ?) (5)
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3.0 RESULTS AND DISCUSSION

To validate and fine-tune the proposed model and
controller, various tests are conducted under different
operating conditions. These tests include transient and
steady-state analysis to observe the behaviour of the
SPWMR in balanced system and load variations, as
well as in unbalanced and distorted scenarios. Fine-
tuning the model parameters is important fo closely
match the observed behaviour as accurately as
possible. The suggested circuit, shown in Figure 1 and
Figure 2, is simulated using MATLAB. The simulation is
conducted with the selected parameters described in
Table 1, assuming balanced voltage sources. The test
is conducted with 12 types of loads, as explained in
Table 2. The three-phase operation system has been
tested to demonstrate the effectiveness and
performance of the suggested circuit and confroller.
Figure 3 shows the flowchart of the suggested circuit
and controller working steps.

Table 1 Parameters of the suggested three-phase SPWMR

Parameters Values
Three-phase AC voltage sources
Vo, Vo, Ve 220V
Frequency 50 Hz

Sogrce inductance (Ls) and 2mH and 50mQ
resistance (Rs)

DC side capacitor Cge 1500 uF
Switching carrier frequency 5kHz

First Pl controller Ke1 =5, Kin = 50
Second Pl controller Kp2 = 2000, Kz = 100
Third PI controller Kps = 2000, Kiz = 100

Table 2 Types of used loads

Loads Loads Loads
1.50Q 5.100Q 9. 200Q
2. 50Q+50mH 6. 100Q+50mH 10. 200Q+50mH

3. 50Q+100mH 7. 100Q+100mH
4. 50Q+200mH 8. 100Q+200mH

11. 200Q+100mH
12. 200Q+200mH

Three-phase AC
supply voltages

Unbalanced ® Balanced

Unbalanced and distorted

Suggested SPWM
rectifier and controller

Balanced three-phase AC

Around unity power factor feg— supply currents

|—{ THD values within standards

!

Good Variable DC output
voltage response

Figure 3 Flow chart of the suggested circuit and controller

3.1 Balanced AC voltage Sources

In this case, the system is tested using balanced
voltage sources (220V, 50Hz) under various loads, as
shown in Table 1 and Table 2. Figure 4(a) shows the AC
supply currents at a Vdc of 800V and three different
loads (50Q+100mH, 100Q+100mH, and 200Q+100mH).
The Fast Fourier Transform (FFT) analysis of these
currents is explained in Figure 4(b). The THD values of
the AC supply current at 800Vdc with three loads are
0.53%, 1.127%, and 2.1%, respectively. It can be seen
from these results that all harmonic components are
almost zero, which explains the effectiveness of the
suggested circuit and controller. The input power
factor is 0.998. The DC voltage response at 800V and
different load values exhibits a nearly identical
response, as depicted in Figure 5. Figure 6 shows the
THD values at various voltage levels and loads. This
figure explains that the THD values are within IEEE
standards [22], which demonstrates the robustness of
the designed circuit and confroller. That means the
system provided better THD at higher voltage levels,
but had higher THD at lower DC voltage levels. The
maximum THD value is 3.8992% at a voltage of 600Vdc
and aload of 200Q. The minimum THD value is 0.3867%
at a voltage of 1200Vdc and a load of 50Q+50mH. This
happens due to less switching stress at higher voltages
and lower loads. To evaluate the performance of the
system, which is dependent on the output responses,
various output voltage levels at different loads, as
depicted in Figure 7. This figure illustrates that the
system exhibits fast responses, indicating high system
performance. The ftransient and steady-state
responses of the three-phase AC currents at different
DC output voltage levels, including a zoom section,
are shown in Figure 8. To assess the system responses
during load changes, Figure 9 illustrates the DC output
voltage and current, as well as the phase AC supply
voltage and current at 800Vdc. This waveform
explains that the system has fast responses and high
power qudlity. The apparent power (S), active power
(P). reactive power (Q), and distortion power (D) are
calculated to verify the performance of the system.
These powers are calculated using equations defined
by [23].
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Figure 4 (a) AC supply voltage and currents waveforms at
different loads (b) FFT currents analyzer, and (c) it's zoom
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For a non-sinusoidal case (with non-sinusoidal voltages
and/or currents), the following power components
are defined: active power (P), fundamental active
power component (P:1), DC power (Pac), and total
harmonic active power component (Pu).

P=B+B,+P, (6)

R =WV, 1,cos(6, —¢) (7)

Py =>_V,1, cos(6, — ¢,) )
h=2

Pdc :Vdc Idc (9)

Where @1, ®n, 61, and 6n represent the phase
angles of the supply voltage and current, respectively,
at the fundamental component (1) and harmonic
orders (h). The supply current and voltage at the
fundamental order (i1, vi) and harmonic orders (in, vh)
are calculated as follows:

i, :\Ellsin(wt—qﬁl), i, :ﬁilhsin(h.Wt—lﬁh) (10)

v, =2V, sin(wt - 6,),v, =v2>_V, sin(hwt—6,)
h=2

The reactive power (Q), the fundamental reactive
power component (Qi), and the total harmonic
reactive power component (Qu) for a non-sinusoidal
case are defined as:

Ql :Vlllsin( 91 _¢1)
Qu :thIhSin(gH _¢H)
Q=Q1+QH (12)

The apparent power (S), fundamental apparent
power (S1), and fotal harmonic apparent power
component (SH) for a non-sinusoidal case are defined
as:

S, =V, 1, and Sy =Vuly (13
S=S,+S, (14)

Distortion power is infroduced only when the
harmonic components of the corresponding voltage
and current of different orders are multiplied. The total
distortion power is calculated as follows:

D=[>V,’1,> ={s?-P?2-Q? (13
m=n=1

According to these equations, the S, P, Q, and D
powers are calculated at various DC output voltages,
as illustrated in Figure 10. It can be seen from these
waveforms that the reactive and distortion powers are
almost zero, which confirms the unity power factor.
Also, the apparent and active powers are aligned,
which confirms this issue.

Powers
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20
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==¥-=P (Kw)
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==3-=D (Kw)

2 4 6 8 10 12
Loads
(a)
800 Vdc
[ —— S (KVA)

==¥-=P (Kw)
=l Q (KVAR)
==)==D (Kw)

2 4 6 8 10 12
Loads
(b)
1000 Vdc

‘ ——s (KVA)
==¥-=P (Kw)
—l— Q (KVAR)
==¥-=D (Kw)
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25
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3

i 0 2 4 6 8 10 12
Loads
(d)
Figure 10 Apparent, active, reactive, and distortion powers
results at (a) 600vdc, (b) 800vdc, (c) 1000vVdc, and (d)
1200Vdc at different loads

3.2 Distorted AC voltage Sources

The system is fested at 800Vdc and R=50Q. In this case,
the peak AC supply voltages are set at Vo = 241V, Vp
= 271V, and Vc = 221V, as shown in Figure 11. The
supply AC currents have THD values of 2.976%, 2.975%,
and 2.9891%, as demonstrated in Figure 12. The DC
voltage response in the unbalanced case is shown in
Figure 13. The system still has an acceptable DC
output response. To demonstrate the effectiveness of
the suggested system, another unbalanced case is
tested with Vo=381V, Vb=351V, and V=401V. The
three-phase AC voltages and currents, along with the
FFT analysis and the output DC voltage responses, are
shown in Figures 14, 15, and 16. These waveforms show
that the THD values of the three-phase supply currents
are 2.5621%, 2.5472%, and 2.5409%. To assess the
robustness of the proposed circuit, a worst-case
scenario is fested. This scenario involves unbalanced
voltages with peak values of 381V and distortion
caused by the 5th harmonic order, as depicted in the
Figures 17, 18, and 19. The THD value of the supply
voltage is 27.566%, while the supply currents are
0.41569%, 0.37435%, and 0.3867%. The DC output
voltage response still has a good response. The power
factor is 0.9994 lagging, and the S, P, Q, and D are
13.84 kVA, 13337 kW, -446 VAR, and 366W,
respectively.
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Figure 15 The three-phase AC currents and its FFT analysis
during unbalanced AC voltages
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Figure 17 The unbalanced distorted AC supply voltages
with its FFT analysis
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4.0 CONCLUSIONS

In this study, a high power quality SPWMR circuit and
controller have been suggested and modelled under
various operating condifions. The system is fested with
12 different loads under balanced and unbalanced
distorfed AC sources in order fo achieve low
distortions, unity power factor, and a valuable output
voltage with high responsiveness. At balanced AC
supply voltages, the minimum and maximum current
distrotion values are 0.3867% and 3.8992% at different
output DC voltages and loads. During unbalance
voltages, the minimum and maximum current
distrotion values are 2.5409% and 2.976%. Whereas
with unbalanced distorted AC supply voltages of THD
27.566%, the THD values of the three-phase supply
currents are 0.41569%, 0.37435%, and 0.3867% with
power factor of 0.999. From the modelling results, it
can be noticed that the SPWMR with balanced and
unbalanced AC supply, and distorted voltages with
the 5th harmonic order gave acceptable results. All
case studies demonstrate the system's performance
by reducing the THD values and improving the power
factor under various operating conditions. The quality
of the designed system focuses on achieving
balanced three-phase input AC currents, minimizing
THDs to values less than 5%, achieving almost unity
power factor, and regulating the output DC voltage
at any desired value. Finally, the system response in
both the fransient and steady-state responses is good
when using the designed and modelled system.
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