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Abstract

In this study, 2.5 kW single-phase pulse-width modulated rectifier is simulated with three different control techniques to
investigate the performance of controllers. Rectifier simulation is performed in Matlab / Simulink environment by using
hysteresis current control, sinusoidal pulse width modulation and voltage oriented control techniques. In the performance
comparison of the control techniques, considering the switching frequencies, the total harmonic content of the current
drawn from the grid, the phase difference between the grid voltage and the grid current, and the DC bus voltage
regulation at the output are considered as comparison criteria. The switching frequency is set to 35 kHz in sinusoidal
pulse width modulation and voltage oriented control techniques. Since the switching frequency is variable in the
hysteresis current control technique, the average and instantaneous switching frequency are calculated for different
hysteresis band values. In the results with the technique, the switching frequency varies between 18.52 kHz and 47.6 kHz,
while the average switching frequency is 34.6 kHz. As a result, the total harmonic distortion of the grid current with
hysteresis current control, sinusoidal pulse width modulation and voltage oriented control techniques is 3.69%, 1.12%
and 1.82%, respectively. The synchronization with the grid voltage is achieved with all techniques, and the DC voltage is
regulated with active power.
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TEK FAZLI PWM DOGRULTUCU KONTROL TEKNIiKLERINIiN
KARSILASTIRILMASI

Ozet

Bu ¢alismada, 2.5kW giiciinde tek fazli darbe genislik modiilasyonlu dogrultucunun ii¢ farklh kontrol yonteminde
simiilasyonu yapilarak bu yéntemlerin performansi incelenmistir. Histerezis akim kontroli, siniizoidal darbe genislik
modiilasyonu ve gerilim odakli kontrol yéntemleri kullanilarak Matlab/Simulink ortaminda dogrultucu simiilasyonu
gerceklestirilmistir. Kontrol yontemlerinin performans karsilastirmalarinda anahtarlama frekanslari dikkate alinarak
sebekeden cekilen akimin toplam harmonik icerigi, sebeke gerilimi ile arasindaki faz farki ve ¢ikistaki DC bara gerilimi
regtilasyonu karsilastirma kriterleri olarak ele alinmigtir. Siniizoidal darbe genislik modiilasyonu ve gerilim odakli
kontrol yontemlerinde anahtarlama frekanst 35 kHz secilmistir. Histerezis kontrol yonteminde anahtarlama frekansi
degisken oldugundan dolayi farkli hata bandi degerleri icin anahtarlama frekans degisimi hesaplanarak ortalama ve
anlik anahtarlama frekansi tespit edilmistir. Histerezis akim kontrol yénteminde anahtarlama frekansi 18,52 kHz ile 47,6
kHz araliginda degisirken ortalama anahtarlama frekansit 34,6 kHz olmugstur. Yapilan ¢calisma sonucunda histerezis akim
kontroli, siniizoidal darbe genislik modiilasyonu ve gerilim odakli kontrol yontemlerinde sebeke akimi toplam harmonik
bozulumu sirastyla %3,69, %1,12 ve %1,82 olmustur. Tiim yontemlerde sebeke ile senkronizasyon saglanmis ve DC bara
gerilimi regiilasyonu sebekeden aktif gtic cekerek gerceklestirilmistir.

Anahtar Kelimeler: Histerezis akim control, Siniizoidal PWM, Dogrultucu
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locomotive [6] and STATCOM [7] applications.
Depending on the usage power, single-phase rectifiers
are used at low power, and three-phase rectifiers are
used at high power applications [8]. Three-phase
rectifiers have some advantages such as higher output

1. Introduction
Rectifier circuits are used in many industrial
applications such as uninterruptible power supplies [1],
wind turbines [2], electric vehicle charging systems [3],
DC motor control [4], active filter [5], electric
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voltage, lower ripple, higher overall efficiency and
simple filtering [9]. Rectifiers using diodes are called
uncontrolled rectifiers, while rectifiers that use
controlled semiconductors such as MOSFET, IGBT,
thyristor are also called controlled rectifiers. Since
MOSFET and IGBT are forced commutated elements,
pulse width modulation (PWM) can be applied, and
current in the desired waveform can be drawn from the
AC side of the rectifier. Thus, low harmonic current and
high power factor are obtained. Thyristor is used as a
switching element in very high power applications.
However, because the thyristor is self-commutated,
pulse width modulation cannot be used, and the current
harmonic content is higher [10].

L, LC or LCL filter is used for filtering the current drawn
from the AC source in rectifier circuits [11]-[13]. While
L filter provides advantage in terms of design simplicity,
it is weaker in terms of harmonic attenuation compared
to LC and LCL filters. LC filter is used to reduce the grid
voltage and current ripple. It has more filtering
capability than L filter. There is a resonance risk
between filter capacitor and grid inductor depending on
the connection point. Another drawback of the filter is
inrush current [14]. Although the LCL filter has a more
effective filtering feature, it has some difficulties at the
point of design. Resonance is suppressed by taking this
situation into consideration in the design of the
controller or by using the resistance in the filter, since
there may be resonance in the filter consisting of
inductance and capacitor elements. However, in this
case, additional power loss occurs on the resistance. In
order to prevent this power loss, different methods are
used in the control algorithm and the algorithms
become complex [15].

In controlled rectifiers, the current drawn from the AC
source should be synchronized with the grid, in other
words, the grid synchronization should be done with
high power factor. Therefore, the grid angle must be
determined. The Phase-locked Loop (PLL) method is a
popular method used in grid angle detection [16].

In this study, the simulation of a PWM controlled single-
phase grid-connected rectifier is carried out in
Matlab/Simulink environment to investigate the
controller performances. Using the hysteresis current
control (HCC), sinusoidal PWM (SPWM) and voltage
oriented control (VOC) to rectifier, the performance of
the control techniques on the rectifier has been
presented comparatively. Performances of control
techniques are compared in terms of total harmonic
content, switching frequency, grid synchronization and
DC voltage regulation. Since switching frequency is
different in HCC control technique, average switching
frequency value is calculated, and compared with other
control techniques.

2. System Description
The simulated system in the study is seen in Figure 1.
The rectifier consists of four IGBT switches connected to
the single-phase grid via inductor. The inductor is used
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to filter the grid current. In order to provide
bidirectional current flow, parallel connected reverse
diodes are used in the IGBTs. Electrolytic DC capacitor is
used for voltage filtering at the output of the rectifier to
provide constant voltage. A load is used at the output to
model the power drawn from the rectifier. Depending
on the application, the output can be a DC motor, DC/DC
converter or an inverter. Since the focus of the study is
rectifier control, a load block in Simulink is used at the
output.

Full Bridge IGBT Converter
Lac (AC-DC,DC-AC)

a o -+ . T
J cde @Load 3
e 0 L] T

Controller

Figure 1. The simulated system.

The equations of the mathematical model of the rectifier are
given in (1)-(4). By using Kirchoff Voltage Law theorem,
equation (1) can be written. In the equation, S is a
switching function. It changes with states of upper switches
as -1 and 1. DC side of the rectifier can be modeled with
equations (2)-(4). In the equations, vq and vg are grid and
DC output voltage, respectively. iq. is DC output current of
converter. i and i .aq define capacitor and load currents. R
is an inductor resistance, and ig is grid current. Converter
output current can be defined with S function [17].

di, _ .
v, =L EJF Ruiy + SVg, 1)
idc = ic + iLoad (2)
Ige = S (3)

. dv
I, =C,—% 4
c dc dt ( )

3. Control of Single-Phase PWM Rectifier

In controlled converters connected to the grid, the angle
between the grid current and the grid voltage should be
controlled. Thus, the power factor can be adjusted, and
reactive power control can be made when it is required.
After the grid angle is determined, the grid current is
produced by the control algorithm depending on the
reference current value, and switching signals are
produced with the preferred modulation technique. In
this study, rectifier control is performed by using
hysteresis current control technique, sinusoidal PWM
technique and voltage oriented control technique. In the
controlled rectifier control, it is aimed to ensure that the
currents drawn from the grid are sinusoidal and
synchronized with the grid voltage, and the DC bus
voltage regulation is ensured. For this reason, in each
technique, the grid current value that provides DC bus
voltage regulation is calculated first. Then, with the
techniques described below, currents at this reference
value are drawn from the grid. As seen in Figure 2, the
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grid voltage, the grid current and the DC bus voltage is
measured to ensure synchronization, control, and
regulation, respectively. The same circuit and
measurements are used in all three techniques in the
study. The parameters used in the all control techniques
are given in Table 1. Switching frequency value is not
fixed for HCC because it has variable frequency.
Hysteresis band value is only used in HCC.

1

i| Load

Figure 2. Single-phase PWM rectifier circuit.
Table 1. Circuit parameters

Parameter Value

Grid voltage (Vy) 220V
Rectifier Power (Po) 2.5kW

Filter inductance (Lac) 3mH
DC capacitor (Cac) 4700uF
Switching frequency (fsw) 35 kHz

Hysteresis Band (4i) 0.6 A

The used PLL method for grid angle determination is
Synchronous Reference Frame PLL (SRF-PLL) in this
study. SRF-PLL block diagram is seen in Figure 3.

Vg i | Ve,
P1
w2 | v |op/dg
dC]'dy 71

t

Figure 3. SRF-PLL block diagram.

This method is applied in Stationary Reference Frame that
has a and g components and Synchronous Reference Frame
that has d and g components. In this method, g component
of the grid voltage is passed through low pass filter, and the
output is added to fundamental frequency. Integrating the
sum of frequencies gives the grid angle. It is used for a-f8
/d-q transformation. In three phase systems, o-8
components are obtained from a-b-c components. However,
the S component of a signal is provided by delaying the
signal by n/2 in single-phase systems. f component is
produced with 90° phase difference with « component. 4-8
component are transformed into d-q frame by (5). The PI
parameters used in the simulation in the PLL algorithm are

k,=2 and ki=1.
sin ot } {va }
cosat ||V,

Vy | [ cosat
Vo | | -sinet

The calculated grid angle variation is given in Figure 4. As
seen in the figure, the calculated angle is synchronized with

Q)
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grid voltage. It is the main issue in grid connected
converters.
10 T T T T 400
=) \ / & ’ /AR 200 &
£ A / \ / X \o/ \ A -200 3
-10 =~ - - ) -400
0.9 0.92 0.94 0.96 0.98 1
Time (s)

Figure 4. Grid angle and grid voltage.

3.1. Hysteresis Current Control

The hysteresis current control is a control technique
that controls current directly, and is preferred in terms
of application simplicity and fast dynamic response [18].
In this control technique, the error between the
reference current generated in the control algorithm,
and the actual current is calculated. The relevant
semiconductors in the converter are switched so that
the current flows within the lower and upper limits
determined for the error value. Figure 5 shows current
error and switching signal variation. When the current
error reaches the determined upper limit and lower
limit, a signal is sent to the switching elements in the
direction that will decrease or increase the current.
Figure 6 shows the hysteresis current control technique
algorithm. Here, the amplitude of the current to be
drawn from the grid is obtained by passing the DC bus
voltage error through the PI controller. DC bus voltage
reference value is set to 400V in the study. The
controller generates switching signals of the rectifier to
produce grid current that provides DC bus voltage
regulation to 400V. The measured grid voltage is passed
through the PLL, the grid angle is determined, and the
synchronous current reference with the grid is obtained.
The current error is obtained by subtracting the grid
current from the reference current, and switching is
done depending on this error value. Since there is no
carrier signal in this control technique, the switching
frequency varies. When the current error reaches up to
the upper limit, it means that the current reaches the
lower limit, and for the current to increase, the S; and S3
switches are given an ON signal, while the S; and Si
switches are given an OFF signal. Thus, the current
flows within the desired bandwidth [19].

Figure 5. Current error and switching signal in HCC.
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Figure 6. HCC control algorithm.

The waveforms that show the performance of the
system in steady state are seen in Figure 7. The
parameters of PI controller are kp=0.2 and ki=1.5. As
seen in Figure 7a, the system has a 2.5 kW DC load. The
controlled rectifier regulates the DC bus voltage to
400V, as shown in Figure 7b. In order to ensure this
regulation, 11.4 Amys current is drawn from the grid as
seen in Figure 7c. The grid current total harmonic
distortion (THD;) value is measured 3.69% at 2.5kKW
nominal power. The harmonic content and waveform is
given in Figure 8. As seen in Figure 7d, switching
frequency varies in a period. The reason that the
switching frequency variation is the voltage difference
between the grid voltage and DC bus voltage. The
difference voltage drops on the inductor, and it changes
the slope of the grid current, and it causes frequency
variation. As the difference has the highest value around
zero voltage crossing points of grid voltage, it gets
maximum value. The average switching frequency is
34.6 kHz.
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d) Switching frequency variation in a period
Figure 7. Steady-state performance of the system.

Switching frequency of HCC changes depending on the
hysteresis band value. Lower band value causes higher
switching frequency but provides lower THD; as seen in
Table 2. As switching frequency is selected 35 kHz in
SPWM and VOC techniques, hysteresis band value is set
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to 0.6 A because average switching frequency is 34.6
kHz that is near the 35 kHz in the study.
Table 2. Switching frequency depending on the
hysteresis band value

Hysteresis Average
band value switching THD;
(4i) frequency(fow)
0.6 A 34.6 kHz 3.69%
0.5A 40 kHz 3.2%
0.25A 66.92 kHz 1.92%

FFT window: 5 of 140 cycles of selected signal

nag.

Signal m

07 071 072 073 074 075 076 077 078 079
Time (s)

Fundamental (50Hz) = 16.11, THD= 3.69%

Mag (% of Fundamental)

25 3 35 5
Frequency (Hz) 10¢

Figure 8. Harmonic measurement for Ai=0.6 A

The transient response of the controller is also
important to evaluate the system performance. For this
reason, the load power of the system is changed in the
simulation time interval. The DC bus regulation and grid
current performance of the controller are examined in
Figure 9. The load power shown in Figure 9a decreases
from 2.5 kW to 2 kW at 1.2 seconds, and the power
increases to 2.5 kW at 2 seconds. As seen in Figure 9b,
the DC bus voltage changes depending on the load
power change. The sudden decrease in the load causes
increasing in the DC bus voltage. In this case, as seen in
Figure 9c, the grid current is decreased by the controller
to regulate the DC bus voltage. The opposite situation
realized when the load power increases. The controller
changes the grid current depending on the DC bus
voltage. As can be seen from the figures, the controller
provides DC bus voltage regulation by drawing
sinusoidal and synchronized current with the grid
voltage in steady-state and transient-state.

_

1 1.5 2 2.5
Time (s)

a) Load power

[
W

Pload (kW)
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Figure 9. Transient response of the system.

3.2.Sinusoidal PWM

In the sinusoidal PWM technique, unlike the HCC,
switching signals are obtained by comparing a
sinusoidal voltage with a triangle wave. The control
algorithm is given in Figure 10. The reference current is
generated by using the grid angle and reference grid
current peak value that is obtained from the DC bus
voltage error. The reference signal is generated by
passing the current error through the proportional
resonant (PR) controller. PWM signals are generated by
comparing this signal with a triangle wave signal. This
signal has 35 kHz frequency that determines the circuit
operating frequency. Since a sinusoidal signal is used in
this control method, PR controller is used instead of PI
controller [20]. The load power, DC bus voltage and grid
current waveforms are seen in Figure 11. As seen in the
figures, controller regulates the DC bus voltage by
drawing a sinusoidal and synchronized grid current.
The total harmonic distortion of the grid current at 2.5
kW is THD; = 1.12% as seen in Figure 12.

Vdcrd@—‘
Vae
Ve [ I

Figure 10. SPWM control algorithm.
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Figure 11. Steady-state performance of the system
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Figure 12. Harmonic measurement of the grid current

As in the HCC control technique, load is changed to
examine the transient performance of the control. As
seen in Figure 13a, the load with a power of 2.5 kW
decreased to 2 kW at 1.1 seconds and then increased to
2.5 kW again at the 2. seconds. As a result of this, as seen
in Figure 13b, the DC bus voltage moves away from the
reference value, and as seen in Figure 13c, the DC bus
voltage regulation is achieved by adjusting the grid
current. PI controller parameters are kp=0.2 and ki=1.5,
whereas ky=0.1 and ki=1 in PR controller. As in the HCC
technique, in this control, a transition from transient to
stable is achieved.

E 2.5 |e—
3
S 27 1
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Figure 13. Transient performance of the system.

3.3.Voltage-Oriented Control

Unlike other control techniques, voltage-oriented
control technique is carried out in d-q coordinate
system [21]. As seen in Figure 14, firstly, the grid
current is transformed to the a-f coordinate system.
The B component lags behind the alpha component by
90 degrees. The a component is the same as the grid
current. This coordinate system is converted to the d-q
coordinate system, and thus the DC components of the
grid current in the d-q coordinate system are obtained.
Thus, error regulation can be performed with the PI
controller. Since the grid current is desired to be
synchronized with the grid voltage, the reference value
of the g-component of the current is set to zero. The
reference value of the d-component comes from the DC
bus voltage regulation. This value refers to the peak
value of the grid current. With the help of PI controllers,
errors in d-q components are regulated, and reference
d-q voltages are produced. These voltages that are
transformed into a-f coordinate system using the grid
angle and switching signals are obtained by comparing
the a-component with the triangle signal. The
performance of the system with this control technique is
shown in Figure 15. Depending on the output power
seen in Figure 15a, DC bus voltage regulation is
achieved at 2.5 kW output power by the rectifier as seen
in Figure 15b. It is provided by the grid current that is
seen in Figure 15c. The total harmonic distortion value
of the grid current is measured 1.82% that meets the
harmonic limits defined in standards as seen in Figure
16. The PI parameters for Vger and Vgrer are kp=0.015
ki=0.15, whereas kp=0.2 and ki=1.5 for DC bus voltage PI
controller.
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The transient performance of the system is examined
under the same conditions as the other techniques. As
seen in Figure 17, the control technique has good
transient performance such as the other techniques.
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Figure 14. Voltage-oriented control algorithm
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Figure 17. Transient performance of the system.

4. Discussion

Three different control techniques, named hysteresis current
control, sinusoidal PWM and voltage-oriented control, are
applied to single-phase PWM rectifier. Table 3 shows the
results of performance criteria of control techniques. As
seen in the table, the switching frequency of HCC is
different from other techniques because of variable
switching frequency property of HCC. It depends on
hysteresis band value. The switching frequency of HCC
given in the table is average value (34.6 kHz) that occurs
with 0.6 A hysteresis band value. The frequency varies
between 18.52 kHz and 47.6 kHz. Although the controller
algorithm is simple, the drawback of HCC is variable
switching frequency and higher THD, value. As seen in the
table, the highest THD, value is obtained in HCC technique.
The other control techniques have lower THD, value than
the HCC. SPWM technique is applied with sinusoidal
signals so PR regulator is used in the controller, whereas
DC quantities are used in VOC technique. Because of the
DC quantities, PI regulator is used in VOC technique. The
sinusoidal signals are transformed to DC signals therefore
higher computing power is required.

Table 3. Performance comparison of control techniques

Switching Switching DC bus voltage

T((a:cok?rffollje frequency frequency THD; overshoot-
a (fsw) type undershoot
HCC 34.6 kHz Variable 3.69% 3.1%-3%

50

SPWM
vVoC

35 kHz
35 kHz

Fixed
Fixed

1.12%
1.82%

3.1%-3%
2.2%-2.3%

5. Conclusion

In this study, the performance of single-phase PWM
rectifier that is connected to a single-phase grid for
three different control techniques is investigated. 400 V
DC bus voltage is generated at the output of the rectifier
with the power of 2.5 kW. Hysteresis current control
technique, sinusoidal pulse width modulation technique
and voltage-oriented control technique are used in the
converter control. The system performance is
investigated for steady-state and transient-state. In both
state, all techniques perform inadequate performance in
terms of harmonic content and power factor. The
generated grid current is synchronized with grid voltage
for three techniques. Total harmonic distortion value of
the grid current is 3.69%, 1.12% and 1.82% for HCC,
SPWM and VOC techniques, respectively. The results
obtained in all three control techniques show that three
techniques can be used in such a system. HCC technique
has more simple control algorithm than the others but
because of variable switching frequency and lower THD
performance, the other control techniques are more
efficient for the rectifier.
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