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ABSTRACT

This paper presents a new configuration of a three-phase AC-AC buck regulator to operate with a
three phase inductive loads with a reduced number of controlled switches. It has a simple control with
excellent performance. The proposed circuit has high efficiency for adjusting AC power; because it is
composed of fewer switches and DC shubbers. The proposed regulator restrains more harmonics of
output voltage and the input current flows continuously, thus a nearly unity input power factor is
achieved. Also harmonics of input current and load current are almost negligible. The proposed method
is implemented using a zero-crossing processing, which allows a greater accuracy than other methods.
By simulation, these characteristics are investigated theoretically, and to correlate the measurements
with theory, an experimental setup is presented to confirm the simulation results.
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I. INTRODUCTION

AC voltage regulators are widely used in
applications requiring voltage regulation, reactive
power compensation and power control [1-9]. There
are some types of AC /AC converter to regulate the
input voltage to a lower or higher output voltage. A
winding transformer is widely used in voltage
regulation fields such as power system, motor speed
control and so on. However, because the winding
ratio is changed by servo motor or by manual
regulation, it has low regulation speed [8]. There are
also other researches which use thyristor phase
controlled circuit to do voltage regulation. These
converters have been widely used as a soft-starter
and a speed regulator of pumps and fans [2-4, 7].
Although it has a higher regulating speed than
winding transformer, the low input power factor and
the large amount of the low-order harmonic current

are the major problems, the size of the passive filter
becomes larger. Furthermore, these shortcomings
affect the power quality. The reactive and harmonic
currents generated by the thyristor commutation also
produce extra power loss on the transmission lines.
These problems can be solved by using high
switching frequency AC chopper [5- 6]. Recently, a
family of PWM AC-AC power converters has been
proposed which uses gate turn-off switching devices
like GTOs or IGBTs in its design [10-13]. The
advantages to be gained are nearly sinusoidal input-
output currents/ voltage waveforms, improved power
factor, reduced harmonic current, a fast response
speed and a smaller input filter size. It can protect
sensitive equipment such as a computer or
communication equipment; it can also be used to
solve power quality problems caused by line voltage
sags and swells,
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besides the wide and continuous range of control [14-
15]. In order to reduce the power loss, researches
have been conducted

to reduce the number of the switching devices. Three
switches and four switches for single phase AC
chopper were discussed in previously presented
papers [9, 14, and 16]. Different working principles
have also been presented to ensure the safety of the
converter. The switching patterns are critical and an
alternate path has to be established in dead time. DC
regenerative snubber capacitor is used to realize the
safe commutation and enhance efficiency [9, 16, and
17]. There are various researches that focus on the
topology of the AC chopper converter and most of
them are open loop control, so voltage regulation
performance is restrained and a little attention has
been given to the theoretical analysis of the input
power factor. To solve the problems caused by the
input voltage fluctuation, the output voltage closed
loop feedback control system is proposed for a better
dynamic performance.

In this paper, detailed analysis and modeling of
an AC-AC  buck converter in combination with
static loads during the various operating modes are
accomplished. For this converter a new configuration
control with excellent performance is proposed also
and then the waveforms of voltage, current and their
harmonics spectrum and power factor are discussed
and verified in detail. The state equations, which
describe the operation of the proposed converter at
different operating modes, are presented. Simulated

—_— 91

and experimental results verifying the validity of the
proposed analysis are presented.

1. Circuit Description and Principle of

Operation

Figurel shows the proposed three phase buck
type voltage regulator. In this approach, only four
unidirectional switches are used and arranged as
shown in the figure, as a result, the circuit is
simplified and cost is reduced. The input filter,
consisting of resistor (R,, Ry, and R. ), inductor (L,
Ly, and L¢) and capacitor (Ci,, Ci, and Cjc) absorbs
the harmonic currents and provides continuity of the
input current. The switches (S, St , Scc and Sac)
are uni-directional. The using of uni-directional
switch module is composed of one insulated gate
bipolar transistors (IGBT). The used IGBT has inner
diode which provides freewheeling currents path
when the reverse voltage is encountered. The AC
switches (Saa, Sph, and Scc) are located between the
AC source and the load. The switches are used to
connect or disconnect the load to the supply, i.e., it
regulates the power delivered to the load. The switch
(Sanc) is connected in parallel across the load which
provides a freewheeling path for the load current to
discharge the stored energy of the load inductance
La, Ly and Ly when the switches(Saa ,Sp, , and Sce)
is turned off. C;, C,, C; and Ry, Ry, R3 are the
snubber capacitors and resistors respectively. The
snubber circuits are connected in parallel with the
switch (Sape).
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Fig.1 The proposed three —phase AC-AC buck voltage regulator
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Fig.2 Block diagram of the proposed control strategy.

Although the circuit has four switches, it needs a simple
control circuit to control the corresponding AC switches, and
this will simplify the controller design greatly.

The switches (Sa Sbn, and Scc) and (Sa) work in
complementary mode, thus the switches (S,a, Spp, and Scc) and
(Sape) cannot be turned on simultaneously. For safe
commutation, the switching dead-time is necessary which is
done by the snubber capacitors and resistors.

The operation is divided into three modes: active mode,
freewheeling mode and dead-time mode. The active mode is
defined when the switches (Saa, Sph, and Scc) are turned on,
during the active mode, the load is supplied by the source and
the load inductor storeges the energy. The freewheeling mode
is defined when the modulated switch (Sg,.) is turned on. In
freewheeling mode, the load current freewheels and the
inductors (La, Ly and L) discharge the energy through the
switch (Sa,c) With the help of the bridge rectifier according to
the direction of the load current. Finally, the dead-time mode
is defined when the switches (Sac) and (Saa, Swp, and Scc) are
both all turned off. The dead-time is very short only about
several microseconds. The snubber circuits can absorb the
bidirectional turn-off spike energy.

Figure 2 shows the block diagram of the control strategy,
in the proposed regulator; only three independent hysteresis
current controllers are used. The voltage reference signal, Vrer,
is set according to the required load voltage. This signal can be
treated as a DC value which is proportional to the load phase
voltage. Using a RMS value detector, the phase voltage Vy is
converted to a corresponding DC value. This value is
compared with the reference voltage signal, Vi, and the error
signal is passed through a proportional integral (PI)
controller.The output of the controller is then multiplied by the

unit vector of the supply phase voltages Vs , Vg and Vg to
produce the command currents isac, isne and isec respectively.
These unit vectors are estimated by passing the input voltages
through a zero-crossing detector, and the output of this
detector is fed to sine wave look-up table which provides a
rectified input voltage with unity amplitude. The zero-
crossing detector is used with the proposed control method in
order to achieve a good performance under distorted supply
voltage. While the supply voltage has a distorted waveform,
the zero-crossing detector does not affected by the shape of
supply voltage waveform, so a sine wave voltage waveform
with unity amplitude can be achieved even a non-sinusoidal
supply voltage waveform is used, So this approach has a
simple control compared with other methods. Then the supply
currents is,, isp and isc are compared with their corresponding
commands, sy, ishe and isec respectively, and the errors are
processed through three independent hysteresis controllers.
The outputs of the hysteresis controllers are processed through
three logic AND gates and compared with the outputs of the
logic control signals which detect the higher value of the
supply currents is,, isp and is then passed through a logic OR
gate to produce the logic signals (pulses) for g; and g,. These
logic signals will be used to control the four ac switches. If the
supply current is controlled to follow the current command, it
follows the supply voltage in its waveform and follows the
reference voltage in its magnitude. This is easily achieved,
since the reference current is generated from and synchronized
with the supply voltage. This control strategy ensures that the
input power factor is almost kept at unity. Since the pulses of
g; are complementary of the pulses of g,.The proposed buck
regulator shown in Fig.1 has two modes of operations;
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Active mode: Sz, Spp and Sec ON and Sy, OFF: In this
mode the supply voltage is connected directly to the load,
supply currents flow to the load through series switches. At the
same time, the load inductances are charged. This mode
continues until the supply currents ig,, isp and i increase to be
more than or equal t0 {(isac, ishc and isc) + 0.5 H}, where H is
the hysteresis band.

Freewheeling mode: S,, ,Spy and S OFF and Sy, ON: In
this mode, the control circuit allows the supply currents to
decrease. At the same time, the stored energy in load
inductances discharges into the load. This mode continuous
until the supply currents i, isp and is. decrease less than or
equal to {(isac, ispc and isec) — 0.5H}.

I11. Analysis and circuit equations

The operation of the converter is divided into two modes,
active and freewheeling modes. For these two modes of
operations the following equations could be deduced:

A. Active mode

During the on state periods of the forward switches Sz, Spy
and S, the supply voltage appears across the load circuit
forcing the current from the supply into the load, and applying
Kirchhoff's voltage law to the system equivalent circuit as
when Sg, Sp and S, ON and Sy OFF, the following
equations could be derived:

: dizg . dizg
Vig —Vep = lzg Alzg + Lan E"_ Vag — ispfsy — L dt (1)

B} dfsb di beo
Ve — Ver = ipp Rzp + Lap E + vae —beeRpe — Lz — dt (2)

i di
) = X B
Vor —Voz = iz Rz + Lg; E + vey — iz Rz — Lgg ? (3)

Load equations:

dip
Vag = igt Ry 4 Lat — = 2 iyRy Ll (4)
dfri
Vae = ip Ry + Ly —— |'i —igRy — Ly E (5)
dig;
Vg =g R+ Ln d —igiflg — Ly dt (6)
fgptip+ig=0 (7)
Current equation:
lgg tigpTige= 0 {E:I
Fag = Vgp o Vae = Voe + Voa = Vig (%)

B. Freewheeling mode

During the off state periods of the forward switches S,,, Spy
and S, the load circuit is isolated from the supply and the
load terminals are short-circuited through the freewheeling
path, implying that the voltage across the load terminal is zero.
The load current will then naturally decay through the
freewheeling path and the stored energy discharges through
the freewheeling path, and applying Kirchhoff's voltage law to
the system equivalent as when S, ,Sp, and S OFF and Sy,
ON, the following equations could be derived:

i di,
- S -
Vg —Vap = bgg Ap+ Ly d__ ispfly — Ly d + Vab (10)
) digy i
Vip — Vor = igp Ry +Lb__:3rRr_Lr dt +1’ar (11)
dtsf digy
Vor —Vpg =g R+ L.— dt — iRy —Ly— dt + Ve (12)

— Vg, Vg =V, Vg, {(13)

1
Bvey, = j i At (14)
a2
1
A, = C—J‘ icg dt {15)
e
1
Av,, = C—J‘ ic;, At (16)
L&
Load equations:
diy
vas = 0= ig Roy+ Loy —= — iyRy — Lu—— (17)
i dig
vge =0 =iy Ry + L —— d iR Lr[E (18)
dig;
vea =0 =i R+ Ln d farflay — Lgy dt (19)
igr+ ip +ig =0 (20)
Current equation:
fog Tl +izp=10 (21)

The rate of change of i, ig and ig is determined by the
values of the input inductances L,, L, and L. and capacitors
Cia, Cip and Ci; during the active mode, and depending on the
load inductances Ly, Ly and L during the freewheeling mode.
Accordingly, the switching frequency is determined by these
values depending on the hysteresis band, H. Assuming
balanced three-phase supply and lg, is the rms value of the n-th
harmonic component of the supply current, the input distortion
factor THD is defined as:

E;::" Isu:
== (22)

4 Iy

THD =

Where Iy is the rms value of the fundamental component of
the supply current. The input power factor is given by:

cos gy

= (23)
v1+ THD?

Where & is the angle between the fundamental component of
the supply current and phase voltage.

1V. Simulation Results

The control algorithm of the proposed control method has
been developed and simulated using the MATLAB/SIMULNK
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software. The simulation allows investigation of both transient
and steady-state operations for the proposed method which can
also show the reduction in supply current harmonics distortion
and improving the input power factor. The system parameters
are reported in the appendix. The supply voltage is kept
constant at 220V per phase and the reference voltage is
controlled to allow bucking of the output voltage.

The steady state results of the proposed regulator at
reference voltage 150V are shown in Fig.3.The steady-state
supply phase voltage (Vs3) and the supply current (isa)
waveforms are shown in Fig.3 (a). It is clear that the supply
current follows the supply voltage in its wave shape with
nearly unity power factor. The steady-state simulation results
of input current and its harmonic spectrum for hysteresis
current control method are shown in Fig.3 (b) and Fig.3 (c),
respectively. From these results, it is clear that, by using of a
new control methodology, balanced three-phase currents with
low harmonic distortion is achieved and its total harmonic
distortion is very low, 7.91% and the PF is 0.9996.The three
phase load voltages and load currents are shown in Fig.3
(d)and Fig.3 (&), respectively. It is clear that with the aid of the
new control methodology, the load voltages are symmetrical
and almost equal the reference voltage (150V) and
asymmetrical three phase load currents with good waveform
and low harmonic distortion are achieved. The phase load
voltage and current are shown in Fig.3 (f) which shows the
validity of the proposed circuit of introducing a good
performance, also by comparing Fig.3 (f) with Fig.3 (a), it
could be detecting the improving of the input power factor
approximately near to unity. Fig.3 (g) shows that by using
such type of this new control it could be conclude that the
input current doesn't change even if there is any abnormal
disturbance in the supply voltage such as distorted supply
voltage.
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Fig. 3The steady state simulation results of the proposed circuit; (a) ); (@) Three phase supply currents; (b) Three phase load currents; (c)
Supply voltage and current; (b) Three phase supply currents; (c) RMS of load voltage(va).
Harmonics spectrum of supply current.; (d) Three phase load . .
voltages; (e)Three phase load currents;(f)Load voltage and current; The simulation results of supply and load currents due to
and (g) Input voltage and current for distorted supply voltage. +20% step change in the reference voltage from 150V to

180Vthen decreased to 150V again for the proposed method
are shown in Fig.5 (a) and Fig.5 (b), respectively. As indicated
from figures, it could be detected that, both the supply currents
load currents are increased when the reference voltage
increased and vice versa (proportional relationship), Also it
could be deduced from results that the figures have a high
quality waveform (low harmonics component).Also, Fig.5
(c)shows the transient response of the RMS value of the load
voltage (Va) during the change in the reference voltage.

The simulation results of supply and load currents due to
+34% step change in the load for the proposed method are
shown in Fig.4 (a) and Fig.4 (b), respectively. As seen from
these figures, it could be detected that both the supply currents
and load currents are increased when the load increased and
vice versa. Also from Fig.4 (c), it could be indicate that the
RMS value of the load voltage Vv, has a fast response back to
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Fig. 5 The transient state simulation results (+20% step change in
reference voltage); (a) Three phase supply currents; (b) Three phase
load currents; (c) RMS of load voltage (vVa).

Figure 6 (a, b, ¢ and d) shows other transient state results
were obtained by making a change in the supply voltage by
+25 % (220 to 170 and then increased to 220 again). Which
indicate that if there is a drop in the supply voltage, what will
be the reaction of the control circuit, Figs. 6 (b, ¢ and d) and all
the figures above show that the control methodology proposed
a high quality response with a good performance at any change
or disturbance in the circuit.
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Fig. 6 The transient state simulation results(z25% step change in
supply voltage); (a) Three phase supply voltages; (b)Three phase
supply currents; (c)Three phase load currents; (d) RMS of load
voltage(va).

V. EXPERIMENTAL RESULTS

With the objective of evaluating the employed topology, a
laboratory prototype is setup. The block diagram of the
experimental setup and a real view of the complete control
system are shown in Figs.7 and 8, respectively. The main
components of the system which labeled as in Fig. 8 are listed
in table I. The proposed new control is done on a digital signal
processor board dSPACE (DS1104) plugged into a computer.
The control algorithm is executed by ‘Matlab/Simulink’, and
downloaded to the board through host computer. The output of
the board is logic signals, which is fed to IGBTS through
driver and isolation circuits. The system parameters are

I
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Fig. 8 Experimental setup of the proposed circuit.
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Fig.7 Block diagram of the experimental setup of the proposed circuit.

Table I
P Variable AC power supply S IGBT Switches
Label | Component Label | Component
PC Personal Computer T Fast recovery diodes H Voltage and current 4 Three phase RL load
transducers
| DSP Interface circuit C Capacitors
B Drive circuit o Oscilloscope
P.S All other suppliers L Three phase inductance . .
PP P Figure 9 shows the steady-state experimental results of the
proposed circuit using the new control methodology. It is shown that,
the supply current has a nearly sinusoidal waveform
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and it is in phase with the input voltage as shown in fig.9
(a), also by comparing this figure with Fig. 9(b),it could be
detecting the improving of the input power factor
approximately near to unity. Figs.9(c) and 9(d) show the
waveforms of the three phase supply currents and the
harmonics spectrum of the supply current. It is observed that,
the input current has a low THD of 11.4% with a high power
factor of 0.992. Figs.9 (e) shows the three phase load currents;
it is shown from this figure the validity of the proposed circuit
with the new control algorithm.
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Fig. 9 The experimental results of the proposed circuit; (a) Supply
voltage and current; (b) Load voltage and current;( c) Three phase
supply currents;(d) Harmonics spectrum of supply current; (e) Three
phase load currents.

The experimental results of the three phase supply currents,
three phase load currents, and RMS value of load voltage due
to a step change in reference voltage from 150V to 180V and
return to 150V again are shown in Fig.10, respectively. It is
shown that, the load voltage follows the desired reference
voltage and hence, both the supply and load currents follow
the variation in load voltage that ensures the high response of
the proposed circuit.
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Fig. 10 The experimental results (+20% step change in reference
voltage);(@) Three phase supply currents; (b) Three phase load
currents; and (c) RMS value of load voltage(vy).

The experimental results of load currents and RMS value
of load voltage due to +34% step change in the load for the
proposed method are shown in Fig.11 (a) and Fig.11 (b),
respectively. As seen from these figures, it could be detected
that the proposed circuit with its new control has a fast
response during the load change.
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Fig. 11 The experimental results (£34% step change in load voltage)
;(1a) Three phase load currents; and (b) RMS value of load voltage
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There are slight differences between the simulation and
experimental results because in simulation results the supply
voltage has an ideal sine waveform, but in experimental results
supply voltage is not ideal sine waveform. Also, the simulation
results are done with sampling time 1e® Sec. But, the
experimental results are done with dSPACE (DS1104) with
sampling time of 1e™ Sec.

VI. CONCLUSION
This paper presents a new configuration for high
performance three-phase AC-AC buck regulator. It has a

simple control with excellent performance. The proposed
circuit has high efficiency for adjusting AC power; because it
is composed of fewer switches. The proposed regulator has a
nearly unity input power factor with low harmonics at both
input and output side. Also, the proposed circuit is
implemented using a zero-crossing processing, which allows a
greater accuracy than other methods. Input current of the
proposed regulator flows continuously, therefore, the total
harmonics distortion at the supply is very low. Also the
proposed circuit presents good response and high efficiency. A
good qualitative and quantitative agreement between the
experimental and simulated results is evident, which verifies
the validity of the proposed analysis.
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Appendix A
Data and circuit parameters
Vs = Vg = Ve =220V L=L,=L.=7mH
Ra = Rb = RC =1Q Cia: Cib: Cic: lZuF
Rl = R2 = R3: 1809 C1: C2: C3=22HF
Load side; three phase balanced R-L with R =20Q and L=

50 mH.
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