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ABSTRACT

This thesis proposes instantancous voltage control of a single-phase ac chopper, in which
the pwm signal is generated from sinusoidal control signal and the instantaneous value of the
output voltage is used for closed-loop control. The supply voltage is used as the input of the
resetable integrator to produce sine-amplitude modulation carrier signal. This signal is then
compared to the sinusoidal control signal to generate pwm signal. The amplitude of the sawtooth
carrier is proportional to the amplitude of ac supply voltage, therefore the output voltage is not
affected by suddenly supply voltage changes, i.e. voltage sag or swell. The output voltage control
system is proposed using both the load current and voltage feedback. The load current is used for
compensating for the voltage drop across the filter reactor while the load voltage is fed back to the
main control loop. Applying the proposed technique, fast response of the output voltage can be
achieved. Furthermore, the output voltage will not affect by the nonlinearity of the load current.

The validation of the proposed method is confirmed by both simulation and experimented results.
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d d Ri v v
vo=L, —i+Ri+v, » —i=—-"Il__e 4 s (3.10)
dt dt L, L, L,
nag
d j i
C, v =i—i > Sy =l (.11)
dt dt C, G

Tauin lura Tnuansdaasee 1diduauns

R,
O:Lfii,+R,i,+v“ - i@:——f—’—i (3.12)
dt dt L, L
Lag
C.f ivﬂ :il _iu -2 ivu = LHIL (3'13)
dt dt c, C

A LI
Y L 0 v, 0 L
C, C,
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A1v03 A =A,=1 (3.31)
vV ,
INAAS 0= LA, + 14, (3.32)
) V,* A
UNY (3.25) (3.26) (3.29) (3.30) aslu (3.31) 9214
K,s+K, . 1
v LC,s+RCis+1 LC,s"+R,C s+l
(- . ¥ (3.33)
'/n * ] K“S +_&

+,,7, 5 = -,
L C.s" + R_,C_,-s+l
V(s): KDS+KP'+‘]

y* LC s"+(K,+R C )s+K +1
. Ty AR r

daaunslvuaz1d (3.34)

1o K, f0 derivative gain oz K, fo proportional gain ﬂﬂdﬁ’)ﬂ’mﬂn PD Mud 1AL
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e & . L.C
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w218 B, = | (3.37)
LC,
; K, +R,.C
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1 1
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AC Chopper

Supply voltage 220V

Switching frequency 20 kHz

Supply-side filter

C 7 uF

Load-side low pass filter

L 500 pH

c; 5 uF
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2007 /03/20 01:00:08 NORM200kS /s Sms /div
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Duty ratio | V (V) A | VN | 1, A | PW) | P(W) n (%)
0.1 220 0.72 15.2 5.12 98.9 77.36 78.22
0.2 220 1.16 36.25 515 213.11 185.94 87.25
0.3 218.9 1.7 60 5.17 336.84 298.26 88.54
0.4 221 221 82.75 5:1 451.97 413.53 91.4
0.5 2194 2.73 102.9 5.1 565 517.92 91.66
0.6 221.4 3.15 1252 5.01 666.55 623.17 93.5
0.7 221 3.74 149.5 5.13 802.18 763.95 95:23
0.8 219 4.26 170 5.2 909.67 879.26 96.6
0.9 221.2 4.72 194 515 1022.7 996.9 97.4
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2007 /03/17 05:38:19 NORM200kS /s 5ms /div
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2007/03/17 053250 NORM200kS/s  5ms/div
nStepped 3 (Sms /div)
CH1=100V CHZ=2V : : ; :

DC 10¢1 DC 101
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2007/04/18 00:56:29

NORM=2200kS /s Sms /div

Stopped (Sms /div)
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2007/04/18 00:29:43 NORM2200kS /s Sms /div
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Non-linear load ( Diode rectifier with Lamp and Dc reactor )
Filter capaciter 2600 puF
Lamp 400 W
DC reactor 15 mH
2007/04/18 0Z42:00 NORM200kS/s  Sms/div
Stopped 3 (Sms /div)
CH1=100v ! ] T Cha=sY :

DC 100:1 : _ pC 1001
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Output Valtage

200

100

Vo (V)

-100

A S S S S N S T
0 0.002 0.004 0006 0008 001 0012 0014 0016 0018 0.02
Time [s]

-200

150

Vpeak (V)

30 5.33 nrasmyansuve s wwudwenn e ldnisaruquuuy lufimsiloundy

5.3.3 natielnanndeumasiudinia Taolumsnaaoaldaesawgilii 5.34 Taoly
minaassliussiudmanesnilu 110 v uagimsiiuTnaanaoa i 110 200 w iy 400 w
ot1iuiiiinle waidilo TnaanlAounasiuiiviulanaaa 13 1u304 5.35 vingUranismaaes
wiu I3 hmveanssdueen 185 unansznunnmsmuvesnszua Tnan na1afous wudiu

Y100N1 1A 92ANAIIUMSINUVDINTZLE 1HaR

AC chopper V.
LAMP

517 5.34 29sneasanaiiie Ivaanldounasiuinula



86

2007/04/18 02:34:03 NORM:100KS/s  10ms/div

Stopped ] (10ms /div)
CHI=100V ; '

DC 1001
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2006/08/07 20:39:46 [— NORM:20kS /s 50ms /div
Stopped (50ms /div)
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2006/11/16 20:21:19 C— eemmmmm  NORM20kS/s  50ms/div
Stopped (50ms /div)
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2006/11/16 20:01:15 NORM:20kS /s 50ms /div
Stopped 3 (50ms /div)
CH1=200V CHZ=100V i
DC 1001 ;
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2006/11/16 20:05:07
Stopped

NORM:20kS /s

50ms /div
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2006/10/20 20:56:26 NORM2200kS /s Sms /div
Stopped 1 (5ms/div)
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(IFUVUADUTIAUAIUVIDON 100V/div IFUA1INBITIAUIDI 5 V/div)

2006/10/20 21:0254 NORM:200kS /s Sms /div
Stopped 3 (5ms/div)
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(AUVUADITIAUAILVIODN 100V/div IFUAADLSIFUDIID 5 V/div)
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2007 /04/18 17:40:43 NORM200kS /s Sms /div

Stopped 3 (5ms /div)
CH1=100v CHZ=2V i
DC 1001 - DC 101 :

o

d‘ dlj ] o £ = :; J = o ﬂc; o
310 5.46 uaaswansaevauBiioA s WS B uRBIUTUIU 1A Tunsdii Tvaaiilud)
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(IFUVUABUTIAUAUVIBDN 100V/div IFUANABUTIAUDIIDY 5 V/div)

2007 /04 /18 17:26:09 NORM200kS /s 5ms /div
Stopped 4 (5ms /div)
CHi=100v CH2=2V :

DC 10021 DC 10:1
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2007/04/09 16:44:47 NORM200kS /s Sms /div

Stopped 3 (5ms /div)
CHI=100v CH2=5V +
DC 1001 DC 101 i
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(FUVUADUIIAUAIUYIDN 100V/div IFUA1NBNIZIE IHAA SA/iv)
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2007 /02/01 04:08:54 NORM:100kS/s  10ms/div
. Stopped 4 (10ms /div)
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2006/10/27 23:05:16 [— | NORM:20kS/s  50ms/div
Stopped (50ms /div)
3
+

e e e St B S R e e S S e

bt e ]

311 5.51 uamawaionnasniinsswuanasmuniula

(AUVUADLTIFUA LY N 200V/div IFUAADUTIAUAIUYIDDN 100V/div)

2006/10/27 23:00:36 — | NORM:20kS /s 50ms /div
Stopped (50ms /div)
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(FUVUADNT IFUA UV 200V/div IFUAIADUTIAUAUVIDDN 100V/div)
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2006/11/17 20:09:26 NORM:20kS/s  50ms/div
Stopped 1 (50ms /div)
CH1=200V CHZ=100V T

DC 1001 DC 1001 i
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2006/11/17 2010:45 NORM:20kS /s 50ms /div
Stopped b (50ms /div)
CH1=: :

CH1=200V CHZ=100v : : +5ms /div
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i HAAAMAN  Digital Oscilloscobe (YOKOGAWA)
i U DL 1540 /DL (4 Channel)
| 310021808 150 MHz Analog Bandwidth
‘; 120 MS/s on two channel
8 bit veetical resolution
DC to 30 MHz, 850V(DC+AC peak)
| 2% DC accuracy
| Internal low pass filter
| HAANMA  Band Differential Probe
i U 700924
| 51882198A 100 MHz
1 A probe lets you make wide-band
Differential input measurements
HAAAMAN  Current Probe(FLUKE)
U 80i-110s
51021009 Current ranges:

0to 10 A dc or ac peak

0 to 100 A dc or ac peak
Frequency: DC to 100kHz .(@3 db)
Output signals:

10 A range: 100 mV/A

100 A range: 10 mV/A
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True RMS 1kHz

Accuracy = 0.09%

Vac or Vdc : 0.1mV to 1000V

lac to Idc : O to 10A
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Experiment on Instantaneous Value Voltage
Control of a Single-Phase AC Chopper

S. Polmai*, and E. Sugprajun*
* Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabany. Bangkok 10520, Thailand

Abstract--This  paper reports experiment on the
previously proposed instantaneous value voltage control of a
single-phase ac chopper. The proposed control method is
based on a modified carrier SPWM and instantaneous value
voltage and current feedback control system. The validation
of the proposed method is confirmed by experimental
results.

Index Terms—AC chopper, automatic voltage regulation,
instantaneous  value  voltage control.  pulse-width
modulation.

[. INTRODUCTION

Recently. the studies of AC chopper for ac voltage
control has been increased because it has many
advantages such as high input power factor, sinusoidal
output voltage with small low-pass filter requirement and
fast response.

The applications of ac chopper for automatic voltage
regulator (AVR) or line conditioning have been proposed
based on series voltage compensating technique using
auxihiary series transformer connected between supply
and load [1]-[3]. The ac chopper-based AVR system can
be depicted as shown by Fig. 1. If a single-polanty ac
chopper is used the output voltage can only be regulated
against one direction supply voltage change i.e. under- or
overvoltage while a reversible polarity ac chopper can
provide voltage regulation for both supply over- and
undervoltage. AC chopper based AVR without series
transformer that is capable of compensating for both
under- and overvoltage has also been proposed using the
buck-boost type ac chopper [4].

Recently. concern about power quality, especially the
voltage sags and swells, has been largely increased, due
to the prolification of sensitive equipment such as
ajustable speed drives, programmable logic controller and
process control equipment. The ac chopper based AVRs
are considered as alternative solutions to these problems.
However, the sudden change in supply voltage magnitude
as in cases of voltage sags and swells requires that the
AVR should have dynamic response as fast as the
inverter-based voltage sag correcting devices currently
available. To address this requirement a fast peak voltage
detecting technique has been used in the feedback control
of the output voltage of the ac choppers [1], [2] and [4].
This technique has limitations of dynamic response and
waveform quality under low power factor and non-linear
load condition.

1-4244-0844-X/07/520.00 ©2007 IEEE.

7

| \
AN ol | AC
Y 5 Chopper
L5 .
——s— LOAD |—+ :
R -
Vo

Fig. 1. AC chopper-based automatic voltage regulator

The author has proposed a novel instantaneous value
voltage control for a single-phase ac chopper in [5]. The
proposed control method was based on the modified
carrier SPWM and instantaneous value feedback of the
output voltage and current signals. The simulauon results
confirmed that the proposed method provided very fast
dynamic response against both sudden supply voltage and
load change. The proposed control method also
demonstrated nearly sinusoidal output waveform even
under nonlinear load.

In this paper. the details and results of the experiment
of the proposed instantaneous value control method of the
ac chopper are reported.

11. PROPOSED INSTANTANEOUS-VALUE VOLTAGE
CONTROL OF AC CHOPPER

A. Configuration of a single-phase ac chopper

For a single-phase ac chopper. four switches are used
in the main circuit as shown in Fig. 2 [1]. The output
voltage can be controlled by the duty ratio of the
chopping pulse. Typical gate signals of the four switches
and the chopped output voltage before filtering are shown
in Fig. 3. Let the input supply voltage is defined as
follows:

v, =V, cos(wr) L m

where w and V, are the angular frequency and
magnitude of the supply voltage, respectvely.

The chopped output voltage can be expressed by (2).
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Fig. 3. Input volage (v.). chopped voltage (v,) and corresponding
eate signal of the four switches

v =DV, cos(en) +

< SinkD
+Zﬂl_’rcos(k(q + )t

L (2)

where D and w. are the duty rano and angular
switching frequency. respectively. The first term n the
righ-hand side of (2) 1s the fundamental component and
the second term is the harmonic content distributing
around the switching frequency.

For a high switching frequency, the harmonic content
can be filtered out using appropnated small-size low-pass
filter. In steadv-state, the filtered output voltage of the ac
chopper can be approximately expressed as follows:

v =Dlmc05(ml—q7i)_ (3)
where ©. denotes the fundamental phase delay due to
the low-pass filter.

As a result of (3). the amplitude of the output voltage
is linearly controlled by the duty ratio of the PWM signal.

In the recent works, the amplitude of the output
voltage is regulated by feedback control of the
instantaneous peak value of the output voltage using Pl
controller [1]. [2] and [4]. The controller output which 1s
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Fig. 4. Sawtooth pulse generator

a dc signal is then compared to the sawtooth carrier pulse
to make PWM signals for the four switches. Owning to
the delay in the detection of the peak value of the output
voltage, the control of the ac chopper output voltage
cannot be achieved with fast response. Furthermore, the
feedback system 1s based on dc signals, which do not
reflect the wave-shape quality of the output voltage and
the variation of the supply voltage. The control system is
thus susceptible to non-linearity of the load current and
magnitude change of the power supply.

B. Sine-amplitude modulared sawtooth signal generator

Fig. 4 illustrates a simplified schematic diagram of the
sawtooth carmier pulse generator. This circuit uses a non-
inverting integrator in stead of an inverting integrator as
n the previously proposed circuit [5]. however the
principle of operation is the same.

The absolute-value of the supply voltage signal is used
as the input of the integrator circuit. If the supply voltage
is defined by (1), it can be shown as in (4) that the output
voltage at ;+1 mstant is equal to the amphitude of the
supply voltage at 1,+71 /2 instant [S].

v.(n,+1)=V, cosal +T/2), (4)

where, T is the peniod of the sawtooth signal. From (4),
the amplitude of the sawtooth pulse vanes with the
amplitude of the T/2-second delayed supply voltage.
Because the magnitude of the sawtooth pulse is very low
around the zero-crossing of the supply voltage. this could
lead to fully-on of the switches and makes it unable to
control the output voltage around the zero crossing of the
supply voltage. To correct this, small dc voltage is added
to the integrator input to increase the slope of the triangle
pulse around zero-crossing.

Fig.5 illustrates the experimental results of the
modified sawthoot signal comparing to the sinusoidal
control signal and the resultant PWM signal. As can be
scen from the figure. a constant duty ratio PWM
waveform 1s obtained in the same manner as the
conventional dc-sawtooth companson method. The
advantage of this method is that the output voltage is
independent of the supply voltage as long as the duty
rat10 15 less than a unit

(. Instantaneous-vahwe voltage control
The equivalent circuits of AC chopper during active



Fig. 5. Mcasured sawthoot pulse and control signal (upper plot)
and resultant PWM signal (lower plot)

mode of operation, i.e, the switch S1 is "ON" and the
switch S3 i1s “OFF”, and during freewheeling, 1e, the
switch S1 i1s "OFF" and the switch S3 1s "ON" are
illustrated by Fig 6 (a) and (b). respectively. For
simplicity, the effect of deadtime 1s ignored. In Fig. 6, the
load is modeled as a current source disturbance /. Using
the state-variable averaging method described in [8], the
output voltage can be expressed by

V() DV (s)—(sL, + R, M (s)

y)= -

? L6 5+ RO o]
where R;. Cyand L, are the resistance, capacitance and

iductance of the low-pass filter, respectively.

The block diagram of the AC chopper 1s illustrated in
Fig. 7. The eftect of the output current disturebance can
be cancelled out by disturbance observer. The closed
loop control system of the output voltage is now
proposed as shown in Fig. 8 If the parameters of the
model match with those of the actual system. the effect of
output current disturbance will be rejected and the closed
loop transfer function can be found as

Vo(s) Kis+ K, +1
Vi) LGy +(K,+R,C)s+K, +1

(3)

(6)

where Kp and Kp are the derivative and proportional
gain of the PD controller, respectively.

The poles of the closed-loop control system are

8,2 =—Co, + jo,J1-¢F

(7)
where
(gﬂ: ?P(_-‘:l
VoS (8)
and
1 . 1
¢=AKy+ RO ) e
= K,+1)L,C,
( ' ) " (9)
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Fig. 6 Equivalent of AC chopper during active mode of operation
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Fig. 7. Block diagram of AC chopper model

are the natural frequency and damping factor of the
closed-loop system. respectively.

The desired closed-loop control characteristics can be
specified by properly selecting the gains Ky and Kp.

IT1. EXPERIMENTAL RESULTS

Fig. 7 illustrates the configuration of the ac chopper
for experiment. The important parameters of the system
are summarized in the Table I. The experiments have
been carried out to evaluate the performance of the
proposed method. Additionally. the experiment results
using conventional average-value control method will be
used for comparison.

A. Step response
The experimental result with the proposed
instantaneous-value control system is illustrated in Fig.

10. The output voltage follows the reference control
signal precisely and has very fast dynamic response.
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Fig. 8. Block diagram for the control system of the output voltage
LABLE I
IMPORTANT PARAMETERS FOR EXPERIMENTS
AC chopper
Supply voltage [ 220 V.50 Hz
Y Switching frequency | 20xHz
Load-side low-pass filter
0 L 500 pH
Ry 0.05Q
& S uF
Supply-side filter
& [16pF
> s, Controller parameters
Sy -
iy Kp 0.00005
) Ar 3.6
Nonlinear load
{Diode rectifier with de reactor)
Fig. 9 Configuration of the ac chopper system for experiment Filter capacitor 2600 pF
Load resistance 18Q2
DC reactor 15 mH
- . . IGBT
B. Effect o -linear load
“frect of n-tm near loa ‘ . EX GI0NGIBID.
The non-linear load 1s made of a full-wave recufier (OOV J0A
with LC filter and resistive load. To illustrate the effect of
non-linear load. the output voltage without the proposed
control method is shown in Fig. 11. The steady-state i oy =3
DC et oc Wi

experimental result with the proposed instantaneous-
value control system is illustrated in Fig. 12. Nearly
sinusoidal output voltage 1s obtained.

(. Effect of lvad change
The experimental result on step load change is shown

in Fig. 13. The output voltage is not affected by the
change of the load.
D. Effect of supply voltuge change

Fig. 13 illustrates the experimental results when the ac
supply has voltage dip to 70% of its nominal voltage for
5 cycles. Fig. 14 illustrates the experimental results when
the ac supply has voltage swell to 110% of its nominal
voltage for 5 cycles. With the proposed control method
the output voltage is nearly unaffected with the suddenly
supply voltage change. These results demonstrate the
robustness of the proposed modulation method.

V. CONCLUSIONS

In this paper. the validity of the proposed nstantaneous

VAVAV.
VAV

Fig. 10 Measured output voltage (upper trace, 100Vidiv) and
reference controlled voltage (lower trace. SVidiv) for siep
response experiment. (Time scale: Sms/div)

value voltage control for a single-phase ac chopper has been
confirmed experimentally. The proposed control method
provides fast step response. nearly sinusoidal voltage waveform
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Fig. 11 Measured outpul vollage (upper trace, 100V:dw) and load
current (lower trace. | Asdiv) under nonlinear load condition without
the proposcd control method. (Time scale: Sms/div)

Fig. 12 Measured output volage (upper trace. 100V:div) and load
current (lower trace. 1A’div) under nonlinear load condition with
the proposed control method. (Time scale: Sms/div)

under non-linear load condinon and robustness against the
supply voliage dips.

The proposed modulation and control system can
enhance the function and performance of ac chopper-
based AVR system to be able to compete with high

performance

inverter-based voltage sag mitigating

devices. Though the experiment was carried out only
with a buck-tvpe ac chopper, this control scheme can also
be used for other type of ac chopper as well.
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Performance Comparison between Average-Value
and Instantaneous-Value Voltage Controls of a
Single-Phase AC Chopper

E. Sugprajun and S. Polmai
Department of Electrical Engineering. Faculty of Engmeering. King Mongkut's Instimute of Technology Ladkrabang
Chalongkrung Road. Ladkrabang, Bangkek 10520. Thailand

E-mail: 38060202 kanilac it .
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Abstract-This paper presents experiments and vesults of two
wethods for voltage control for a single-phase ac chopper. These
methods are average-value voltage control and instantaneous-
value voltage control. In average-value control scheme, an
instantaneous peak-value of the output voltage is used as the
feedback signal and the controller is of the PI type. The
instantaneous-value control scheme. previonsly proposed by the
authors, is based on a modified carrier SP\WM and instantaneous
value voltage and current feedback control system. The purposes
of the experiments are to compare the performance of the two
methods and 1o demonstrate the validity of the proposed
instantaneous-value voltage control.

1. INTRODUCTION

Phase conmols controlled with thyristors are used for AC
power regnlation circuits. The output voltage of the ciremt 1
changad by shifting firing angle of the thytistors. As a rzsult.
the distortion of the output voltage enlarges. and the circuit
requires filters with large capacitance for eliminatng the
distortion. It also has a disadvantage that the input power factor
is low. To overcome these problems. an AC chopper circuit
with the pulse-widih control is developed. AC chopper has
many advantages such as high-qualry oufput voliagze with
small low-pass filter requitement. fast dynamue response and
high input power facror,

In recent works [1]. [2]. [3]. the amplitude of the output
voltage is regulated by feedback control of the effective value
or instantanecus peak value of the output voltage usmg Pl
controller. The controller output. which is a DC signal. 15 then
compared fo the sawrooth carrier pulse to make a PWM signal.

This method is called Lere as the average-value veltage control.

The advantage of this method 15 that the control signal is DC so
a sumple PI controller can be used. Disadvantages of this
wmethod are as follows. Owning to the delay in the detection of
the effective value or peak value of the output voltage. the
feedback coutroller cannot be designed for fast dynanuc
response. Otherwise it risks de-stabilizing the closed loop
control. Moreover. because the feedback de siznal does net
carry the wave-shape quality information of the output voltags.
the quality of the output voltage is out of control. When a
nonlinear load is connected to the output of the ac chopper. the
output volrage becomes distorted.

The author has proposed a novel voltage control for a single-
phase ac chopper in (5). The proposed control method was
based on the modified carrer sinusoidal pulse-width
modulation and instantaneous value feedback of the output
voltage and cwrent signals. This method is called here as the
instantaneous-value voltage control. The simulation results
confirmed that the proposed method provided very fast
dynamuic response against both sudden supply voltage and load
change. The proposed control method also demonstrated nearly
sinusoidal output waveforn even under nonlinear load.

In this paper. experiments are carried out on a single-phase
ac chopper using both average-value and instantaneous-value
voltage conirols. The experimental results will be compared to
demonstrate the advantages of the proposed instantaneous-
value voltage control of the ac chopper. In the following
sections the configuration of single-phase ac chopper and
methods for voltage conirel are firstly reviewed. Secondly. the
details of the experiment setup are explaied. Finally, the
experimental results using both contrel methods are reported
and compared

11. CONFIGURATION OF A SINGLE-PHASE AC CHOPPER

Fig 1 shows configuration of a single-phase ac chopper for
experiments. Typical gate signals of the four switches and the
chopped output voltage before filtering are shown in Fig. 2. Let
the fuput supply voltage is defined as follows:

v, =V, coslor) )
where © and Vi are the angular frequency and wagnitude of
the supply voltage. respectively.

The chopped cutput voltage can be expressed by (2).

v, =DV, cosiot)+
= V_simkDx
SN I costher, £ e

& A S )

where D and o, are the duty 1atio and angular switching
frequency. respeciively. The first term in he right-hand side of
(21 is the fundamental compenent and the second term is the
harmonic content distributing around the switching frequency.
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Finwe 1 Configuration of a single-phase a< chopper

S U

D o - D

v

Figure 2 AC chopper waveforns
For a high switching frequency. the harmonic content can be
filtered out using appropnated small-size low-pass filter. In
steady-state. the filtered output voltage of the ac chopper can
be approximately expressed as follows:
v, =DV, costor—¢) )
where o, denotes the fundamental phase delay due to the low-pass
filter.
As a resulr of (3). the amplitude of the oufput volrage 15
linearly controlled by the duty ratio of the PWM signal

1. CONTROLLING OF THE OUTPUT VOLTAGE

4 _dverage Valie Conmoi Metiiod

Fig 3 tlustrates block diagram for average-value control of
the ac chopper. The instantaneous peak value of the output
voltage 15 used as the feedback signal. Calculation of the
mstantanzous peak value 15 performed by phase-shifter and
multiplier as shown in Fig. 4. The source of the delay of the
feedback signal comes from the phase-shifter circuit. The
outpur of the PI controller is used as the modulated signal for
the comparator to zenerate PWN signal.

B, Instawizameous Valhie Connol Method
The instantaneous-value voltage control is based on  the
modified carmer sinusoidal pulse width modulation and

128

Pesk Telector

Figure 3 Block diagram for average-value coutrol

multipher

| K cosew *i

phase shifter

Figure 4 Instantanzous peak detector

instautaneous value feedback of the output voltage and
curent signals. The modification of the smusoidal pulsewidih
meodulator is made at the sawthoot carrier signal generaion.
The carrier signal will have its amplitude varying with rhe
instanraneous value of the supply veltage. Fig. § illustrates a
simplified schematic diagram of the sawtcoth carrier pulse
generator. This circuit uses a non-inverting integrator in stead
of an inverting integrator as in the previously proposed circuit
[4]. however the principle of operation is the same. The
absolute-value of the supply voltage signal is used as the mput
of the iniegrator circuit. [f the supply voltage is defined by (1).
it can be shown as 1w {4) that the output veoltage at 1=T mstant
15 equal 1o the amplitude of the supply voltage at =T /2 instant.

v.(r, +T)=F, coseft, +T/2). 4

where, T is the peniod of the sawtooth signal. From {4). the
amplimde of the sawrooth pulse varies with the amplinde of
the T:2-second delayed supply voltage. Because the magzmmude
of the sawtooth pulse is very low around the zere-crossiug of
the supply voltage. tlus could lead to fully-on of the switches
and makes it unable to control the ourput veltage around the
zero crossing of the supply voltage. To comect this. small dc
volrage is added to the integrator mpur to increase the slope of
the triangle pulse around zero-crossing. The advantage of this
circuit is that the output voliage is independent of the supply
voltage as long as the dury ratio is less than a unit.

The block diagram of the feedback control of the output
voltage is shown in Fiz. 6. The plant model of the ac chopper
is devired using the state-varable average model method
described in [5]. where the outpur current is model as external
disturbance. In Fig. 6 the effect of output current is rejected by
the feedback of the s1mal u , derived fiom output current. 1If
the parameters of the model match with those of the actual
plant the closed loop transfer function of the system becomes
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Fizwee 6 Block diagram for the control system of the outpart voltage

Tis) Kys+ K, +1
V. (s) L,Cps* =Ky +RC )s+Kp+1

5

where Kp and Kp are the denvative and proportional gain of
the PD controller. respecrively.
The poles of the closed-loop control system are

A L= OB} Ry (6}
viiere
r-)_z.!(KP*l)-(L,CA,J. [
and

1
s=<(K,+R.C,) JK+DLC, 9

are the natural frequency and damping factor of the closed-
loop system. respectively.

The desired closed-loop control characteristics <an be
specified Ly properly selecting the gains Kp and Kp. The
absolute value of the controller # and the medified carrier
signal 1. 1s used as the inputs for the comparator to zenerate
PWM signal.

I'V. EXPERIMENTAL RESULTS

The experunents have been camed ount on the follwng
topics: the step response of the referrence signal. the effect of
nonlinear load and the eftect of sudden supply veltage changes.
Both average-value and instantaneous-value voltage control are
applied for comparison. The details of the experiment
parameters are summarized in Table L

129

TABLEI
IMPORTANT PARAMETERS FOR EXPERIMENTS

AC chopper
Supply voltage | 220V, 50Hz
Swarching frequency [ 20 kHz
Load-side low-pass filter
Ly 500 uH
Ry 0050
G 5 uF
Supply-side filter
S |
Coutroller parameters
Ko 0.00005
K 36
Coumvennonal Pl controller
K | 0005
£ | 02
Nonhnear load
(Dhode recnfier wath dc reactor)
Filter capacitor 2600 uF
Load reustance 1802
DC reactor 15 mH

16 uF

IGBT
51-54 [ G20x60B3D. 600V 40A

4. Step respoise

Fig. 7 illustrates the step responses of the ac chopper
using the average-value voltage coutrol. Fig. 7(a). and the
proposed instantaneous value voltage control, Fig. 7(b).
respectively. In the case of instantaneous voltage control the
output voltage mack m referrence voltage precisely and exhibit
ouly small overshoot wiule in the case of average value control
larze overshoot appears at the output voltage.

B, Effect of nonliear load

Fig. § illustrates the effect of nonlinear load usmg both
control methods. The ourput voltage is nearly a sinusoidal
wave in the case of the intantaneous value control and it is
distorted by the nonlineality of the output current under
average value control.

C  Effecrof supph voltage vanianion

Fiz. 9 shows the results when the supply voltage dipped
from 100% to 70%. With the instantaneous value coutrol. the
output veltage remamed unaltered while with the average value
control the output voltage dipped at first and then climbed to
the reference value as time passed. Also a large overshoot of
the output voltage is observed at the end of voltage dip in the
case of average value control.

V. CONCLUSION

The experiments on average-value and instantaneous-value
voltage contrel of a single-phase ac chopper have been camed
out. The purpese of the experiments is o compare the
performance of both control schemes. The comparison focus
on the four topice including step response. effect of nonlinear
load and effect of supply voltage variations. Frowm the
experumental results. the proposed instantaneous value voltage
control provides improved dynamic response. robustmess to the
supply variation and less sensitivity to the nonlinear load.
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(a) In case of average value control (supply voltage: upper
trace. 200V div; output voltage: lower trace, 100V div)
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(b).In case of Instantaneous value control (supply vohage: upper
(1) In case of [ustantaneous value control (output voliage trace. 200V drv; output voltage: lower trace. 100V/div)
upper trace. 100V div: reference volrage. lawer trace, 5Vidav)
Figqwre 9 Effect of supply voliage vananon
Fiqure 7 Step response of the ac chopper
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(a) In case of average value control (output voltage: upper trace
100V dn~ Joad current: lower trace. 1A/div)
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b) In case of Instantaneons value control (output voltage: upper
wace. 100V div load curremt lower rrace, 1A /div)

Figure 8 Effect of nonlinear load
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