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Abstract-Forced commutated cycloconverten (PWM cyclo- 
converters) have no energy storage components except for small 
ac filters for the elimination of switching ripples. Therefore, the 
PWM cycloconverters can be made compact and highly reliable 
compared with the conventional converter-inverter systems. The 
PWM cycloconverters, however, directly connected the input 
terminals to the output terminals by the switching devices. As a 
result, if the input source voltages are asymmetrical and/or 
contain harmonics, the influence of the distortions directly ap- 
pear on the output terminals. This problem is a major obstacle 
to using PWM cycloconverters instead of the conventional con- 
verter-inverter systems. 

This paper presents a novel control method for PWM cyclo- 
converters. By using this control method, sinusoidal input and 
output current waveforms and unity input displacement factor 
can be obtained. Moreover, the compensation of the asymmetri- 
cal and/or harmonic contaminated input source voltages is 
easily realized. 

I. INTRODUCTION 
N RECENT years, forced commutated cycloconverters I (PWM cycloconverters) have been studied to eliminate the 

dc links of the conventional converter-inverter systems. The 
PWM cycloconverters need no energy storage components 
except for small ac filters for elimination of switching rip- 
ples. As the result, the PWM cycloconverters can be made 
compact and highly reliable. Various methods for generating 
the switching pattems for the PWM cycloconverters have 
been proposed [1]-[9]. These control methods can be classi- 
fied into two types. One is an indirect frequency conversion 
method [2] - [6]. This control method is based on the control 
methods of the conventional converter and inverter. Namely, 
ac-dc and dc-ac conversion signals are generated separately, 
and then PWM pattems for direct ac-ac conversion are 
obtained by synthesizing these signals. However, the method 
generates higher and fractional harmonic components in the 
input and output waveforms. As the result, it is difficult to 
achieve a real-time control, reducing these harmonic compo- 
nents. The other is a direct frequency conversion method 
[7]-[9]. This control method regards the frequency conver- 
sion as a coordinate transformation. Therefore, the PWM 
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pattems for ac-ac conversion are generated directly, and 
sinusoidal input and output current waveforms with control- 
lable input displacement factor regardless of the load power 
factor are obtained. Moreover, we proposed a method to 
obtain input and output current waveforms with smaller 
ripples by changing the switching sequence and the maximum 
input-to-output voltage ratio [9]. 

The PWM cycloconverters directly connect the input ter- 
minals to the output terminals by the switching devices. As 
the result, if the input source voltages are asymmetrical 
and/or contain harmonics, the influence of the distortions 
directly appear on the output terminal. This problem is a 
major obstacle in the use of the PWM cycloconverters in 
place of the conventional converter-inverter systems. The 
control functions proposed in [7]-[9] need complex calcula- 
tions to compensate the distortions of the input source volt- 
ages. We think this difficulty is due to the vague physical 
meaning of the control method. 

An output voltage control method for switched-mode recti- 
fiers proposed by Aoki et al. realized unity input displace- 
ment factor by using input line-to-line voltages whose dura- 
tions in a sampling period are proportional to their magni- 
tudes [lo]. However, the method has not been formulated, 
and it seems to not be suitable for real-time control for the 
compensation of the distortions of the input source voltages. 

In this paper, we propose a new control method with a 
clear physical meaning by introducing the principle in [lo]. 
The proposed control method synthesizes the demands of the 
output voltages using the instantaneous values of the input 
line-to-line voltages in each sampling period. However, if we 
simply incorporate the principle [lo] into the control method 
of the PWM cycloconverters, a high switching frequency and 
a narrow output voltage range result. Thus, we propose a 
two-phase-switching method instead of using three input line- 
to-line voltages to overcome these problems. By using this 
control method, the compensation of the asymmetrical and/or 
harmonic contaminated input source voltages is easily real- 
ized. Furthermore, we show the proposed control functions 
include the conventional ones [7]-[9] in the case where the 
input source voltages are symmetrical and the input displace- 
ment factor is unity. This new control method allows the 
input displacement factor to not be controllable but to be 
fixed to be approximately unity. Since unity input displace- 
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ment factor is desirable for motor-drive use for the PWM 
cycloconverters, this constraint is not a new obstacle to be 
used in the field. Therefore, we consider that the proposed 
control method is more practical compared with the conven- 
tional ones. 

Finally, feasibility of the proposed control method is veri- 
fied by simulations and experiments. 

II. CONFIGURATION OF THE PWM CYCLOCONVERTERS 

The main circuit of the PWM cycloconverter is shown in 
Fig. l(a), which consists of nine self-turn-off bidirectional 
switches, input ac filters, and symmetrical three-phase loads 
with Y connection, U,,, U,,, U,,, and U,, U,, U, denote the 
input source voltages and input voltages after the input ac 
filters, respectively. i,,, i , , ,  i,, and i,, i , ,  i ,  denote the 
input source currents and input currents after the input ac 
filters, respectively. ua, u b ,  U, denote the output voltages 
viewed from the neutral point N, and i , ,  ib ,  ic denote the 
output currents. r and 1 denote the resistance and inductance 
of the filter inductance, respectively, and the input ac filters 
for elimination of switching ripples consist of 1 and the filter 
capacitor C. . Examples of the bidirectional switches are shown in Fig. 
l(bh 

III. CONTROL FUNCTIONS 
A .  Formulation of the Control Functions 

Each switch of the PWM cycloconverter is controlled on 
and off depending on the demands of the output voltages 
U:, U:, U,* and the input voltages U,, U,, U,. 

For simplicity, the influence of the input ac filters is 
ignored, and the input voltages are symmetrical as the follow- 
ing: 

cos w,t 

where V, and U,  denote the magnitude of the input source 
voltages and the input angular frequency, respectively. The 
waveforms of the input voltages U,, U,, U, are shown in Fig. 
2(a). We can devide one cycle of the input voltages U,, U,, U, 
into six modes, as is shown in the figure. 

In this paper, we propose the method that will realize the 
output voltages as shown in Fig. 2(b) by using three input 
line-to-line voltages U,,, U,,, U,,. Assuming the values of 
the input voltages U,, U,, U, and the output voltage demands 
U:, U:, U,* at a sampling period are given as in Fig. 2 (shaded 
portion), let us derive new control functions in mode 1. 

The demands of the output line-to-line voltages u,*b and U,*, 
are synthesized by using the three input line-to-line voltages 
U,,, U,,, U,, and zero voltage U,, as follows: 

.,*b = b12 ' + b23 ' + b13 ' + bl ' (2) 

= '12 'U, + '23 + '13 'U, + '1 ' 'U, (3) 

S I 1  

(b) 

device. 
Fig. 1. PWM cycloconverter. (a) Main circuit; (b) bidirectional switching 

Ts 
(b) 

(b) output voltage waveforms. 
Fig. 2. Input and output voltage waveforms; (a) Input voltage waveforms; 

where b12,  b 2 3 ,  b13, b, ,  c12, ~ 2 3 ,  ~ 1 3 ,  and c1 denote the 
duty ratios of U,,, U,,, U,,, and U,, to be used in the 
sampling period, and the relationships of these variables are 
expressed as 

b12 + b23 + b13 + b1 = 1 

~ 1 2  + ~ 2 3  + ~ 1 3  + ~1 = 1 

(4) 

( 5 )  

where 

0 1 b , ~ 1 1 , 0 5 b ~ ~ 1 1 , 0 1 b , ~ 5 1 , 0 1 b ~ 1 1  (6) 

0 5 C12 I 1 , O  I C12 I 1 , O  I C13 I 1 , O  I c1 5 1. (7) 
~ 

In the periods of b, and c1, the output voltages are zero. 
These periods make the adjustment of the mean values of the 
output voltages in the sampling period flexible. We determine 
the values of the duty ratios to be proportional to the magni- 
tudes of the input line-to-line voltages. Namely, the on 
interval of a switch in each phase is proportional to the 
magnitude of the input voltage. Therefore, b,,, bZ3, b13, b , ,  
c12, c23, c13, and c1 are expressed as 
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where CY and 0 are coefficients corresponding to the voltage 
demands. 

By substituting (8)-(15) into (2) and (3), we obtain the 
following equations: 

(16) 

(17) 

u,*b = (Y (U;,, + U:, + U;,) 
U,*, = P * ( U:, + U;, + U;,). 

The values of b,,, b23 ,  b l 3 ,  c12, c23, and ~ 1 3  are obtained 
by substituting (8)-(15) into (16) and (17) and by removing 
(Y and 0 as follows: 

Fig. 3 shows how to synthesize the output line-to-line volt- 
ages u z b ,  U,*, in the sampling period. 

This output voltage control method makes the input dis- 
placement factor unity in the case where the input voltages 
are sinusoidal and symmetrical. We use denotations of cur- 
rents and voltages in Fig. 4. The output line-to-line voltages 
u,b and U,, are obtained by (2) and (3) in mode 1.  Con- 
versely, the input phase current i , , ,  for example, is synthe- 
sized with the output currents i a b ,  i,,, and ib ,  as 

iuu = b l Z  iub + '12 * iuc + ('12 - '12) ' b c *  (24) 
By (18) and (21), (24) is rewritten as 

ill, = 1 - U,, 
where 

c1 : e23 : cl2 : c1.J 

k- Ts-j 
Sampling Period 

Fig. 3. Synthesizing method of output line-to-line voltages. 

Fig. 4. Denotations of currents and voltages. 

If the output voltages U,(,, U,,, and ubc are sinusoidal, the 
output currents i o b ,  i , , ,  and ib ,  are also sinusoidal. When 
the input source voltages are sinusoidal and symmetrical, the 
coefficient 1 in (25) is constant. The input phase current i , ,  
is in phase with the input line-to-line voltage U,,. It can also 
be proved that i , ,  and i , ,  are in phase with U,, and U,,, 

respectively. The input-to-output voltage ratio A( = 
max v , b  /max Vu,) is derived from (6) and (7) and (18)-(23) 
as 

A = 0.75.  (27) 

The switching frequency of the PWM cycloconverter is 
determined by the switching terms in each sampling period. 
The switching times are dependent on the switching se- 
quence. In the case of Fig. 3, the minimum switching times 
are realized by outputting the input voltages like this: U,, -+ 

U,, + U,, + U,, + U,,. The total switching times in this 
sampling period is ten. 

B. Improvement of the Control Functions 
In the previous section, we formulated the control func- 

tions that use all the three input line-to-line voltages. We 
introduce the following two-phase-switching method, which 
realizes lower switching frequency and broader output volt- 
age range than the method in the previous section does. Since 
u-phase voltage is the maximum during mode 1 ,  as shown in 
Fig. 2(a), the switch S,, is to be always connected to the A 
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phase, whereas the voltage U,* is the maximum of the output 
voltage demands. Thus, during this mode, the switches 
Sbl-Sb3 and S,1-Sc3 are controlled to meet the output volt- 
age demands uzb and U:,, respectively. During this mode, 
available input line-to-line voltages are U,, and U,,. Voltage 
U,, is obtained as 

I~err ia~~d  ol OutpiiL Liiie 

to 1,ine Voltage v,b* -+ 

bl ; b2 ; 03 
U,',, 

U,, = - (U,, - %J- (28) 

The following equations are obtained by substituting (28) into V"W 
\I, I 

(2) and (3): 

u:b = 

- - 

U:, = 

- - 

where 

- 
I)emniid or Onlput Line 
io  I I I I W  Voltagc vac* - 

( b l Z  - b 2 3 )  + ( b 2 3  + b 1 3 )  . (29) 
b ,  - U,, + b, * U,, + b,  U,, (30) 

(32) 
cI : c2 : c? 

(cl, - c23)  + (c23 + cl,) * (31) 

+- 7:c -4 c1 U,, + c, * U,, + c3 * U,, 

Sampling Peiiod 
(33) Fig. 5.  Synthesizing method of output line-to-line voltages using two-phase b ,  + b, + b, = 1 

switching method. c1 + c2 + c3 = 1. (34) 

The new variables b,-c, correspond to the duty ratios of the 
switches Sbl-Sc3 in the sampling period, respectively. b,  
and c1 denote periods of zero output voltage for adjusting the 
mean values of output voltages in the sampling period. Fig. 5 
shows how to synthesize the output line-to-line voltages 
uzb, U;, in a sampling period. The variables of b , ,  b,, b,, 
c,, c2, and c3 are the proposed control functions. When we 
use the switching sequence that outputs the input voltages as 
U,, + U,, + U,, -+ U,,, the total switching times of this new 
method in a sampling period is six. 

We can derive the control functions b2,  b,, c,, and 12, 
from (18)-(23) and (29)-(32) as 

(35) 
- 'uw) ',*b b, = 

u t ,  + U;, + v i u  

(37) 

(38) 
(U", - uwu) - uzc 

U:, + U;, + U;, * 

cg = 

The control functions in other modes are obtained in the same 
way as in mode 1. For example, during mode 2,  since w 
phase voltage is the minimum, the switch S,, is turned on to 
connect the w phase to the C phase, where voltage U,* is the 
minimum as shown in Fig. 2(b). Thus, the demands of the 
output line-to-line voltages U,*,, U:, are synthesized by the 
switches S,,-S,, and SbI-sb, ,  respectively. The control 
functions a1-a3 and b,  -b, corresponding to the switches 
S,,-S,, and S b l - S b 3  are derived, respectively. 

The input-to-output voltage ratio using the improved con- 
trol functions can be derived from the following constraints: 

0 I b, + b, d 1 (39) 

0 I c, + c, s 1 .  (40) 

From (39) and (40) and (35)-(38), we obtain the input-to- 
output voltage ratio as 

d 3  

2 
A = -( = 0.866).  (41) 

The two-phase switching method realizes such improve- 
ments [9] as the increase of the input-to-output voltage ratio 
and the reduction of the harmonic distortion of the input and 
output waveforms by changing the switching sequence. In the 
case of symmetrical input source voltages, the denominators 
of the proposed control functions expressed by (35)-(38) 
become constant. Furthermore, we can use the following 
relations: 

U,, - U,, - 
- - U w o .  

3 (43) 

The proposed control functions are rewritten as 

b, = -k * U , ,  * uzb 

b, = -k * U,, * u,*b 

C, = - k * uu0 * uZc 

cg = - k * U,, * uzC 

(44) 

(45) 

(46) 

(47) 

where k denotes a coefficient. 
Equations (44)-(47) show that the proposed control func- 

tions coincide with the conventional ones [9] and with the 
control principles [7], [8] in the case of unity input displace- 
ment factor. 

For simplicity of explanation, the above derivation of the 
proposed control functions are explained on the assumption 
that the input source voltages are symmetrical, but no con- 
straint on the input source voltages is introduced in the 
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derivation. Assuming that U,;, U,;, and U,-, denote asym- 
metrical and/or harmonic contaminated input line-to-line 
voltages, the output line-to-line voltages uZb during mode 1 
are synthesized using (30) and (32) and (35)-(38) as 

(50) 
v, cos (w, t  - Y )  
v, cos ( o , t  + ;) 

\ 

(49) - *  - ' a b .  

The other output line-to-line voltage U,, also coincides with 
the demand U:, in the same way. 

Therefore, if the source voltages are asymmetrical and/or 
contain harmonics, the control functions will be modified 
automatically. The compensation of the distorted input volt- 
ages is easily realized without extra calculations. 

The actual switching patterns are generated by the single- 
edged modulation method, in which the control functions are 
sampled and held to be compared with a sawtooth wave 
during each sampling period Ts, which is shown in Fig. 6. 

IV . SIMULATION AND EXPERIMENTAL RESULTS 
A .  Symmetrical Input Source Voltages 

Fig. 7 shows the simulation result of the proposed control 
method in the case where the three-phase input source volt- 
ages are balanced with the magnitude V, = 100 V, the 
input-to-output voltage ratio uOUt /vi,, = 0.7, the input fre- 
quency (60 Hz), the output frequency (30 Hz), and the 
sampling period Ts = 260 p s .  The input source currents 
iuo, iuo,  I ,, are obtained by eliminating switching ripples 
from the input currents i , ,  i,, i, with the input ac filters. 
The output currents i , ,  i b ,  i ,  and the input source currents 
i , , ,  i , , ,  i,, are nearly sinusoidal. The input source currents 
I , , ,  I , , ,  iw ,  are nearly in phase with the source voltages 
uuo,uuo, U,,, respectively. 

Fig. 8(a) shows the experimental results of the waveforms 
of the input source voltage U,, and the input source current 
i,,. The input current i , ,  leads to the input source voltages 
U,, due to the current into the input filter capacitor. Fig. 8(b) 
shows the waveform of the output current i , .  The input and 
output currents are nearly sinusoidal. These experimental 
waveforms are obtained by off-line calculation of the control 
functions. The parameters used for the simulations and the 
experiments are listed on Table I. 

. .  

. .  

B. Asymmetrical Input Source Voltages 
Fig. 9 shows the simulation results of the conventional 

control method [9] in the case of asymmetrical input source 
voltages expressed as 

1 v, cos w,t 

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 38, NO. 3, JUNE 1991 

to Line Vollagr IJ,,~* 

c1 -t c2 

Coiitrol Function Ct 

Saiiiplitig I ' e h d  

Fig. 6. Generating method of PWM patterns. 

where VI : V, : V, = 1 : 1 : 0.9. - -  
From -this figure, it is known that the output current 

TABLE I 
PARAMETERS OF THE CIRCUIT 

r = 0.50 ( Q )  
I = 0.60 (mH) 

C = 10.0 (pF) 
R = 6.0 (Q) 
L = 3.5 (mH) 

INPUT ac FILTERS 

LOAD 
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f l N G L E I O E G 1  

II tPII l :  G O ( / / z ]  O u l p l :  3 O [ 1 / z ]  
717 = ? G O [ p ~ e c ]  VI = lOO(Vl 
t', = loo[v] v, = ,up] 

source voltages). 
Fig. 9. Simulation result of the conventional method (asymmetrical input 

- I 6  J 

0 60 I70 In0 240 300 960 420 4BO 540 600 660 770 
I I N O L E I O E G I  

1 l t t p t i f  : G O [ / / z ]  
T c  = 260[/iscr] = IOO[V~ 

Oulpuf : RO[//zJ 

v 2  = lOo[vJ v, = ,O[V] 

source voltages). 

( 
Fig. 10. Simulation result of the proposed method (asymmetrical input 

waveforms are distorted by the influence of the asymmetrical 
input source voltages. 

Fig. 10 shows the waveforms of the proposed control 
method in the same conditions of those in Fig. 9. The output 
currents are nearly sinusoidal. 

The mode detection of the input source voltages is done by 
using the output signal of the PLL circuit synchronized with 
the u-phase voltage uu, and one cycle of the input source 
voltages are devided by 60" equally. 

Figs. 10 and 11 show the experimental waveforms of the 

Input : GU[//z] 
7 : ~  = 2SO[prrrJ 
V, r W[Vl 

OslpuL : 3 0 [ / / t I  
1'1 = S O l V ]  
V, = 45[Vl  

input source voltages). 

conventional and proposed control method, respectively. The 
conditions of the experiments are the same as those of the 
simulations. 

The output current waveform in Fig. 11 is distorted by the 
influence of the asymmetrical input source voltages, but the 
waveforms in Fig. 12 are nearly sinusoidal. The output 
currents in Figs. 11 and 12 contain higher harmonics. This is 
because the calculation of the control functions is carried out 
off line, and smal l  ripples in the input source voltages are not 
compensated. These small ripples can be eliminated by on-line 
calculation of the proposed control functions. The waveforms 
of Figs. 11 and 12 almost coincide with the corresponding 
waveforms in Figs. 9 and 10, respectively. From these 
figures, the compensation is achieved by using the proposed 
control method. 

Fig. 11. Experimental result of the conventional method (asymmetrical 

C. Harmonic Contaminated Input Source Voltages 
Figs. 13 and 14 show the simulation results using the 

conventional and proposed control methods, respectively. 
Harmonic contaminated input source voltages are expressed 

1 

10 
cos w,t + - COS5W,t 

1 
cos w,t - - + -cos5 w,t - - ( 10 ( 2J IC.. (w,t + ?) + 10 1 cos5( w,t + Y )  

i 1) 

From these figures, the distortions of the input source volt- 
ages do not affect the output currents by using the proposed 
control method. 

V . CONCLUSIONS 

A novel PWM control method for the forced commutated 
cycloconverters is proposed. The results are as follows: 

The control functions with a clear physical meaning 
are obtained using the input line-to-line voltages. 

1) 
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I t i p s 6  ’ 611(1/z] Otilplil : B O [ / l z ]  

Fig. 14. Simulation result of the proposed method (with harmonics). 

IrtpviI : G O [ l / z ]  Otilpril : 3l1[1fz) 
’/’? = z6r1[/1~~,-j  IT, = s o p )  

Fig. 12. Experimental result of the proposed method (asymmetrical input 

1’2 = SO(l’] I$ = 15[1’] 

source voltages). 

0 GO 170 Itlo 240 3UO 350 420 4EO 540 GOO GGO 720 
I I N G L E I  UEG I 

IIlJIlll : 61l[/l2J Oll lpl l l  : 30[//2] 

Fig. 13. Simulation result of the conventional method (with harmonics). 

2) By introducing the two-phase switching method, re- 
duction of the switching frequency and increase of the 
input-to-output voltage ratio are realized. The pro- 
posed control functions include the conventional ones 
in the case where the input displacement factor is 
unity. 

3) The compensation for asynmetrical and/or harmonic 
contaminated input source voltages is realized. 

4) Feasibility of the proposed control method is con- 
formed by simulations and experiments. 

[31 

r41 

r51 

[71 

r91 
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