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Summary

Various PWM techniques for three-phase power converters, such as the AC to DC 

converter and the DC to AC inverter, have been proposed and increasingly used with the 

development of the switching power devices. These are discussed separately for the types of 

the voltage source and the current source. This paper proposes a new PWM technique for the 

three-phase inverter/converter applicable to the above both types. The output characteristics 

of the new PWM technique are excellent in thee low-order harmonic elimination and the 

output gain to the DC power source. In this paper, the method to obtain the switching timing, 

the switching pulse pattern for the each power source, the frequency spectrum and the 

characteristics for the PWM output waveform are described. And they are verified by the 

experimental results for the voltage source inverter and the current source AC to DC 
converter.

1. Introduction

DC to AC inverters for the AC motor drive are 

classified.as either the voltage source inverter or the 

current source inverter depending on the power source 

from which they are fed. An AC to DC converter with 

a DC reactor (DCL) for the DC motor drive belongs to 

the latter type. Most of these converters consist of a 

three-phase bridge circuit with six switching arms and 

operate with six-step pulses. Therefore, the voltage or 

current waveforms in the AC side of the circuit are 

rectangular wave with 120' conduction angle, which 

invite many problems on the both sides of the loads 

and the power source(1)(5)

 To overcome all these problems without complicat-

ing additional circuits, several pulse width modulation 

(PWM) systems have been proposed and used(1)-(12). 
The most frequently used PWM techniques for the 

voltage source inverter are the specific harmonic elimi-

nation systems(1)-(6), and the sinusoidal wave modula-

tion system(2)(3). The similar PWM technique are 

reported for the current source inverter. They are 

specific harmonic elimination systems(7)(8) which is the 

same as above mentioned, and the trapezoidal wave

modulation system. In contrast to the voltage source 

inverter, the current control technique to vary it1 

mean, value has not been almost used so far(8), but the 

pulse width modulation of the current is favorable 
with respect to the low order harmonic elimination.

 Many low order harmonics can be eliminate( 

simultaneously using the conventional sinusoidal 

PWM technique. But the resulting value of output 

voltage to the DC voltage source is poor(9)(11). Th( 

fundamental peak value of the AC output voltage foe 

the conventional system is limited to about 86% of th( 

DC voltage for the large number of PWM pulses, while 

it is about 110% for the six-step rectangular wave 

For the conventional PWM control, many switching 

times are needed to eliminate the several low-order 

harmonics of the output waveform. The specific 

harmonic elimination system and the trapezoida 

PWM system are excellent in getting the higher out 

put, but they may tend to invite undesirable anothe 
harmonics.

This paper proposes a novel PWM technique for th 

three-phase power converter applicable to both type 

of the voltage source and the current source' 14X15).

2. New PWM Technique

2.1 Principle

Fig. 1 shows the typical three-phase bridge coverte
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Fig. 1. Typical three-phase bridge power converters.

as (a) voltage source inverter, (b) current source 

inverter and (c) current source type AC to DC con-

verter, which are the schematic circuits applying the 

PWM control in the paper. The switches S1-S6, 

in the figures, represent the self commutated switching 

devices such as power transistor, GTO or thyristor 

switch having commutation circuit.
 There are next relations among the three-phase line 

to line voltages (eur, e-, c.,) and line currents (iu, iu, 

iw).

Eq. (1) means that the one of the three-phase line to 

line voltages is given by the others as explained by 

ewu= (euu+et.u,). The relations among the currents 

are the same. That is, if the PWM switching pulses 

for the two line to line voltages or two line currents 

are determined, the rest may be given from those.

2.2 PWM switching timing

 Fig. 2 shows the method to determine the PWM 

switching timings for balanced three-phase sinusoidal 

waveforms and those PWM waveforms. The wave-

forms eur, eur and e, - are the PWM control reference 

signals corresponding to the desired line to line

voltages or line currents of the power system. The 

waveforms er1 and er2 are produced from the two 

reference signals except the largest signal, with which 

by comparing the triangular waveforms et, and e,2, the 

switching timing are determined as shown in Fig. 2. 

The switching pulses P, and P2 obtained by these 

comparisons correspond to the PWM waveforms of 

the cr, and ere respectively and the PWM waveform 

for the largest signal are given by the combination 

pulses of them as above mentioned. The modulation 
index M is defined as the ratio of the amplitude of the 

carrier waveform (E,) and that of the reference signal 

(Er), that is M=Er/E,. To obtain the normal 
sinusoidal PWM waveform, the value of M must be 

restricted below the unity. The PWM waveforms 

obtained from the combination of the pulses P1, PP and 

P3 represent the three-phase line to line voltage (eu,,, 

eu:u, e.,) of Fig. 1(a) and the three-phase line current 

(iu, i6, iu) of Fig. 1(b) and (c).

 The PWM switching pulses for the balanced three-

phase sinusoidal signals over the period are obtained 
from the pulses P1-P3. In order to obtain these 

balanced PWM waveforms, it is required to satisfy 

the next relation between the carrier (switching) 

frequency fs and the output frequency fo.

where, m=1, 2, 3••• and is equal to the number 01 pulse 

of P1 or P2 in the interval (0-,ƒÎ/3). The NP value 

represents the number of the PWM switching pulse per 

a half period of the output waveform, and is given by 

NP=4m.

 Fig. 3 shows a conventional sinusoidal PWM tech-

nique used as the three-phase voltage source inverter

Fig. 2. New PWM timings and waveforms. Fig. 3. Conventional PWM timings and waveforms.

昭60 2〈85〉



電 気 学 会 論文 誌B 178

for the comparison with the new scheme. The pulses 
P , P2 and Pa are given by the comparisons of the carri-
er waveform e, with the reference signals evr, evr and 
ev,r. The PWM waveform eu,, obtained from these 

pulses shows the three-phase line to line voltage of 
Fig. 1(a) . The fundamental component of that can be 
controlled by the modulation index defined as M=Er/
Et. In this case, the ratio of the carrier frequency f3 to 
the output frequency f3 is equal to the number NP of 
the PWM switching pulses per a half period and they 
are shown as next;

2.3 Switching pulse pattern

Once the switching timings are given, the switching 

pulse patterns for the three-phase bridge converters 
shown in Fig. 1 can be obtained easily according tothe 

next scheme for the two kinds of power source.

(1) Voltage source inverter

(i) When the PWM pulse voltage is applied, take 

your attention to the phase related to the line to line 
voltage, and select either positive or negative switch-

ing arms of the phase according to the polarity of the 

PWM waveform. And then, give the gate pulses to the 

selected switchine arms for the interval.

(ii) For the interval of zero output, give the gate 
pulses to all the swiching arms of either the positive or 
negative group, so that the output voltages are not 
affected by the load power factor.

(2) Current source inverter
(i) When the PWM pulse current flows throurgh 

the AC line, select the switching arms according to the 
phase and the flowing direction of the output current, 
and give the gate pulses to the selected switching arms 
for the interval.

(ii) For the interval of zero current output, give 
the gate pulse to the both switching arms of the 
positive and negative group for a given phase at the 
same time not to open the DC circuit contaning the DC 
reactor.

Fig. 4 shows the switching pulse patterns of the six 
switching arms of the three-phase bridge circuits for 
(a) the voltage source type and (b) the current source 
type respectively. They are determined so that the 
same switching pulse pattern for each switching arm 
can be obtained. On the actual system, it must be 
taken into account for some other considerations such 
as the posibility of short circuit due to the finite 
switching time and the dealy time for the voltage 
source and the infuluence by line inductances at com-
mutation for the current source, and so on. 
 In the conventional sinusoidal PWM method for the 

voltage source inverter, the switching pulses shown in 
Fig. 3 are used usually, but another switching pulse 

patterns may be considered according to the above 
procedure. And the generation of the switching pulse

Fig. 4. New PWM switching pulse patterns.

pattern for the current source type can be also 
obtained, but they have not been applied so far(8).

3. Theoretical Analysis

3.1 Switching timing

 The all switching timings for the PWM waveform 

of the balanced three-phase signal can be determined 

from one comparison of the waveforms in the interval 

(0-ƒÎ/3) because the resulting switching pulses P, 

and Pz are obtained from each other as can be seen in 

Fig. 5.

 The switching timings for the P, and given by the 

intersections of the two waveforms. Their equations 

are represented as next with the function of B (=ƒÖt).

where, the former's expression is for the triangular 

waveform and the latter is the reference signal to be 

compared. The D, is a period of the triangular 

waveform and is given by Dt=2ƒÎ/3/(2m+1). From 

the above equations, the switching timings ƒÆ1-ƒÆ2m. are 

obtained by solving numerically the next equations.

while, if the dotted line signals as shown in Fig. 5 are 

used to compare instead of the sinusoidal ones, the 

swiching timings for a trapezoidal PWM can be also 

obtained. In this case, as can btt seen, the pulse P, for 

M=1 corresponds to the pulse P2 (logical inverse of 

the pulse P2)

3.2 Spectrums and characteristics

Once the switching timings are given, the harmonics 
of the PWM waveforms as shown in Fig. 6 (a)-(c) 
can be easily obtained.

The harmonics of the AC line PWM waveform, the
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Fig. 5. New PWM switching timings.

Fig. 6. New PWM waveforms of inverter

 and converter.

line to line voltage or the line current in Fig. 6 (a) are 

obtained as follows ;

where a, represents the fundamental component and 

a6,t, are the harmonic components, and they are given 
as next (see Appendix).

The effective value is obtained by

The fundamental effective value is

The distortion factor DF is obtained by

The fundamental component and harmonic component 

of the phase voltage are given by dividing the values 

of the a, and a6l•}1 by •ã3.

 On the other hand, the DC output voltage and its 

ripple components of the PWM converter can be easily 

obtained by using above results for the AC line current. 

Note that the instantaneous three-phase input power 

Pa is equal to the DC output power Pd(4). They are 

shown as next.

Therefore,

where E., is the phase voltage of the three-phase 

power line. The DC (average) voltage e,/Ed, and the 
DC ripple harmonic components es, are shown as next.

where Edo represents the maximum mean value of the 

three-phase full bridge converter. The power factor 

(PF) of the PWM converter is given by

4. Characteristics

4.1 Harmonics of the PWM waveform

 Fig. 7 shows the frequency spectrums of the new 
sinusoidal PWM waveform and of the conventional 
one. The similar numbers of switching pulse per a half 
period of the PWM wavefoom are selected for compar-
isons of them. NP=16 for the new PWM (a) for the 
trapezoidal PWM (c) and NP=15 for the conven-
tional PWM (b) are chosen from the restriction given 
in the above. The n=w/as is the order of the har-
monics. The equivalent switching frequency fg of the 
new PWM is equal to the carrier frequency as shown 
in Eq. (3 ), and is considerably high (ns=fs/fo=27 for 
NP=16) as compared with the conventional one (ns
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=fs/fo=15 for NP=15). This means that the large 
number of pulse NP(=27) must be chosen for the 
conventional PWM in order to obtain the similar 
spectrum to the new PWM shown in the above. In this 
case, the higher harmonics of the PWM output will 
tend to increase due to the many pulses of the output. 
While, the switching times NS of the each switching 
arm for the both PWM scheme is equal to the fre-

quency ratio n, given by Eqs. (3), (4)for the voltage 
fed type converter. The switching times for the cur-
rent fed type is samller than this. Moreover, we must 

pay attention to the amplitude of the fundamental 
component of the PWM output which decides the 
overall characteristics of harmonics such as distortion 
factor. It is shown that the trapezoidal PWM waveform 
contains some low order harmonics in addition to 
that of the switching frequency. It may be concluded 
that the new PWM scheme is useful for the elimination 
of low order harmonics with the small number of 

pulses NP.
 Fig. 8 shows the frequency spectrum of the DC 

output voltage (ed) of the new PWM AC to DC con-

verter as compared with the dotted spectrum of the AC 

line current obtained now. As is evident from Eq. (20), 

it can be seen that the DC ripple harmonics d6, arise 

between the two harmonics (asp*,) of the AC line 

current"'.

4.2 Controlled-output characteristics

 Fig. 9 shows that the maximum fundamental values 

of the new PWM and the conventional PWM output to 

their number of pulse. The value for the convention-

al one is limitted to about 86% of the DC voltage 

for the large number of pulse (NP•†9). And in the 

case of the small number of pulse (NP=3), it is inten-

sively affected by the phase of the carrier waveform to 

the reference signal. It varies from about 58% to 

about 110% same as the six-step rectangular waveform. 

On the other hand, the fundamental components of 

the new PWM waveform can be controlled up to about 

100% of the DC voltage (or current) for any number of 

pulses (NP•†4) as shown. This means that the new 

PWM system possesses about 12% higher output 

power capabilities than the conventional one.

 These difference of the control range can be ex-
plained as next. Fig. 10 shows the approximate rela-
tions between the DC voltage and the fundamental 
waveforms of (a) the rectangular, (b) the conventional 
PWM, and (c) the new PWM output voltage respective-
ly. The waveform (a) and (b) show the voltage to the 
virtual neutral point of the DC voltage source, but the 
waveform (c) for the new PWM presents the line to 
line voltage output. Their fundamental outputs and 
peak values of the line to line voltages Eam1, Ebm and 
E,m, of them are shown as follows

Fig. 9. Comparison of fundamental output

 component between new PWM and 

      conventional PWM.

Fig. 7. Frequency spectrums of AC output

 for three kinds of PWM.

Fig. 8. Frequency spectrum of DC output

 voltage of new PWM converter.
Fig. 10. Relations of fundamental output to DC

 voltage for three kinds of inverter .
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 Fig. 11 shows the variation of the principal compo-

nents of the new PWM waveform to the modulating 

index 11. Fig. 12 represents the characteristics of the 

DC output voltage as the AC to DC converter by the 

new PWM control. The fundamental component of 

the PWM waveform and the DC average voltage are 

linearly controlled by the modulating index M. The

Fig. 11. New FWM characteristics for

 modulating index M..

Fig. 12. DC output characteristics of new PWM.

maximum effective value is about 1.1 times of the 

fundamental component. The high total power factor 

(PF) near the unity will be obtained over the wide 
range of the output control because of the unity funda-

mental power factor (PF), by using the filters to 

suppress the switching harmonics.

5. Experimental Results

5.1 Voltage source PWM inverter

 The experimental results are obtained by the 3.5 

WA transistor inverter. Fig. 13 shows the resulting 

oscillograms of the three kinds of PWM output volt-

age (upper) and current (lower) waveforms and it's 

spectrums with the theoretical value for comparisons, 

which are operated in the same condition as next ; [Ea 

=200 V, ff=60 Hz (three-phase AC power line), fa= 

60 Hz (output frequency) and ZL=15.5 ƒ¶, (PF)L=0.8 

(load power factor) ). Fig. 13 (i) and (ii) are the 

results for the new PWM of NP=16 and NP=8 

respectively. Fig.13 (iii) is for the conventional PWM 

waveform of NP= 15. As may be prospected from the 

voltage spectrum, the current waveform of the new 

PWM for NP = 16 (i) is very close to a sinusoidal one 

compared with that of the conventional PWM for NP 

= 15 (iii). The output waveform of the new PWM for 

NP=8 (ii) is similar to that of the conventional one 

for NP = 15 (iii). Fig. 14 shows the comparisons of the 

output characteristics for the new and conventioal 

PWM obtained under the same operating conditions. 

The results are considerably agree with the theoretical 

one shown in Fig. 9. It can be seen that the efficiency 

is affected by the number of the PWM pulses. Fig. 15 

shows the experimental comparisons between the new 

PWM (NP=8) and the conventional PWM (NP=15) 

for the same switching times (NS =15). The higher

Fig. 13. Oscillograms of PWM output waveforms (upper : 270 V/div, lower : 10 A/div)
 and it's spectrums of voltage source transistor inverter.
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Fig. 14. Comparisons of resulting output 

characteristics between new PWM 
       and convenional PWM.

Fig. 17. Oscillogram ( 160 V/div, 20 A/div)
 and it's spectrum of PWM output.

Fig. 15. Comparisons of efficiences and output 

power between two PWMs with similar 

output spectrums.

Fig. 18. DC motor driving characteristics by
 new PWM Converter.

Fig. 16. Thyristor converter circuit suitable for 

new PWM scheme.

output and efficiency can be obtained for the new 
PWM inverter which may be caused by the difference 
of the output gain for the same modulating index (M 
=1.0). The efficiency of the new PWM inverter for the 
same output gain as the conventional one is also shown 
in the figure for the comparison.
 The successful driving by the new PWM inverter is 

confirmed for the speed control of an induction motor.

5.2 Current source type converter

 Fig. 16 shows the AC to DC converter constructed by 
the thyristor bridge with the commutation circuit 
suitable for the new PWM technique(15). The bidir 
ectional power conversion is easily performed only by 
changing the gate pulse sequence to the thyristors 
which is a significant feature of the current fed con 
verter. The gate pulse patterns of the thyristor bribg( 
circuit are shown in Fig. 4 (b) and the gate pulse for

 the commutation circuit is obtained from the P,. Fig. 
17 shows (a) the oscillogram of the three-phase PWM 
current and the voltage waveforms, and (b) the spec-
trum of the current obtained by this circuit under the 
operating condition as next; [Ea=200 V, fa=60Hz 
(three-phase power line), Id=10 A (DC current) and 
NP=8, M=0.5]. The inverting operation is performed 
successfully by the same circuit as the converting 
operation. It is verified that the sinusoidal PWM 
current waveform can be obtained for the current 
source power converter too. The driving characteris-
tics of the DC motor by this circuit is shown in Fig. 18. 
The rating of the DC motor are as follows ; [P,=1.5 
kW, N,=1,750rpm, Edr=180V, Id,=9.3A]. The DC 
motor can be smoothly controlled and the higher 
efficiency n can be obtained. If the AC filters to elimi-
nate the higher harmonics of the PWM current is used, 
the higher power factor (PF) will be obtained, because 
the fundamental power factor (PF), holds about unity 
over the wide range of the output control as'shown. 
On the other hand, the toal power factor of the conven-
tional phase controlled converter can not be improved
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by using these filters, because the fundamental power 

factor goes down with the low output voltage.

6. Conclusion

 In this paper, the new PWM technique is proposed 

and the characteristics and the availabilities have been 

discussed compared with the conventional ones. And 

they are verified experimentally about the voltage 

source inverter and the current source type AC to DC 

converter.

 From these investigations, it can be summarized 
that the new PWM scheme has some superior features 
as follows to the conventional ones ; ( 1) effective 
elimination of low order harmonics, (2) high efficien-
cy, (3) small kVA rating (large output), (4) wide 
application (voltage source and current source inverter 
/converter), (5) adjustable sinusoidal PWM current 
(fast response), (6) high power factor (converter) and 
(7) small PWM losses of the load (small number of 
NP).
 One of the authors (T. Ohnishi) wishes to express 

the appreciation to Prof. F. Harashima for his continu-
inv unidances and advices.
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Appendix

(1) Fundamental component of the PWM waveform

(2) Harmonic components of the PWM waveform
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