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Abstract 

lo this vaper a description of some of the available modulation strategies and their suitabilitv for induction 
motor driies is discussed. Comparison of various schemes is undertaken by defining suitabk performance 
indices. Comparison charts are presented to illustrate the effectiveness of each scheme. 
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1. Introduction 

The recent advancement in power semiconductor technology coupled with technological 
improvements in power control techniques now provide means for effectively using pulse 
width modulation (PWM) techniques for variable speed motor drive applications. 
PWM-inverter-fed induction motor drive is favored for its improvements in motor 
system dynamics, efficiency, power factor and ease in control'. Also the PWM method of 
control permits the use of a fixed voltage DC link and thus facilitates parallel operation 
of several inverters. Several modulation strategies are available in the literature2.'. 
However, the choice of a modulation strategy should be so chosen to minimize the effect 
of unwanted harmonics of the motor terminal voltage. The presence. of these undesirable 
voltage components can cause torque pulsationsa, speed disturbances, acoustic noise 
which could be undesirable for many domestic and industrial environments3, motor over 
heating due to .excessive copper and iron 1 0 s s e s ~ ~ ~ ~ ~  and current transients which can 
overtax the inverter switches. Unless the modulation approach is carefully selected to 
contain within reasonable limits these harmful side effects of the modulation process, full 
practical advantage of the favorable features of the PWM drive cannot be taken. 

This paper discusses some aspects of the modulation problems encountered in the 
development of a practical ac drive without regard to a particular power circuit 
anfiguration. Suitable performance indices based on the harmonic loss factor, rms value 
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of the harmonics in the audible range (mainly to evaluate the noise performance) and 
pulsating torques caused by current harmonics are defined. The performance indices are 
used to effectively evaluate the PWM schemes for the induction motor drive, 

2. Description of the available PWM schemes 

Figure 1 illustrates the general arrangement of the rectifier inverter induction motor 
drive system. Inverter switches are opened and closed according to a predefined PWM 
strategy. In this section a brief description of the available PWM schemes is presented 
along with their corresponding spectrum. 

2.1 The sine PWM technique 

This scneme is most popular and widely used in industry. The PWM pulses are derived 
from the intersection of the triangular carrier wave and the low frequency sinusoid. 
Figure 2 illustrates the waveforms of the sine PWM scheme, line-to-line voltage and the 
corrcsponding frequency spectrum. The magnitude of the fundamental can be varied by 
varying the amplitude of the intersecting low-frequency sinusoid. The maximum 
amplitude of the fundamental obtainable with this scheme is 0-866pu which contributen 
to low-inverter utilization. This is the main disadvantage of this scheme. Synchronization 
of the carrier with the reference sinusoid eliminates subharmonic components at the 
output. However, suitable ratio changing schemes have to be adopted if wide variation 
in speed is required. 

2.2 The modified sine PWM technique9 

In this scheme (fig. 3) only first and last 60" intervals (per half-cycle) are generated 
through the intersection of the triangular carrier and the reference sinusoid. This 
technique has the advantage of producing a magnitude of the fundamental close to uniq 
at the output. 

R E C T I F I E D  i I L T E R  I N Y C P T E P  
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FIG 1. Rectifier inverter induction motor drive 
system. 
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FIG 2 .  SFWM wareforms. (a )  ('ilrrw and refer- 
111. .,,. .... .I.. .. ,,._, 

ence s~nuso~d: (h). (c) Lins.to.ncutr;,l voltages: Frr; 3. MSPWM waveforms. (a) Carrier and re- 
(d) Lme-to-line volt;~gc\; (c) ~ r ~ ~ ~ e n c y  rpeotrurn ference smusod: (h) Llne-to-hnc voltages: (c) Fre- 
ol (d). quency specrrurn of (b). 

2.3 Third harmonic bzjecrion PWM reckniq~e'~ 

In this scheme, third harmonic component is added to the low-frequency sinusoid. 
The resulting flat-topped waveform (fig. 4) which intersects the triangular carrier wave 
allows a boost in the magnitude of the fundamental component while maintaining 
minimum harmonic voltage components at the output. 

2.4 Harmonic elimination PWM" 

This scheme was proposed by Patel and ~ ~ f t ' l  and is based on selecting particular 
switching instants in the PWM waveform such that a set of unwanted harmonic 
mmponents are completely eliminated, Figure 5 shows an experimental PWM switching 
Pattern to eliminate 5,7,11,13,17,19,23,25 (N = 9) harmonics and its corresponding 

Spectrum. The trip]en harmonics do not have any effect in a three-phase 
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F I G  5 .  Swtchlng p.lttero for el~minst,a~ 
F L G J .  Harmanlcinjeci~on PM'M (a)  Carrlcrnnd 5.;.11.13.1:.19.?3.?5 i':,,, = I (for rhrse phase) 
isfcrsnis saves; ( h i  Line-to-line voltage; (c )  Frc- i d )  Line to line ioltage i; ,,: (h) Frequent! I ~ L C .  

qusnc) spectrum of (b)  <rum of (a )  

unconnected neutral load. The most dominant harmonic in the present case is 29. This 
scheme is particularly suitable to operate the motor at base speed and results in excellenr 
performance of the drive. Hou,ever, at lower frequencies the number of switchings has!o 
be increased to achieve good performance. Also computation of the various switching 
instants to eliminate a set of harmonics is quite cumbersome even on a mainframe 
computer. 

3, Comparison of PWM schemes 

In this section the available PWM schemes are evaluated for the induction motor drive. 
A carrier frequency ratio of 15 is assumed for sim PWM schemes. These are compared 
with harmonic elimination PWM with N = 5 and N = 9. Various performance indices 
are defined to make this comparison possible. 

3.1 Performance index based on harmonic losses 

The additional losses incurred in the motor due to the unwanted voltage harmonics 
contribute to the motor heating and as a result considerable deratmg of the motor maybe 
required. Thus an optimum PWM technique should minimize additional harmoniclosses 
in the motor. These are primarily harmonic copper losses and can be computed as 
follows. 

The magnitude of the kth harmonic current in the motor is given by. 

where 'I/, is the pu kth harmonic voltage and f is the pu fundamental frequency. The kth 
harmonic copper loss is Z ~ . R ~ ,  where Rk is the resistance of the motor of the kth 
harmonic. Therefore the harmonic copper loss can be expressed as, 
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pL = I ~ ~ . R ~ .  (2) 
The skin effect on the resisfance at harmonic frequencies can be taken into consideration 
for more accurate loss prediction. Therefore, 

Figure 6 shows the pu harmonic loss for various PWM waveforms. The supedority of 
selective harmonic elimination PWM for n = 9 is quite evident despite having fewer 
switching instants per cycle. Harmonic injection PWM is found to be superior to sine 
pWM above 0 . 6 ~ ~  voltage. However, MSPWM and harmonic elimination PWM with 
N = 5 exhibit higher losses. Previous theoretical and experimental investigations have 
confirmed that increase in core losses due to time harmonic main fluxes is negligibles. 

3.2 Noise factor 

Acoustic noise of the PWM-fed induction motor drive is caused by harmonic currents in 
the audible range3. Accordingly, to minimize the acoustic power, it is necessary to 
reduce the harmonic current as much as possible. Thus a noise factor is defined based on 
the rms value of the harmonic components in the audible range of a particular PWM 
strategy. These harmonic currents are determental in causing acoustic noise in the 
motor. Such factors are becoming increasingly important in the present wide-spread 
application of ac motor drives in industrial, domestic and office environments. Thus an 
optimum PWM technique should generate minimum noise due to harmonics3. Figure 7 
illustrates the noise factor of various PWM schemes. From this comparison sine P W M  is 
superior in terms of noise performance below 0 . 6 ~ ~  voltage. MSPWM and harmonic 
elimination PWM with N = 5 exhibit higher noise factors than all other schemes. This is 
mainly due to the amplification of higher order harmonics. 

3.3 Pulsating torque factor 

PWM power supplies produce dominant harmonics at certain frequencies, and torque 
fluctuations due to such harmonics may be large particularly at low speeds. In order to 
compare the low-speed capability of various PWM techniques, the dominant pulsating 
torque developed by each waveform is calculated. The effects of rotor speed fluctuations 
and dc link voltage variations are not taken into consideration for simplicity. Robertson 
and Hebbar4 have outlined the procedure for computing the pulsating torque due to 
harmonics based on the equivalent circuit of the induction motor. Air gap flux levels at 
harmonic frequencies are very small1* and the dominant torque fluctuatiens are those 
due to the interaction of the fundamental flux in the air gap with the harmonic rotor 
Currents. Thus the kth rotor current Ik reacts with the fundamental flux 41 to produce a 
Pulsating torque component whose pu amplitude is given by, 

Tkkl = +I+  (4) 



PRASAD ENJETI er d 

-'I 

Modbl a t  i o n  i n d e x  Modulation index 
FIG h. Himnonic losscs as function o l  pu fun- FIG 7 .  N o ~ s c  tactur as function of pu fundamental 
dsmmtal Bcquencg. (a)  Sine PWM: (b)  MSPWM: frequency. (a) Sine PWM; (b) MSPWM: (c) Har. 
(c) Harmonic injection PWM: (d )  Harmonic cli- m o n k  injcction PWM: (d)  Harmonic elimination 
mination PWM (N = 5): (e) Hnrmonicclimination PWM ( N  = 5 ) :  ( e )  Harmonic elimination PWM 
PWM ( N  = 9) .  (N = 9). 

It should be noted that the torque harmonic is of order (k + 1) for negative sequence 
rotor currents and of order (k - 1) for positive sequence currents. Substituting for Ik 
from (1) in (4) we have, 

Thus the dominant pulsating torque component is computed using the above expression 
for each PWM waveform, sine PWM with a carrier frequency ratio of n is characterized 
by large amplitude voltage harmonics at (n k 2) and (2n + 1) times the fundamental 
frequency. The (2n + l)th harmonics both develop pulsating torques of order 2n and are 
approximately in phase, thus contributing to a major hunting torque component. In the 
Present case with a camer frequency ratio of 15 the dominant torque harmonic is 30 
times the frequency of the fundamental and its worst case value is Tp(max) = 0.45 PU at 
Vpu = 0.2. In the case of harmonic injection P W M  Tp(mar) = 0.51 of order 30 at 
Vpu = 0.2. For MSPWM T P ( m )  = 0.56 of the order 12. The pulsating torque is 
predominant in the case of harmonic elimination PWM for N = 5 TJrnar) = 0.87pu at 
VPU = 0.2 and Of the order 18, for N = 9 Tp(-) = 0.525. The pulsating torque 
component T p ( m 4  increases with the decrease in the carrier frequency ratio which 
contributes to the pulsating torque. 
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4. Conclusions 

Compariwn charts presented ih s t r a t e  the effectiveness of each PWM scheme. Sine 
~ W M ,  harmonic injection PWM and harmonic elimination PWM (N = 9) are found to 
p i d e  minimum losses due to harmonics and the sine PWM scheme i s  found to be 
paflicularly suitable for silent operation of the drive below 0 . 8 ~ ~  of the base speed. 
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