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Abstract. Continual-clamp pulse width modulation (CCPWM) clamps each phase of a three-phase inverter to

one of the two dc buses continually for 60� duration in each half of the fundamental cycle. Split-clamp pulse

width modulation (SCPWM) divides the 60� clamping interval into two sub-intervals, which are not necessarily

equal, and falling in two different quarter cycles. Whether continual clamp or split clamp, the positioning of the

clamping interval in case of CCPWM, and the ratio of splitting the clamping interval in SCPWM – all influence

the waveform quality of the inverter output. This paper derives analytically closed-form expressions for the total

RMS harmonic distortion factor and torque ripple factor pertaining to CCPWM with any arbitrary position of the

clamping interval (i.e., generalized CCPWM) and also corresponding to SCPWM with any arbitrary ratio of

splitting of the clamping interval (i.e., generalized SCPWM). The analytical results are well supported by

experimental results on 3-hp and 5-hp induction motor drives.

Keywords. Analytically derived closed-form expression; bus-clamping pulse width modulation; continual-

clamp PWM; discontinuous PWM; harmonic analysis; harmonic distortion; split-clamp PWM; pulsating torque;

voltage source inverter; waveform quality.

1. Introduction

Research on bus-clamping pulse width modulation

(BCPWM) strategies [1] for three-phase voltage source

inverter (see figure 1) started a few decades back [1–6], has

continued over the last two decades [7–22] and remains

active even at present [23–32]. A number of pulse width

modulation (PWM) schemes were proposed in the early

years of research on BCPWM [1–6]. Though these PWM

schemes are seemingly different, all these methods clamp

each phase to the positive or negative dc bus during dif-

ferent intervals in a line cycle; hence the name bus-

clamping PWM [1]. Since one of the phases is clamped and

only two phases switch in any carrier cycle with these

PWM methods, they are also sometimes referred to as two-

phase modulation [8, 9]. The modulating signals used by

such schemes are discontinuous functions of time, as

illustrated in figure 2(a) and 2(b). Hence such methods are

more commonly known as discontinuous pulse width

modulation (DPWM) methods [10, 11].

The modulating signal in figure 2(a) is one of the early

bus-clamping modulation signals [2]. As seen from fig-

ure 2(a), the clamping for a phase occurs in the middle 60�

duration of each voltage half-cycle; hence the name 60�
clamp PWM for this method [17, 19]. Figure 2(b) illustrates

the modulating signal corresponding to another popular

BCPWM method where the clamping occurs in the middle

30� of each voltage quarter cycle. This technique is termed

30� clamp PWM [17, 19].

More generally, the 60� clamping duration in figure 2(a)

can be positioned anywhere within the middle 120� of the

voltage half-cycle, i.e., ð30� þ cÞ to ð90� þ cÞ, where

0� � c� 60�. This technique is referred to as continual

clamp PWM (CCPWM) [17, 21, 22]. Similarly, the 60�

clamping interval could be split into two intervals of c and
ð60� � cÞ, positioned in the first and second quarter cycles,

respectively, in each half cycle. This method is termed split

clamp PWM (SCPWM) [17, 21, 22].

CCPWM with any general c has been studied exten-

sively, particularly in the context of reduction in inverter

switching loss when feeding high power factor loads

[11, 14]. Effect of the positioning of the clamping interval*For correspondence
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on total harmonic distortion (THD) in line current has been

studied only for specific values of c (i.e., 0�, 30�, 60�)
[5, 8, 11, 21]. To the best of authors’ knowledge, the

influence of this positioning on torque ripple in an induction

motor drive has not been reported. One objective here is to

investigate the effect of the optimal positioning (i.e.,

c ¼ copt) and/or any arbitrary positioning (i.e., 0
� � c� 60�)

of the clamping interval in CCPWM on motor current THD

and pulsating torque.

Also, despite the long history of BCPWM

[1–5, 10, 11, 14], the study of SCPWM (other than c ¼ 30�)
is relatively rare and recent [17, 21, 22, 24]. The focus of

these papers is to investigate the reduction in switching loss

due to unequal splitting of the clamping interval and to

arrive at the optimal splitting to minimize switching loss.

The effects of such unequal and/or optimal splitting of the

clamping interval in SCPWM on both THD and pulsating

torque are studied in the present paper.

Harmonic distortion factor is widely used for compara-

tive evaluation of line current THD from different PWM

methods, regardless of machine or line-side parameters

[8, 11, 16]. Closed-form expressions have been derived

analytically for harmonic distortion factors pertaining to

specific PWM methods [8, 11, 16, 21, 33].

This paper attempts to derive analytically closed-form

expressions for two classes of PWM methods, namely,

CCPWM with any arbitrary c, and SCPWM with any

arbitrary c (i.e., 0� � c� 60�). The paper also derives

analytically closed-form expressions for torque ripple

factor [33], pertaining to the two classes of PWM meth-

ods. The torque ripple factor is a measure of torque ripple

produced by the motor and is independent of motor

parameters [33]. The analytical results are well supported

by experimental results from 3-hp and 5-hp induction

motor drives.

2. CCPWM and SCPWM schemes

Generation of common-mode and modulating signals for

CCPWM and SCPWM is illustrated in figure 3. Optimal

CCPWM [11, 17, 22] and optimal SCPWM [17, 22] to

minimize inverter switching loss are reviewed.

2.1 Modulating waves

Three-phase sinusoidal signals mR;mY and mB are shown in

figures 3(a) and (b). Based on the maximum among these

signals, the common-mode signal mCM P, which can clamp

one of the phases to positive dc buses, can be generated as

given in eq. (1a), and shown in figure 3(a).

mCM P ¼ 1� maxðmR;mY ;mBÞ; ð1aÞ

mCM N ¼ �1� minðmR;mY ;mBÞ: ð1bÞ

Similarly, using eq. (1b), the common-mode signal

mCM N to clamp a phase to the negative dc bus can be

obtained as illustrated in figure 3(b).

As known widely [11], the common-mode signal

mCM CC for CCPWM can be expressed as

mCM CC ¼
mCM P; ð30� þ cÞ\xt\ð90� þ cÞ;
mCM N ; ð90� þ cÞ\xt\ð150� þ cÞ:

�
ð2Þ

The common-mode signal mCM SC for SCPWM can be

obtained by swapping mCM P and mCM N in the two sets of

intervals as shown:

mCM SC ¼
mCM N ; ð30� þ cÞ\xt\ð90� þ cÞ;
mCM P; ð90� þ cÞ\xt\ð150� þ cÞ:

�
ð3Þ

Figure 1. Power circuit diagram of a two-level inverter.

(a)

(b)

Figure 2. Popular BCPWM schemes: (a) 60� clamp PWM [2]

and (b) 30� clamp PWM [6].
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The modulating signals for CCPWM and SCPWM, mR CC

and mR SC, obtained by adding the respective common-

mode signals mCM CC and mCM SC to the sinusoidal signal

mR, are shown in figures 3(c) and (d). The clamping regions

of R-phase with CCPWM and SCPWM depend on the

parameter c as indicated in table 1 [21].

As will be shown in later sections, a typical modulating

signal shown in figure 3(d) is better than a typical modu-

lating signal as in figure 3(c) both in terms of harmonic

distortion and pulsating torque.

2.2 Optimal CCPWM and optimal SCPWM

The optimal value of c (i.e., copt) to minimize the inverter

switching loss with CCPWM depends on the power factor

angle / as shown in dotted line in figure 4(a). CCPWM

with c ¼ copt is referred to as optimal continual clamp

PWM (OCCPWM). Similarly, optimal split clamp PWM

(OSCPWM) employs c ¼ copt, which varies with / as

shown by the solid line in figure 4(a).

The switching loss from different PWM methods, nor-

malized with respect to that from the conventional space

vector PWM (CSVPWM), is shown plotted against power

factor angle in figure 4(b). The switching energy loss is

assumed to be proportional to the fundamental current

here. The BCPWM methods are compared at the same

average switching frequency (or carrier frequency equal to

1.5 times that of conventional space vector PWM)

[17, 22].

It can be seen from figure 4(b) that the 60� clamp PWM

(curve 2) reduces the switching loss significantly at high

power factors, but increases the loss at low power factors,

compared with CSVPWM. The 30� clamp PWM (curve 3)

results in a marginally lower switching loss than

CSVPWM at high and low power factors, but there is a

marginal increase in switching loss with this method over

CSVPWM at medium power factors. OCCPWM (curve 4)

yields lower switching loss than CSVPWM over a wide

range of power factor, though still not close to that of zero

power factor. OSCPWM (curve 5) results in a lower

switching loss than CSVPWM over the whole range of

power factor [17].

Thus, whether CCPWM or SCPWM, variation of c in

accordance with power factor is beneficial from a

switching loss perspective. This paper examines the effect

of such variation of c on line current distortion and torque

ripple.

(a) (b)

(c) (d)

Figure 3. (a) Positive common-mode signal, (b) negative common-mode signal, (c) modulating signal and common-mode signal for

CCPWM and (d) modulating signal and common-mode signal for SCPWM.

Table 1. Clamping Regions of R-Phase with CCPWM and

SCPWM.

Schemes Clamping regions of R-phase

CCPWM ð30� þ cÞ\xt\ð90� þ cÞ
ð210� þ cÞ\xt\ð270� þ cÞ

SCPWM 30�\xt\ð30� þ cÞ; ð90� þ cÞ\xt\150�

210�\xt\ð210� þ cÞ; ð270� þ cÞ\xt\330�

Sådhanå (2019) 44:36 Page 3 of 12 36



3. Analytical evaluation of torque ripple
and current ripple from CCPWM and SCPWM

Closed-form expressions for harmonic distortion factor and

torque ripple factor with CCPWM and SCPWM are derived

analytically in this section.

3.1 Analysis of current ripple over a sub-cycle

For a voltage reference vector Vref as shown in figure 5(a)

(or an equivalent set of three-phase reference voltages), the

applied voltage vector at any instant in the given sub-cycle

is either V0, V1 or V2. The corresponding error voltage

vectors are Verr;0, Verr;1 and Verr;2, respectively, as shown in

figure 5(a). In CCPWM or SCPWM, the given Vref is

realized using the switching sequence 7-2-1 (figure 5(b)) or

sequence 0-1-2 (figure 5(c)). In both cases, the active

vectors V1 and V2 are applied for durations T1 and T2,

respectively, where

T1 ¼
Vref

Vdc

sinð60� � aÞ
sinð60�Þ Ts; T2 ¼ Vref

Vdc

sinðaÞ
sinð60�Þ Ts; ð4aÞ

T0 ¼ Ts � ðT1 þ T2Þ: ð4bÞ

The zero vector is applied for the remaining duration of

T0, defined in eq. (4b). Here, Vref and a are the magnitude

and angle, respectively, of the reference vector Vref ; Vdc is

the dc bus voltage.

When this Vref is realized using sequence 721, the q-axis

applied voltage vq and the d-axis applied voltage vd vary

over the sub-cycle as shown in figure 5(b). The average

value of vq over a sub-cycle equals Vref (i.e., the q-axis

component of Vref ), while the average value of vd is zero.

The q-axis stator flux ripple wq and the d-axis stator flux

ripple wd are time integrals of vq � Vref

� �
and vd, respec-

tively. Variations of wq and wd over the sub-cycle for

sequence 721 are also shown in figure 5(b). The voltages

along d- and q-axes and the corresponding flux ripple for

sequence 012 are illustrated in figure 5(c).

From figures 5(b) and (c), the RMS value of wd (denoted

by Fd;SEQ) and that of wq (denoted by Fq;SEQ) corresponding

to a sequence SEQ (where SEQ = 012 or 721) can be

expressed in terms of Ts, Vref and a as shown by equations

(5a) and (5b), respectively:

Fd;SEQ ¼ Ts

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A3dV

3
ref

q
;A3d ¼

ffiffiffi
3

p

27
ð6ab2 � 8a2b3Þ; ð5aÞ

Fq;SEQ ¼ Ts

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2qV

2
ref þ A3qV

3
ref þ A4qV

4
ref

q
: ð5bÞ

The coefficients A2q, A3q and A4q are tabulated in table 2.

They are simplified versions of the coefficients reported in

[22]. It can be observed that the RMS d-axis flux ripple

Fd;SEQ is the same for sequences 012 and 721, since A3d is

the same.

The quantities Fd;SEQ and Fq;SEQ are used to evaluate the

harmonic distortion and torque ripple from different PWM

methods as discussed in the following sections.

3.2 Analytically derived closed-form expressions

for torque ripple factor

Torque ripple factor FTRF is the RMS value of q-axis flux

ripple over a sector, normalized with respect to the funda-

mental flux w1 as shown [33]:

FTRF ¼ 1

w1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p

Zp
3

0

F2
q;SEQda

vuuut ; where w1 ¼
Vref

x
: ð6Þ

(b)

(a)

Figure 4. (a) Variation of copt against power factor angle for

optimal continual clamp PWM (OCCPWM) and optimal split-

clamp PWM (OSCPWM). (b) Normalized switching loss from

different BCPWM methods; normalization is with respect to

CSVPWM [17].
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Here, w1 is the magnitude of fundamental flux, x ¼ 2pf1
and f1 is the fundamental frequency of stator voltages.

When different sequences are used over different sub-

sectors in a sector, the integration in (6) needs to be carried

out over the individual sub-sectors. In case of CCPWM,

sequence 721 is used in the region 0� � a\c and sequence

012 is employed in the region c� a\60� in a sector.

Hence, the torque ripple factor for CCPWM, denoted by

FTRF;CC, is evaluated as follows:

FTRF;CC ¼ 1

w1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p

Zc

0

F2
q;721daþ

Zp
3

c

F2
q;012da

2
64

3
75:

vuuuut ð7Þ

Similarly, the torque ripple factor for SCPWM FTRF;SC with

arbitrary c is given by

FTRF;SC ¼ 1

w1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p

Zc

0

F2
q;012daþ

Zp
3

c

F2
q;721da

2
64

3
75

vuuuut : ð8Þ

Evaluation of the above integrals in (7) and (8), followed by

simplification, leads to the following closed-form analyti-

cally derived expression for FTRF for CCPWM and

SCPWM with any general c:

FTRF ¼ xTs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C0q þ C1qVref þ C2qV

2
ref

q
ð9Þ

The coefficients C0q, C1q and C2q for CCPWM and

SCPWM are tabulated in table 3. While the coefficient C0q

is a constant, the coefficients C1q and C2q are trigonometric

functions of angle c. The corresponding coefficients for

CSVPWM are also given for comparison.

3.3 Analytically derived closed-form expressions

for harmonic distortion factor

The RMS value of d-axis flux ripple over a sector can be

evaluated in a similarmanner as that of q-axis flux ripple. The

d-axis flux distortion factor FDIST d is given by eq. (10):

FDIST d ¼ 1

w1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p

Zp
3

0

F2
d;SEQda

vuuut : ð10Þ

Table 2. Coefficients A2q, A3q and A4q for different sequences.

SEQ A2q 9
ffiffiffi
3

p
A3q 36A4q

0127 1
12

�3a� 8ab2 3� 16ab3 þ 12b2

þ2a2bþ 8a2b3

012 1
3

�12a� 14ab2 4� 8abþ 32a3b

�4a2bþ 8a2b3 þ 9b

721 1
3

�12a� 2ab2 4þ 8ab� 32a2b2

þ8a2bþ 8a2b3 � 9b

a ¼ sinðp
3
þ aÞ; b ¼ sinðp

3
� aÞ

(a) (b) (c)

Figure 5. Stator flux ripple vector over a sub-cycle for Vref ¼ 0:8Vdc and a ¼ 10� for sequences 012 and 721. (a) Error voltage vectors

Verr;1, Verr;2 and Verr;0, (b) orthogonal components of stator flux ripple vector over a sub-cycle for sequence 721 and (c) corresponding

components for sequence 012.
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Since Fd;SEQ is the same for sequences 012 and 721 as

mentioned in the previous section, FDIST d is independent

of c for both CCPWM and SCPWM. FDIST d and FTRF are

squared and added to result in the square of the harmonic

distortion factor FDIST , defined in (11):

FDIST ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
TRF þ F2

DIST d

q

¼ xTs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C0q þ ðC1q þ C1dÞVref þ C2qV

2
ref

q
;

ð11aÞ

C1d ¼
4

ffiffiffi
3

p

135p
: ð11bÞ

FDIST for specific PWM techniques are functions of Vref ,

x and Ts [16, 21, 33]. Here FDIST and FTRF have been

derived for two classes of PWM techniques, namely,

CCPWM with any general c, and SCPWM with any general

c. Therefore, both FDIST and FTRF , pertaining to these two

classes of PWM methods, are functions of Vref , x, Ts and c.

3.4 Performance of CCPWM and SCPWM

The first derivatives of the analytically derived expressions

of FTRF for CCPWM and SCPWM are shown plotted

against c for different values of Vref in figure 6(a). As seen,

c ¼ 0� and c ¼ 60� are the minima of FTRF for CCPWM,

since the first derivative d
dcFTRF is zero and the second

derivative is positive.

In case of SCPWM, c ¼ 0� and c ¼ 60� are the points of

maxima for FTRF , as
d
dcFTRF ¼ 0 and the slope of d

dcFTRF is

negative.

Further, FTRF are equal for both CCPWM and SCPWM

at c ¼ 0� as well as c ¼ 60�. This can be seen from the

expressions for the coefficients C1q and C2q in table 3. This

is true for FDIST as well.

Moreover, one can see that c ¼ 30� is the maximum for

FTRF with CCPWM, while c ¼ 30� is the minimum for

FTRF with SCPWM. This is demonstrated for Vref ¼
0:866Vdc in figure 6(b). This holds good for FDIST also.

Thus, CCPWM with c ¼ 30� (or 60� clamp PWM) is the

worst among CCPWM methods in terms of FDIST and FTRF .

On the other hand, SCPWM with c ¼ 30� (or 30� clamp

PWM) is the best among SCPWM methods in these

respects. Also, for any c in the range 0�\c\60�, SCPWM

is better than CCPWM. Figure 7(a) shows the superiority of

SCPWM over CCPWM in terms of FTRF at any Vref .

Similarly, figure 7(b) demonstrates the superior perfor-

mance of SCPWM in terms of FDIST over CCPWM at any

Vref .

The best reduction in harmonic distortion and that in

torque ripple are achieved with SCPWM when c ¼ 30�.
Hence, SCPWM with c ¼ 30� (or the 30� clamp PWM) is

the optimal BCPWM method in terms of torque ripple and

current ripple. However, this method is not the best in terms

of inverter switching loss as discussed in the previous

section. Optimal CCPWM (OCCPWM) and optimal

SCPWM (OSCPWM) are designed to minimize the

switching loss. THD and torque ripple with these methods

are evaluated in the following section.

4. Performance of optimal CCPWM and optimal
SCPWM

At any given Vref , the PWM waveform changes with power

factor in case of optimal CCPWM (OCCPWM) and optimal

SCPWM (OSCPWM) schemes. Hence FTRF and FDIST vary

Table 3. Coefficients C0q, C1q and C2q for different PWM

methods.

PWM C0q C1q C2q

CCPWM 1
3 � 44

ffiffi
3

p

135p � 1
3p ð6e� f Þ 1

3
þ

ffiffi
3

p

12p ð2g� hÞ
SCPWM 1

3 � 314
ffiffi
3

p

135p þ 1
3p ð6e� f Þ 4pþ3

ffiffi
3

p

12p �
ffiffi
3

p

12p ð2g� hÞ
e ¼ sinðcþ p

3
Þ; f ¼ sinð3cÞ; g ¼ sinð2cþ p

6
Þ; h ¼ sinð4c� p

6
Þ

CSVPWM 1
12 � 44

ffiffi
3

p

135p
4p�3

ffiffi
3

p

24p

(a)

(b)

Figure 6. Variation of (a) d
dcFTRF and (b) FTRF with the angle c.
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with power factor as shown in figure 8(a) and figure 8(b),

respectively, at Vref ¼ 0:866Vdc for the two optimal PWM

techniques. Here, the values of FTRF and FDIST from dif-

ferent PWM methods are normalized with respect to those

from CSVPWM.

As seen from the figure, CCPWM with c ¼ 30� (i.e., 60�

clamp PWM) leads to the highest torque ripple at this Vref

(roughly 10% higher than that from CSVPWM). Optimal

positioning of the 60�-clamping interval (i.e., OCCPWM)

not only reduces the switching loss, compared with 60�

clamp PWM, as shown in figure 4(b), but also improves the

torque pulsations at low and medium power factors as

shown in figure 8(a).

Optimal splitting of the clamping interval (i.e.,

OSCPWM) leads to superior performance than OCCPWM

in terms of torque ripple as shown in figure 8(a). The 30�

clamp PWM (or equal splitting of the clamping interval)

leads to the lowest pulsating torque, which is roughly 30%
lower than that of CSVPWM.

Exclusively from a torque ripple perspective, 30� clamp

PWM would be the best at high modulation indices.

However, OSCPWM reduces the switching loss signifi-

cantly, compared with both CSVPWM and 30� clamp

PWM, at any power factor. Hence, OSCPWM would be a

good choice from the considerations of both switching loss

and pulsating torque.

The normalized FTRF pertaining to OSCPWM is lower

than 1, (i.e., better than that of CSVPWM) for any

Vref [ 0:8Vdc at any power factor, as shown in figure 9(a).

OSCPWM is always better than OCCPWM as shown in the

figure, except in the regions marked A and B in the figure,

where the FTRF pertaining to the two methods are equal.

In terms of the THD, any BCPWM method is much

better than CSVPWM at Vref ¼ 0:866Vdc as seen in fig-

ure 8(b). In fact, for any Vref [ 0:65Vdc, OSCPWM is

superior to CSVPWM in terms of THD as shown in fig-

ure 9(b). The performance of OSCPWM is either better

than or the same as that of OCCPWM under any operating

condition. The 30� clamp PWM is always the best method

among BCPWM methods in terms of FDIST . OSCPWM is

(a)

(b)

Figure 7. (a) Torque ripple factor FTRF and (b) harmonic

distortion factor FDIST of CCPWM and SCPWM in the whole

range of Vref and c. Average switching frequency is 1.5 kHz in

both the cases.

(a)

(b)

Figure 8. Variation of (a) normalized FTRF and (b) normalized

FDIST against power factor angle from different PWM methods.

Normalization is with respect to CSVPWM. Vref ¼ 0:866Vdc in

both the cases.
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very close to 30� clamp PWM in terms of THD, and is

better than 30� clamp PWM in terms of switching loss at

any power factor.

The machine-independent analytically derived expres-

sions for line current distortion and torque ripple, derived in

section 3, are validated experimentally in the following

sections.

5. Experimental study on waveform quality

The experimental set-up consists of a 10-kVA two-level

IGBT-based inverter, feeding a 2.2-kW, 415-V, 50-Hz delta-

connected squirrel-cage induction motor. A

TMS320LF2407A-based digital platform is used to imple-

ment the generalized CCPWM and SCPWM schemes. The

voltage to frequency ratio is kept constant at its rated value.

The dc bus voltage is maintained at 600 V; the carrier fre-

quency (fc) and the average switching frequency [17, 22] of

the inverter (fsw ¼ 2
3
fc) are 2.25 and 1.5 kHz, respectively.

5.1 Quality of voltage waveform

Figures 10(a) and (b) show the measured harmonic spectra

of line voltage at a fundamental frequency of 45 Hz cor-

responding to CCPWM (c ¼ 30�) and SCPWM (c ¼ 30�)
schemes, respectively. In both the cases, the dominant

components are found to be around nfc, where fc is carrier

frequency and n ¼ 1; 2; 3. . ..
As seen, the dominant components in the first side-band

around fc are closer to fc for CCPWM and are farther from

fc for SCPWM. More importantly, there is a visible

reduction in the first side-band harmonics with SCPWM;

the dominant harmonic is reduced from around 120 V

(RMS) with CCPWM to about 95 V (RMS) with SCPWM.

Hence, the SCPWM scheme is found to be better in terms

of weighted THD of line voltage (VWTHD) than CCPWM

scheme as indicated in figure 10. VWTHD is defined as

VWTHD ¼ 1

V1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
n 6¼1

ðVn=nÞ2
s

ð12Þ

where V1 and Vn are the RMS values of fundamental and

nth harmonic components, respectively, of the line voltage.

The harmonic spectrum of line voltage is measured at

every 5 Hz, between 30 and 50 Hz for a few SCPWM and

CCPWM schemes with c ¼ 0�, 15�, 30�, 45� and 60�.
Figures 11(a) and (b) show the measured VWTHD corre-

sponding to CCPWM and SCPWM schemes for these

values of c. In conformity to previous findings, 30� clamp

PWM results in a lower distortion than 60� clamp PWM as

seen in figure 11(a). SCPWM with c ¼ 15� and 45� are

better than CCPWM with c ¼ 15� and 45� as evidenced by

the results in figure 11(b). These experimental results

support the analytical finding that SCPWM is better than

CCPWM in terms of harmonic distortion for any

0�\c\60� at any modulation index.

5.2 Quality of current waveform

Figures 12(a) and (b) show the line current waveforms at a

fundamental frequency of 45 Hz corresponding to CCPWM

(c ¼ 30�) and SCPWM (c ¼ 30�), respectively. It can be seen
that theworst-case peak-to-peak ripple in currentwith SCPWM

is less than that with CCPWM. The peak-to-peak ripple with

SCPWM is less than that with CCPWM in the regions marked

‘x’ and ‘z’,while it ismore than thatwithCCPWMin the region

‘y’ as shown in figure 12.However, the intervals ‘x’ and ‘z’ add

up to being much longer than the interval ‘y’. Hence SCPWM

results in lower value of THD in line current than CCPWM as

indicated in figure 12. THD in line current ITHD is defined as

(a)

(b)

Figure 9. (a) Normalized FTRF and (b) normalized FDIST of

OCCPWM and OSCPWM in the range 0:5Vdc\Vref\0:866Vdc

and 0�\c\60�. Normalization is with respect to the correspond-

ing values of CSVPWM.
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ITHD ¼ 1

I1

ffiffiffiffiffiffiffiffiffiffiffiffiX
n 6¼1

I2n

s
ð13Þ

where I1 and In are the RMS values of fundamental and nth

harmonic components, respectively, of the line current.

The line current spectra, corresponding to CCPWM and

SCPWM schemes with c ¼ 0�, 15�, 30�, 45� and 60�, are
measured over the fundamental frequency range of 30–

50 Hz in steps of 5 Hz. The experimental values of ITHD
therefrom are shown plotted in figures 13(a) and (b). Once

again, the experimental results confirm the superiority of

SCPWM over CCPWM for any c in the range 0�\c\60�.

6. Analytical, simulation and experimental study
on pulsating torque

Figures 14 and 15 present the torque ripple waveforms

over a sector with CCPWM, c ¼ 30� (i.e., 60� clamp

PWM) and SCPWM, c ¼ 30� (i.e., 30� clamp PWM),

respectively, on a 400-V, 5-hp, 3-phase, 4-pole, 50-Hz,

squirrel-cage induction motor drive, at a fundamental fre-

quency of 48 Hz. The average switching frequency is

1 kHz for both the methods.

The ripple in the developed torque emd is first evaluated

analytically for both techniques using the following equa-

tions [20]:

emd ¼ Kmdwq ð14aÞ

Kmd ¼
2

3

P

2

VREF

x1

1

Lo

1

rs þ rrð Þ � 1

� �
ð14bÞ

where wq is the q-axis stator flux ripple, Kmd is the torque

constant and Lo is the per-phase mutual inductance between

stator and rotor; rs and rr are the stator and rotor leakage

coefficients, respectively. Parameters of the 5-hp induction

motor are Lo ¼ 227 mH, rs ¼ rr ¼ 0:042 and Kmd ¼
100:68 N-m/V-s.

Figures 14(a) and 15(a) show the analytically evaluated

torque ripple waveforms over a sector with CCPWM and
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Figure 11. Measured VWTHD at Vdc ¼ 600 V and fsw ¼ 1:5 kHz corresponding to various CCPWM and SCPWM schemes: (a) c ¼
0�; 30�; 60� and (b) c ¼ 15�; 45�.
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Figure 10. Measured harmonic spectra of line voltages at Vdc ¼ 600 V, f1 ¼ 45 Hz and fsw ¼ 1:5 kHz corresponding to (a) CCPWM
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SCPWM, respectively, using (14). It can be observed that

the peak-to-peak torque ripple with SCPWM is less than

that with CCPWM.

The torque ripple waveforms are then obtained by

numerical simulation using a standard dynamic model of

induction motor [34], which is more detailed than the

analytical model for torque ripple in (14). The numerical

simulations are carried out using C and Python program-

ming languages [35]. The simulated torque ripple wave-

forms with CCPWM, c ¼ 30� and SCPWM, c ¼ 30� are

presented in figures 14(b) and 15(b), respectively. They

confirm the analytical results in figures 14(a) and 15(a).

Figures 14(c) and 15(c) show the experimentally

obtained torque ripple waveforms with CCPWM, c ¼ 30�

and SCPWM, c ¼ 30�, respectively. The 5-hp induction

motor is fed from a 10-kVA IGBT-based two-level VSI,

and the PWM methods are implemented on an ALTERA

CycloneII field programmable gate array (FPGA)-based

digital controller [36]. These torque ripple waveforms are

obtained by feeding the measured voltages and currents to a

standard machine model [37], implemented on the same

FPGA controller mentioned earlier. The experimental

results in figures 14(c) and 15(c) confirm the reduction in

peak-to-peak torque ripple with SCPWM over CCPWM.

For completeness, the RMS torque ripple with CCPWM,

c ¼ 30� (i.e., 60� clamp PWM), SCPWM, c ¼ 30� (i.e., 30�

clamp PWM) and CSVPWM are measured over the fun-

damental frequency range of 30–50 Hz. The values of

measured RMS torque ripple from the three PWM methods

are shown plotted against the fundamental frequency in

figure 16. It can be seen that SCPWM is better than

CCPWM in terms of torque ripple at any given speed of the

drive. Further, SCPWM results in a lower torque pulsation

than CSVPWM close to the rated speed.

7. Conclusions

Closed-form expressions for harmonic distortion factor and

torque ripple factor are derived analytically for continual

CCPWM scheme with any arbitrary position of clamping

interval and for SCPWM scheme with any arbitrary

(a) (b)

Figure 12. Measured current waveforms at Vdc ¼ 600 V, f1 ¼ 45 Hz and fsw ¼ 1:5 kHz corresponding to (a) CCPWM (c ¼ 30�) and
(b) SCPWM (c ¼ 30�).

(a) (b)

Figure 13. Measured ITHD at Vdc ¼ 600 V and fsw ¼ 1:5 kHz corresponding to various CCPWM and SCPWM schemes: (a) c ¼
0�; 30�; 60� and (b) c ¼ 15�; 45�.

36 Page 10 of 12 Sådhanå (2019) 44:36



splitting of the clamping interval. Analytical and experi-

mental results demonstrate that splitting the 60�-clamping

interval, either equally or unequally, is always superior in

terms of line current distortion and torque ripple to

clamping the phase continually for 60� duration, regardless
of the position of the clamping interval. Optimal position-

ing of clamping interval in CCPWM (referred to as

OCCPWM) not only reduces the switching loss compared

with CCPWM but also results in a lower pulsating torque

and THD in line current. OCCPWM is outperformed by

optimal split-clamp PWM (OSCPWM) in terms of both

THD and torque ripple.
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