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Abstract— Low Switching-based v/ f-controlled induction motor (IM) drives are incredibly susceptible to torque harmonics and their
Vibrations. These consequences lead to intensifying losses, damage drive, and can even turn out into shaft failure of high power/speed
drives. In literature, numerous control algorithm based on pulse width modulation (PW M) has been reported for low switching-based
IM drive. Nowadays, standard PW M techniques (Sinusoidal PW M (S — PW M), selective harmonic elimination (SHE) PW M) are
being used as the solution in low-switching IM drives. In this manuscript, the proposed synchronous reference frame (SRF') based
P — PWM scheme is analytically evaluated to minimise the torque harmonics and its vibration in low switching IM drive. In this paper,
a specific case of four switching angles per quarter cycle (Sq = 4) is considered in which the optimized switching angles are obtained
while maintaining the quarter wave symmetry (QWS) and half wave symmetry (HW S) nature of the waveform. The proposed approach
is validated on 1hp IM drive and compared with S — PW M and SHE — PW M with respect to torque spectrum and vibration
under No Load and different loading conditions. Real-time waveforms are recorded using the SRF-based P — PW M technique and
the TY PHOON — HIL hardware setup to demonstrate the superior performance of the SRF-based P — PW M in comparison to
S — PWM and SHE — PW M, in terms of lower torque harmonics and their vibrations.

Keywords—IM drive, P- PWM, S-PWM, SHE-PWM, SRF-based PWM, Torque Vibration Minimization.

1. INTRODUCTION flux. The electromagnetic (£ M) torque and its harmonics (torsional
spectrum) are generated by the mutual interaction of harmonics
in current and in flux. So, the EM-torque distorted waveform
suffers mainly from lower-order EM torque harmonic measure
and its steady state vibrations. M drives with the pronounced
amplitude of lower-order harmonics in torque trigger detrimental
torsional oscillations, amplifying losses, inflicting damage on the
drive system, and posing a severe risk of shaft failure.[11]
Steady-state torque ripple in induction motor drives can lead to
mechanical vibrations, reduced reliability and increased wear on
motor components. It can also cause speed variations impacting
the precision of applications and contribute to power losses as well
as reduced energy efficiency [17].

The prevalent usage of popular electrical motors differs from
everyday to manufacturing sectors, which are mainly controlled by
applied voltage and frequency [1]. In electrical motors sectors, the
induction motor (I M) dominates other motors due to numerous
advantages, such as being rugged, robust, and economical [2].
Nevertheless, Presently, electrical drives are expanding at a rapid
rate due to the optimized motion controlling of motors [3, 4].
High-power electrical drives are used in various sectors such as
Oil, Mining, Air compressor, etc. [5].

As per the motor requirement, the power modulator of the drive
performs energy modulation. In induction motor drives, the inverter
is used as a power modulator that converts dc power into ac power

[6]. Semiconductor devices used as switches of an inverter are Researchers have extensively explored various methods to
arranged in a particular pattern, and their switching (ON/OFF) reduce lower-order harmonics of electromagnetic torque (EM
behaviour converts the dc power into distorted ac [7]. The inverter torque) in high-power drives [13]. These methods can be broadly
switching, controlled by suitable gate pulses, is generally based on classified into two categories: employing PW M algorithms for
the pulse variation known as Pulse Width Modulation (PW M) inverter gate signal generation and focusing on machine design
techniques [8, 9]. improvements [14, 15]. Several PW M techniques have been

The inverter output develops a voltage in distorted sinusoids, reported by researchers in the literature, including standard PW M
comprising both fundament and harmonic components [9, 10]. The that comprises primarily S — PW M and SHE — PW M [12, 16].
distorted harmonic voltage leads to harmonics in both, current and Sinusoidal pulse width modulation (S — PW M) is a popular

PW M technique based on the comparison between carrier and
reference signals [18]. Another technique, selective harmonic
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that can result in heat generation, decreased reliability, and potential
failures. Furthermore, the introduction of harmonic distortion in
voltage and current waveforms leads to electromagnetic interference
and compromises power quality [17, 20]. However, in order to
address these switching losses, it is advantageous for high-power
drives to operate at lower switching frequencies [10, 21]. On the
other hand, SHE — PW M-based IM drives, frequently used
for high-power drives are more sensitive to variations in machine
parameters and have limited modulation index ranges, limiting
their effectiveness in harmonic elimination [22, 23].

To address the above complex challenges and enhance the
performance of high-power IM drives, synchronous reference
frame (SRF) based P — PWM methodology is proposed in
this paper for the generation of gate pulses. This proposed
approach aims to minimize FM lower-order torque harmonics
and steady-state vibrations by optimizing the inverter’s switching
angles, taking into consideration of the coupling effect. The
objective function along with constraints are being optimised to
determine the optimal switching angle. The proposed approach
even though maintains the quarter wave symmetry (QW.S) and half
wave symmetry (HW.S) of the waveform and is also independent
of machine and loading restrictions. Moreover, the proposed
SRF-based P — PW M method adopts a four-angle switching
per quarter cycle (sq = 4) strategy, offering versatility for higher
Sq and higher-order harmonics. The proposed method is validated
using a TY PHOON — H I L-based hardware setup and compared
with existing methods like S — PWM and SHE — PW M.
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Fig. 1. Flowchart of inverter fed /M drive-based modulation techniques
incorporating standard PW M and proposed SRF' based P — PW M
approach.

2. STANDARD TORQUE ANALYSIS

I M drive is mainly governed by the nature of PW M techniques
applied to the inverter. The overall procedure of this is depicted in
Fig. 1. Generally, a low pulse number is preferred in high-power
drives to limit switching losses [21]. The switching to fundamental
frequency fraction is referred to as pulse number (P) related as
(P = (2S¢ + 1)) where Sq is the switching angle per quarter
cycle. The fundamental component of voltage is varied only by one
switching angle per quarter cycle (Sq = 1), although for harmonic
alteration, more than one switching angle is vital (Sq > 1) [22].

An inverter-operated drive with (Sq = 4) is depicted here and
standard torque harmonic analysis is performed. The fundamental
odd-order harmonic voltage is given in (1) [23, 24]:

2Edc

sq
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Sq is switching per quarter, F,, denotes output voltage of n'"
harmonic, 0° < a1 < @ge..n...... < o, < 90° condition satisfied
by aj Harmonic order denoted by n.

The voltage of the /M drive depends on current and flux with
relation expressed in (2) [25, 27]:

dn
dt

Where I, ¢ denotes current and flux, R is resistance, and
Harmonic order is represented by n.

The occurrence of torque is attributed to the interaction between
the constant d — axis flux and the varying g — axis current, as
well as the interaction between the constant d — axis current and
the varying q¢ — axis flux. These interactions result in fluctuating
torque values, and by addressing the variations in both the d — axis
and ¢ — axts components, the magnitude of torque ripple can be
reduced.

Inverter-based I M drive is settled with ripples or vibrations in
torque that are governed by the expression listed in (3) [21, 28]:

En :R—In"‘

(@3]

T= <§) [ao¥q — Yaolq — Iq0ta] (©)

Where the poles number is symbolized by P, 0 indicates the dc
value, stator current and flux (dandgazis) indicated by 14, 14, @4
and ¢, respectively.

The torque expression in (3), reveals the relationship between
the d — axis and ¢ — axis currents and fluxes, and the resulting
torque in an induction motor. The occurrence of torque ripple, as
described in the equation, is attributed to the interaction between
the constant d-axis flux (¢gq) and the varying ¢ — axis current (1),
as well as the interaction between the constant d — axis current
(Iq) and the varying q — axis flux (pq).

Expressing stator currents (d and ¢ axis) in terms of

corresponding fluxes
ta
Ig = 4
¢ (Lls @

Iy = (fi) o)

Considering no load conditions (I,0 = 0) torque vibration stated
in Equation (6) [25, 26]:

P
T— (5) [Ido - f‘ﬂ ey ©)

The proportionality constant C' in (6) is 1.84/Lls where L;s is
leakage inductance of the motor. The calculation of flux vibration
components (d and ¢ axis) is related to corresponding voltage
respectively stated in (7) and (8):

d
awd =FEq @)
d
ad’q =E, 3

Similarly, the nth torque (77,) harmonic component proportionate
to pgn Which depends on voltage amplitude (Eg4pn).

Eqn
Tn = ktpgn = k% )



S. Yadav et al.: Low-Switching Based Improved PW M for Torque Harmonic Reduction in V/ f Controlled High Power Inverter Fed I M Drive 142

/1

(ONE TIME PERIOD

)
W I A\
( HALF WAVE SYMMETRY (HWS] HALF WAVE SYMMETRY {HWS)
A ¥

O A O

POLE VOLTAGE

a2 B Nad) (Ne3) Na2) (Ha)
i\

fows) laws) aws) b faws| }
Vv Al

QWATER WAVE
SYMMETRY {Q0S)

Fig. 2. Waveform principle for inverter pole voltage in IM drive for four
switching angles per quarter.

2.1. Proposed SRF-based P-PWM

For low pulse numbers, SRF — based method is proposed in
this present section for minimizing the amplitude and vibration of
torque harmonic in inverter-fed I M drive.

The flux vibration (d and ¢ axis) is stated in (10) and (11),
where w is speed (synchronous) in rad/s.

%wd — —wtby + 4 (10)

d
b = wia + B an

In standard analysis, the coupling effect stands neglected, but in
low pulse analysis, the coupling effect, i.e., cross-coupling, plays
a significant role and can’t be overlooked.

The expression of the d—axis flux stated in (10) is differentiated
and expressed in (12). Further, the value of %wd is replaced in
(12) from (10) and expressed in (13):

d? d d
ﬁd’q = w%z/)d + aEq (12)
d? 2 d

The expression expressed in (13) is rewritten for the nth
harmonic component and stated in (14):

d? d
Ygn = —w wn +wFq4, + tE (14)

dt? d
Moreover Eqy, Eqn,qn be expressed in relation as mentioned
in (15)-(17) having peak values and phase angle as Eqmn, Egmn.,

Ygmn and ¢g,, , PE,,, Dy, Tespectively.

Ein = Eqmn sin (nwt + ¢z, ) (15)
Eqn = Egmn sin (nwt + ¢g,,) (16)
Ygn = Ygmn sin (nwt + ¢y,,,) (17)

The detailed expression obtained by Substituting (15)-(17) into
(14) is listed in (18):

12w gmn sin (MWt + Qypgn) = W Pgmn Sin (NWE + Pypgn) —
WEdmn sin (nwt + ©gan) — nwEgmn cos (nwt + ©Egn)
(18)

(n? = 1) W*Ygmn sin (nwt + Ypgn) =
—wEqmn sin (nwt + @edn) — nwEqmn cos (nwt + ©egn)
19)

Meanwhile, for torque harmonic order n? > 1. Rearranging
the left side term of (18), the expression can be considerably
observed that in (19), the term (n2 - 1) ~n? > 1. Concludingly,
the first term in (14) remains neglected. After that, the entire
equation reduces to the voltage (d — g reference frame) dependent
expression stated in (20):

d? d
ﬁd) ~whg+ — o7 E, (20)

The harmonic voltages Eg4, and Eg, expressed in orthogonal
components as listed in (21) and (22) in which Eg, and Egn,
corresponds the Fynp1, Fna1 and Enpe, Fnae2 as the amplitude of
cosine and sine components.

Egn = Eynai sin (nwt) + Enpy cos (nwt) 21)

Eg4n = Enagsin (nwt) + Enpa cos (nwt) (22)

The n** harmonic q — axis flux vibration from (16) and (20)
is expressed in (23):

Van, = 55 [(Enbe = 2522) sin (nwt)

- (Ena,Q + E’;lbl) cos (nwt)} 23

Torque vibrations for high values of n are listed in (24):

k B\ Epa1 \*
Ty =— ( na2 bl> + <Enb2 - Tl> (24)

nw

The same torque vibration expression in (24) can be reduced to
(9) and rewritten herein (25) for the sake of convenience:

Tn = ktpgn = (25)

nw

2.2. MINIMIZATION PROCEDURE FOR THE PRO-
POSED METHOD

The torque harmonics minimization procedure is generalised for
inverter-fed IM drive, which includes objective function (OF)
minimization stated in (26) with two primary constraints (C'1, C2),
namely modulation index (Mo) and angles per quarter stated in
(27) and (28):

n+1
onm-|(Epe )

(CTYMo=1+%""" (~1)"2cos (an) @7

(C2)0° < a1 <ag <-or e an < 90° (28)

This generalised form of the process of minimization is effective
both for Sq and harmonic order. They are intended to validate the
above-proposed method, the I M drive having Sq = 4, generating
the lowermost torque harmonic of the 12*" order that is minimized
in the below sections.
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2.3. Minimization for 12*"-order torque harmonic

The 11*" and 13*"-order harmonic voltages are accountable
for developing the 12!"-order torque harmonic. Accordingly, the
voltage-dependent objective function (OF) for its minimization
will be stated in Equation (29) with constraints (C'1) and (C?2)
for Mo and four switching angles per quarter in (30) and (31),
respectively. Additionally, the constraint (C'3) here is expressed for
12" order torque harmonic elimination denoted in (32):

Ell E13
F)FEi2 = —_— + — 2
(OF) E12 H(ll +13>H (29)
(Cl)Mo=1—-2%cosay + 2 *cosaz— (30)
2% cosas + 2 % cosay
(€2)0° < a1 < < a3 < g <90° (31)
Ell E13
- 22 2
(03) < 11 13 ) (32)

The proposed SRF-based P — PW M approach in inverter-fed
IM drive is based on the solution of an optimization problem
with objective function and constraints. The computation of the
optimised problem results in four optimised switching angles
(a1, 2, a3, a) and is effectively used for torque vibration and
harmonic magnitude reduction.

The proposed approach procedure is simple, quick and further,
easily extendable for higher torque harmonics and Sgq.

The algorithm-based optimised switching angles produce
switching signals. Further, these signals termed pulse generators,
are fed to the gate terminal of the inverter. The switches of
the inverter are ON/OF'F in a particular fashion in accordance
with an algorithm to generate a voltage at inverter terminals.
The generated line voltage waveform per cycle maintains QWS
(quarter wave symmetry) and HW.S (half wave symmetry). The
waveform operating principle of pole voltage with (Sq = 4),
resulting pulse number (P = 9) shown in Fig. 2. The line and
phase voltage waveforms composed of fundamental and other
harmonics, are responsible for generating the current and flux
waveforms. The minimized torque harmonics are generated by
the interaction of current and flux (fundamental and harmonic)
expressed in (3).

3. RESULTS ANALYSIS

The inverter fed 1hp,1440rpm, 415V .,50Hz IM drive is
implemented in TYPHOON — HIL, and results are attained
with parameters of /M listed in Table 1. The TY PHOON —-HIL,
when linked to a computer, passes on gate signals to the inverter
through a gate-triggering circuit and related wiring. The inverter,
in response, operates the induction motor. The voltage and
current readings are captured and processed through HIL-
Connect. These voltage and current signals are then utilized to
determine the torque profile of the induction machine in the
TYPHOON — HIL and the resulting waveforms are presented
in a digital storage oscilloscope (DSO) for harmonic spectrum
analysis. The TYPHOON — HIL-based hardware setup is
illustrated in Fig. 3. The drive has been executed at Sq¢ = 4 in
TYPHOON — HIL, and results are obtained, both at no load
and loading conditions. The relative analysis of the inverter-fed
IM drive is performed for diverse PW M techniques, primarily
including standard PWM (S — PWM, SHE — PWM) and
proposed SRF-based P — PW M. The analysis of various aspects
of the drive such as inverter performance, torque vibrations and
spectrum are listed in the forthcoming sections.
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Fig. 3. Connection Diagram (a) Block Diagram (b) Hardware Setup.

3.1. INVERTER PERFORMANCE ASSESSMENT

For diverse modulation techniques, the inverter performance
of IM Drive has been analysed. The performance of the
inverter-operated PW M algorithms has been assessed from its
output waveforms and shown in Fig. 4 and Fig. 5. The drive is
simulated for No load condition, and inverter output waveforms
for S — PWM, SHE — PWM, and SRF-based are depicted in
Fig. 4. and DSO sensed waveforms output in Fig. 5, respectively.

In an S — PW M-based I M drive, for Sq = 4 the Line voltage
is shown in Fig. 4-(a). and DSO measured line voltage in Fig.
5-(a). The Line voltage is deprived of symmetrical nature, hence
QW S and HW S nature of the waveform is not maintained. It also
divulges in Fig. 4-(b) and Fig. 5-(b). of the voltage spectrum which
shows the presence of lower 6th order harmonic corresponding to
300H z, 10" order harmonics corresponding to 500H z further,
15" order harmonics corresponding to 750Hz respectively.
Higher-order harmonics are not taken into consideration. Hence,
it shows the presence of both odd and even order harmonics
as QWS and HW .S waveform nature is not maintained in the
voltage spectrum in S — PW M-based I M drive.

Alternatively, for S¢ =4 in SHE — PW M-based I M drive,
the Line voltage of inverter outputs are shown in Fig. 4-(c) and
DSO sensed waveform in Fig. 5-(c). It depicts that symmetrical
nature is maintained in line voltage consequently, they are also
QWS and HWS. Further, the voltage spectrum is shown in Fig.
4-(d) and Fig. 5-(d)., which describes the presence of (11%" and
13'") order harmonics corresponding to (550H z and 650Hz) as
the lowermost harmonic in the above-mentioned drive having four
switching angles per quarter.

Further, SRF-based P — PW M inverter-fed I M drive ensures
the symmetrical nature of the waveform in both Line Voltage and
sensed voltage in DSO as depicted in Fig. 4-(e) and Fig. 5-(e). The
Real-time Line voltage waveform and its spectrum are illustrated
in Fig. 4-(e) and Fig. 4-(f). The voltage spectrum contains only
odd-order harmonics as QW S, HW S and the symmetrical nature
of line voltage are maintained, and even order harmonics are
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Fig. 4. Real-time Waveforms obtained from TYPHOON-HIL (a) S — PW M Voltage (b) FFT of S — PW M Voltage (¢) SHE — PW M Voltage (d) F'F'T
of SHE — PW M Voltage (e) P — PW MVoltage (f) FFT of P — PW M Voltage.

eliminated due to the HW S nature of the waveform. The spectrum
of voltage in Fig. 4-(f). depicts the presence of the lowermost
harmonic of the 11*" order corresponding to 550H z followed by
the 13" order corresponding to 650H z.

The S — PW M-based I M drive shows the presence of odd and
even harmonics (6'", 10'" and 15'") due to the non-symmetrical
nature of waveform shown in Fig. 4-(b), while SHE — PW M

and SRF-based P — PWAM IM drive has lowermost pair of
(11%" and 13*") order harmonics shown in Fig. 4-(d) and Fig.
4-(f). So, predominantly comparability lies within SHE — PW M
and SRF-based P — PW M, the voltage spectrum reveals that the
magnitude of harmonics in SRF-based P — PW M is lesser when
compared to S — PWM and SHE — PW M-based inverter-fed
IM drive.
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Fig. 5. Sensed Waveforms in DSO (a) S — PW M Voltage (b) F'F'T of S — PW M Voltage (c) SHE — PW M Voltage (d) FFT of SHE — PWM

Voltage (e) P — PW M Voltage (f) FF'T of P — PW M Voltage.

3.2. TORQUE PROFILE ASSESSMENT

The Steady-state torque is composed of vibrations that are
produced mainly with the interaction of the harmonic current with
fundamental flux and that of fundamental current with harmonic
flux. Additionally, the modulation index has a significant impact on
torque ripple, as excessive modulation can result in vibrations and
decreased reliability. The optimal range of the modulation index
(M o) typically varies between 0 and 1. A higher modulation index
can lead to increased switching losses and reduced efficiency,
while a lower modulation index may restrict torque and speed
capabilities.

The vibration analysis of torque in the present section is
categorised in two cases, Casel and Case2 for No load Condition

and 60% Loading condition respectively. Both the cases of inverter-
fed IM drive have been executed in TY PHOON — HIL and
steady-state torque vibrations are shown in Fig. 6 and Fig. 7.
with their corresponding measurements listed in Table 2 and
Table 3 for different PW M techniques. Moreover, the vibrational
performance of the IM drive has been evaluated using both the
proposed and standard techniques within the optimal modulation
index range. The measurements have been presented in Table
4. The analysis demonstrates that the SRF-based P — PW M
technique exhibits significantly lower vibrations compared to other
PW M techniques (S — PWM and SHE — PW M).
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Table 1. Parameters of I M.

Specifications
Stator Resistances (Rs) 13.12 ohm
Rotor Resistances (Rr) 11.02 ohm
Stator Inductance (Ls) 0.0276 H
Rotor Inductance (Lr) 0.0194 H
Voltage (line-line) 415V
Mutual Inductance (Lm) 0.3482H

Inertia (J)

0.0331 (kg.m2)

Friction Factor (F)

0.005985 (N.m.s)

Frequency (f)

50

Poles pairs (p)

2

Table 2. Torque vibration (peak to

peak) at No load Condition.

PWM Algorithm

Torque (Nm)

S-PWM 4.76
SHE 4.12
SRF based P-PWM 1.82

Table 3. Torque vibration (peak to peak) at 60% loading Condition.

PWM Algorithm

Torque (Nm)

S-PWM 3.87
SHE 3.22
SRF based P-PWM 1.66

Table 4. Torque vibration (peak to peak
conditions.
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Fig. 6. Torque vibrations (peak to peak) under no loading conditions for
(@) S— PWM (b) SHE — PWM (c) SRF-based P — PW M.

Modulation Index (Mo) | SPWM | SHE | SRF based P-PWM
0.1 2.75 2.27 1.18
0.2 3.12 2.55 1.35
0.3 3.61 2.92 1.53
0.4 3.87 3.22 1.66
0.5 4.24 341 1.87
0.6 4.57 3.80 1.91
0.7 4.92 3.96 2.09
0.8 5.23 4.26 2.28
0.9 5.45 4.46 2.36
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Fig. 7. Torque vibrations (peak to peak) under loading conditions 60% for
(@) S—PWM (b) SHE — PWM (c) SRF-based P — PW M.

A) Casel. No loading condition

B) Case2. Loading Condition
3.3. TORQUE SPECTRUM ASSESSMENT

The harmonic vibration spectrum primarily represents the
magnitude of respective harmonic order concerning fundamental
frequency or multiples of the fundamental frequency. In the present
section, the Vibration spectrum of torque in inverter-fed /M drive
is mainly categorised as in the above-mentioned Cases. Casel
incorporates the No loading conditions listed in Fig. 8. Similarly,
for 60% Loading conditions, Case2 is listed in Fig. 9.

Torque output spectrum in inverter-fed IM drive, with
S — PWM, is listed in Fig. 8-(a). for no loading and Fig. 9-(a)
for loading conditions. Similarly, the Output torque spectrum in
the inverter fed SHE — PW M based drive is shown in Fig. 8-(b)
and Fig. 9-(b). for no loading and loading conditions. Additionally,
in Fig. 8-(c) and Fig. 9-(c). The torque output spectrum of the
SRF-based P — PW M controlled algorithm in the /M drive is
shown at no loading and loading conditions, respectively.

A) Casel. No loading condition

B) Case2. Loading Condition

Analysing the output torque vibration spectrum in both cases,
it can be pointed out that for Sq¢ = 4, in S — PWM based
algorithm, the lowest torque harmonics i.e., 5" corresponding
to 250H z, followed by 11" and 16" corresponding to 550H z
and 800Hz are observed in Fig. 8-(a) and Fig. 9-(a). In the
S — PW M-based IM drive due to a lack of symmetry, both
odd and even torque harmonics are observed and shown in a
spectrum of no loading and loading conditions. Therefore, the
primary comparison of spectrum in inverter fed drive is between
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Fig. 8. Spectrum of torque for (a) S — PWM (b) SHE — PWM (c)
SRF-based P — PW M under No loading conditions.

two algorithms, SHFE — PW M and SRF-based P— PW M. The
12" order is the lowermost harmonic that appears in the torque
spectrum corresponding to the frequency 600H z in inverter-fed
IM drive using the SHE — PW M algorithm listed in Fig.
8-(b) and Fig. 9-(b). The same 12" -order torque harmonic is
nearly eliminated by using SRF-based P — PW M depicted in
Fig. 8-(c) and Fig. 9-(c). The harmonic torque spectrum (12t"
order) corresponding to 600H = frequency is nearly eliminated and
alternatively, the higher order harmonic (18*" order) corresponding
to 900H z is slightly increased using SRF-based P — PWM
technique of inverter fed induction motor drive. The elimination of
harmonic torque in the proposed SRF-based P — PW M is due
to the inclusion of the coupling effect (cross-coupling), which was
ignored in earlier studies.

4. CONCLUSION

An SRF-based P — PWM scheme with the machine and
load-independent restrictions is proposed for IM drive with
Sq = 4, i.e., four-time switching per quarter cycle. With the
proposed PW M technique, the torque harmonics and vibrations of
an I M drive are analysed and extensively compared with standard
PW M techniques specifically S — PWM and SHE — PW M.
In an inverter-fed induction motor drive for Sq = 4, the proposed
technique can minimize the lowest harmonic torque, that is, the
twelfth-order harmonic torque. Apart from harmonic minimization,
the torque vibration in the steady state is also reduced by
more than 50% in contrast to standard PWM (S — PWM
and SHE — PWM). Furthermore, the proposed technique is
easily extensible for any Sgq, higher-order harmonics, and torque
vibrations. With the proposed SRF-based P — PW M IM drive
will be sturdier to vibration and noises, minimise depreciation
of components, increase drive service life, etc. The proposed
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Fig. 9. Spectrum of torque for (a) S — PWM (b) SHE — PW M (c)
SRF-based P — PW M under 60% loading conditions.

schemes stand proven, and verdicts were established both at
no loading and loading state through results of real-time and
TYPHOON — HIL-based hardware setup.
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