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Reduction of Torque Ripple in Induction

Motor Drives Using an Advanced
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Abstract—A voltage source inverter-fed induction motor pro-
duces a pulsating torque due to application of nonsinusoidal volt-
ages. Torque pulsation is strongly influenced by the pulsewidth
modulation (PWM) method employed. Conventional space vector
PWM (CSVPWM) is known to result in less torque ripple than
sine-triangle PWM. This paper aims at further reduction in the
pulsating torque by employing advanced bus-clamping switching
sequences, which apply an active vector twice in a subcycle. This
paper proposes a hybrid PWM technique which employs such
advanced bus-clamping sequences in conjunction with a conven-
tional switching sequence. The proposed hybrid PWM technique
is shown to reduce the torque ripple considerably over CSYPWM
along with a marginal reduction in current ripple.

Index Terms—Harmonic distortion, induction motor drives,
pulsewidth modulated inverters, pulsewidth modulation (PWM),
space vector, switching sequence, torque pulsation.

I. INTRODUCTION

EVERAL pulsewidth modulation (PWM) techniques have

been reported for voltage source inverter-fed induction
motor drives [1]-[24]. Sine-triangle PWM (SPWM) and con-
ventional space vector PWM (CSVPWM) are popular real-time
PWM methods [1]-[3].

Real-time PWM techniques maintain balance between the
reference and applied volt—seconds over every subcycle 75,
which is much smaller than the fundamental cycle. As is well
known, the commanded reference vector V of is synthesized
using the two active vectors on either side of it and the zero
vector (see Fig. 1). For a reference vector, as shown in Fig. 1,
the active states 1 and 2 are applied for durations 77 and 75,
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Fig. 1. Voltage vectors of a voltage source inverter normalized with respect to
dc bus voltage (I, IL, 111, IV, V, and VI are sectors).

respectively, as given in (1). The zero vector is applied for the
remaining duration 7, [1], [2]
Vet Sin (g — a)

sin (5) in(3)
T, =T, - Ty — T5. (1)

Viet sin(a)

T1 = Ts T2 - TS

The zero vector can be applied either using the zero state
— — — (0) or the state ++ + (7). Continuous modulation
schemes such as SPWM and CSVPWM employ both the zero
state 0 and state 7 in every subcycle. The inverter state sequence
is 0127 (or 7210) when V,ef is in sector I, as shown in
Fig. 1. While the division of 7’ between the two zero states
is unequal in SPWM, it is apportioned equally between the two
in CSVPWM, as shown in Fig. 2(a) [2], [4].

Discontinuous PWM (DPWM) methods use only one zero
state in a subcycle [1]-[5], [25]. Advanced bus-clamping PWM
methods [18]-[21] are similar to DPWM methods in employ-
ing only one zero state in a subcycle. However, these tech-
niques apply an active state twice in a subcycle. Fig. 2(b)
and (c) shows two of the switching sequences employed by
advanced bus-clamping PWM methods. The dwell time of
active state 1 is divided into two equal halves in sequence
1012 [Fig. 2(b)], while the active state 2 is applied twice
for duration 0.57% each in sequence 2721 [Fig. 2(c)]. Such
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Fig. 2. Switching sequences. (a) 0127. (b) 1012. (c) 2721.

switching sequences are termed variously as double-switching
clamping sequences, special sequences, or advanced bus-
clamping sequences [18]-[21].

Recently, these special sequences have been shown to be
helpful in reducing harmonic distortion in line current as well
as inverter switching loss over CSVPWM [20], [21]. This paper
investigates the use of such sequences to reduce pulsating
torque in inverter-fed induction motor drives.

It should be noted that reduction in torque ripple need not
always be accompanied by a corresponding reduction in current
ripple. It is possible that a PWM technique might reduce the
torque ripple while increasing the current ripple and vice versa
[16], [18], [19]. Hence, the goal here is to design a PWM
technique to reduce torque pulsation without any increase in
current ripple, compared to CSVPWM.

II. CURRENT AND TORQUE RIPPLES

Line current ripple in a PWM inverter is caused by the
instantaneous error between the applied and reference voltages
[2], [4], [16], [18]. The applied voltage vector at any instant in
a subcycle in sector I is either V1, Va3, or Vg 7 [see Fig. 3(a)].
Since the error voltage vector sees the motor as its total leakage
inductance, the current ripple vector is proportional to the time
integral of the error voltage vector [16], [18].

The current ripple vector can be resolved along the d- and
g-axes, which are the reference axes of a synchronously revolv-
ing reference frame, as shown in Fig. 3. The current ripple along
the d- and g-axes are shown in Fig. 3(b) and (c), respectively,
where the quantities ()1, @, and D are defined as follows:

Vae
Q1 = ll [cos(a) — Viet] T1
Q.= — w D— M )

where V. is the dc bus voltage and [ is the total leakage
inductance of the motor.
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Fig. 3. (a) Trajectory of stator current ripple vector for Viof = 0.85 and o =

10°. (b) d-axis component of current ripple vector. (c) g-axis component of
current ripple vector. (Solid lines) 0127. (Dashed lines) 1012.

Since the voltage reference vector is aligned with the g-axis
and the stator resistance drop is negligible, there is a steady flux
only along the d-axis. This steady flux interacts with the ripple
current along the g-axis to produce the ripple torque. Hence, the
torque ripple is practically independent of the d-axis current
ripple (since there is no steady flux along the g¢-axis), while
being proportional to the g-axis current ripple as shown in the
following:

_ oV, - -
m = E%(l —0)ig = Kpig(say)

5 3)

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 07:13:45 UTC from IEEE Xplore. Restrictions apply.



BASU et al.: REDUCTION OF TORQUE RIPPLE IN INDUCTION MOTOR DRIVES USING A PWM TECHNIQUE

where p is the number of poles of the machine, Vg, is the
peak phase fundamental voltage, w is the fundamental angular
frequency, and o is the ratio of total leakage inductance to
magnetizing inductance of the machine [19], [22].

Now, the rms torque ripple over a subcycle mgsuyg is propor-
tional to the rms g-axis current ripple ¢, syp as shown in the
following:

msus = K1iqsUB. 4)

The rms g-axis current ripple over a subcycle can be cal-
culated as indicated in (5a). Similarly, the rms d-axis current
ripple and the total rms current ripple over a subcycle can be
evaluated as shown in (5b) and (5c), respectively [20]-[22]

- T 11/2
~ 1 ~
lgsuB = | 7 / ig dt (5a)
L% 0 J
T Y2
i B Y 5b
dSUB = |7 [ lq (5b)
L ° 0 _
isUB = 1/12 airp + 2 aprm- (5¢)
¢,SUB d,SUB

The rms values of torque and current ripples over a subcycle
corresponding to sequences 0127, 1012, and 2721 are evaluated
and compared in the following section.

III. PROPOSED HYBRID PWM

For a given reference vector V,er, the rms values of the
g-axis current ripple, d-axis current ripple, and total current
ripple over a subcycle depend on the switching sequence used.

Fig. 3(b) and (c) shows the d- and g-axes current ripples,
respectively, over a subcycle for sequence 0127 (solid lines)
and sequence 1012 (dashed lines) for Vs = 0.85 and av = 10°.
From Fig. 3(b), it can be observed that the rms value of the
d-axis current ripple with sequence 1012 is greater than that
with sequence 0127 [due to the shaded region in Fig. 3(b)].
However, sequence 1012 results in less rms g-axis current
ripple than sequence 0127, as shown in Fig. 3(c). Correspond-
ingly, there is a net reduction in the total rms current ripple
(isup) over the given subcycle with sequence 1012, although
only by 7%. _

The rms d-axis current ripple (14 sug) corresponding to se-
quence 1012 is higher than that corresponding to sequence 0127
for any V,..r. Hence, for certain values of reference vector, it is
possible that sequence 1012 might result in a reduced 74 suB,
but an increased ZSUB, compared to sequence 0127. However,
for any V,f, if sequence 1012 resulti in a reduced igyg, it is
certain that it would lead to a reduced i, sup as well (as shown
by the example in Fig. 3).

An analytical method for comparing the rms current ripple
over a subcycle due to any two switching sequences has been
discussed in detail in [18], [20], and [21]. An expression for the
rms current ripple due to sequence 0127 can be derived based
on Fig. 3 (solid lines) and (5). This turns out to be a function
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Fig. 4. Proposed RTRHPWM.

of Vier, 0, and Ty [18], [21]. The rms current ripple over T
corresponding to sequence 1012 can similarly be expressed in
terms of Viet, o, and T based on Fig. 3 (dashed lines) and (5)
[21]. A comparison of the two expressions shows that sequence
1012 leads to lower rms current ripple than sequence 0127
whenever the tip of Vyef falls in region A in Fig. 4. As this
reduction in igyp in region A happens despite an increase in
14,5UB, sequence 1012 leads to a substantial reduction in ¢, suB
over sequence 0127. Similarly, sequence 2721 leads to reduced
rms values of g-axis current ripple as well as total current ripple,
compared to sequence 0127, whenever the tip of V¢ falls in
region C' in Fig. 4. Note that regions A and C' are symmetric
about the middle of the sector (i.e., « = 30°).

Thus, among the three sequences, sequence 0127 leads to the
lowest igyp for any reference vector in region B. Similarly,
sequences 1012 and 2721 are the best in terms of igyp in
regions A and C, respectively.

The proposed hybrid PWM technique, termed reduced torque
ripple hybrid PWM (RTRHPWM), employs the best among the
three sequences in terms of igyp for any given reference vector.
As Viyor sweeps through region A of sector I, sequences 1012
and 2101 are used in alternate subcycles. Similarly, sequences
0127, 7210, ... are employed in region B. Sequences 2721,
1272, ... are used in region C.

While all three phases switch an equal number of times in
region B, the number of commutations of the three phases
is different in regions A and C'. However, the total number
of commutations in any subcycle is three in any of the three
regions. Hence, the total number of switchings of all the three
phases over a sector with the proposed PWM is equal to that
with CSVPWM for a given sampling frequency f, = (1/T%).

Furthermore, if R-phase “double-switches” over certain du-
ration while Vo sweeps through region A, the phase is
clamped for an equal duration while V,ef passes through
region C. Similarly, B-phase “double-switches” in region C,
while being clamped in region A. The Y-phase switches once in
every T throughout the sector. Thus, it can be seen that all three
phases switch an equal number of times over a sector. This is
equal to the number of commutations per phase per sector with
CSVPWM for the same sampling frequency.

The rms torque and rms current ripples due to the proposed
technique are compared against those of CSVPWM at a given
average switching frequency (i.e., switching frequency aver-
aged over a line cycle) in the following section.

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 07:13:45 UTC from IEEE Xplore. Restrictions apply.



2088

IV. RESULTS AND DISCUSSION

The mean-square values of current and torque ripples over a
subcycle can be calculated for different sequences, as explained
in Section II. These quantities can be averaged over a sector
to obtain the respective mean-square values over a sector or a
fundamental cycle, as shown in (6a) and (6b), respectively,

- 1/2
3 3
~ 2 [
lrms — - /ZSUB do (63)
L 0
- 1/2
3 3
Mrms = P /mSUB da (6b)
0

Being independent of the PWM technique employed, it can
be seen that the rms current ripple is proportional to the right-
hand side (RHS) of (7a). Similarly, the rms torque ripple
corresponding to any PWM technique is proportional to the
RHS of (7b). Hence, these two quantities can be regarded as
the base values for representing the rms values of current and
torque ripples, respectively, as shown in the following [19]:

~ cTs
Z-base = le (73)
CTS
iase =~ e, (7b)

It may be noted that torque ripple as well as current ripple
is independent of the slip or the load torque on the motor.
These are inversely proportional to the leakage inductance (.
The magnetizing inductance impacts the factor K in (7b) and
(3), thereby influencing the torque ripple. The current ripple,
on the other hand, is practically unaffected by the magnetiz-
ing inductance. The rms values of current ripple as well as
torque ripple are also proportional to the subcycle duration 7.
However, if the ripple quantities are normalized with respect to
the base quantities indicated in (7), the normalized values are
independent of machine parameters and switching frequency
fsw = 1/(2Ts)

The normalized rms torque ripple corresponding to the pro-
posed RTRHPWM is compared against that of CSVPWM over
the entire linear modulation range in Fig. 5(a). Similarly, the
rms current ripple due to CSVPWM and that due to the pro-
posed hybrid PWM are shown plotted against V;.¢ in Fig. 5(b).

While the proposed RTRHPWM reduces rms torque ripple
compared to CSVPWM over the entire range of modulation,
the reduction is significant only for Ve > 0.45, as shown
in Fig. 5(a). The best reduction is observed at Vi.r = 0.866,
where the torque ripple reduces by about 23% from 0.0278 to
0.0215 pu. For motor parameters listed in Table I, a dc bus
voltage of 283 V and a sampling frequency (fs =1/T%)
of 7.2 kHz, the rms torque ripple reduces from 0.746 to
0.578 N - m at V.ot = 0.866, with the rated torque of the motor
being 19 N - m. Besides the reduction in torque ripple, RTRH-
PWM also results in a marginal reduction in current ripple over
CSVPWM at high modulation indexes, as shown in Fig. 5(b).
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Fig. 5. Comparison of CSVPWM and RTRHPWM. (a) RMS torque ripple.
(b) RMS current ripple.

As it is clear from the aforementioned discussion, the current
ripple as well as torque ripple can be reduced by increasing
the inverter switching frequency f,. However, the switching
frequency cannot be increased beyond a certain limit due to
losses in the devices. At any given switching frequency, the
proposed technique is capable of reducing the ripple quantities
compared to CSVPWM. This is particularly helpful in high-
power drives where the switching frequency is limited and the
machine leakage inductance is also likely to be low.

The analytical evaluation of .5 and m,y,s (presented in
Fig. 5) considers a simplified harmonic model of the induction
motor, namely, the total leakage inductance. As a next stage
of verification, numerical simulations are carried out using a
standard motor model [26], which is more detailed than the
one considered for analysis. The motor parameters are shown
in Table I.

Fig. 6(a) and (b) shows the simulation results of the instan-
taneous torque ripple for CSVPWM and RTRHPWM, respec-
tively, for Vief = 0.84. The average torque is 2 N - m. As seen,
the instantaneous torque ripple has a periodicity of 60°. The
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TABLE 1
MOTOR PARAMETERS

Output power 3w Rotor resistance 0.94 Q

Rated speed 1486 RPM Stator inductance 183 mH

Rated voltage 200 V L-L rms Rotor inductance 183 mH

Frequency 50 Hz Mutual inductance 176 mH

Stator 0.94 0

resistance

torque ripple is higher toward the start and the end of the sector,
compared to the middle of the sector. RTRHPWM results
in reduced peak—peak torque ripple compared to CSVPWM
(because of application of sequence 1012/2721), which can also
be observed in Fig. 3(c). The slope of the g-axis current ripple
changes its sign twice over a subcycle duration for sequence
0127, while its sign changes thrice for sequence 1012, as
shown in Fig. 3(c). This is reflected in the instantaneous torque
ripple waveforms shown in Fig. 6(a) and (b). Around the sector
boundaries, the sign of the slope of the ripple torque changes
more often in Fig. 6(b) than in Fig. 6(a) due to deployment of
sequences 1012 and 2721.

Fig. 6(c) shows the rms torque ripple obtained through
simulation for Vi ranging from 0.6 to 0.85 in steps of 0.05.
These are in close agreement with the corresponding analytical
values [solid and dashed lines in Fig. 6(c)].

CSVPWM and RTRHPWM techniques are implemented
and tested on an experimental setup consisting of a 5-kVA-
IGBT-based inverter and a squirrel-cage induction motor whose
parameters are shown in Table I. The dc bus voltage is 283 V.
A TMS320LF2407 DSP-based digital controller is used. The
sampling frequency (1/75) is 7.2 kHz. The measured current
waveforms corresponding to RTRHPWM for Vi = 0.7 at a
fundamental frequency of 40.4 Hz are shown in Fig. 7.

For a switching frequency of 3.6 kHz, the torque harmonics
produced are around 3.6 kHz, 7.2 kHz, ... [19]. Due to band-
width limitations of commercially available torque sensors, the
following procedure [22] is used to obtain the experimental
values of rms torque ripple. The motor currents are measured.
The motor terminal voltages are obtained using the measured
dc bus voltage and the PWM signals, neglecting device drops
and the effect of dead time. The motor currents and the terminal
voltages are fed to the standard motor model [26] to obtain the
instantaneous torque. The average torque over a line cycle is
subtracted from the instantaneous torque to get the instanta-
neous torque ripple, whose rms value is then calculated over
a fundamental cycle.

Table II shows the experimental values of rms torque ripple
(at an average torque of 2 N -m) and rms current ripple for
CSVPWM and the proposed RTRHPWM for Vi¢f = 0.8 and
0.85. While analytical and simulation results predict a reduction
of about 22% in rms torque ripple at Vi = 0.85 [Fig. 6(c)],
the experimental results in Table II show a reduction close
to 11% only. The difference between the theoretical and the
experimental results could be due to device drops and dead-
time effect being ignored, besides assumptions made in the
machine model. The machine model ignores the dependence
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Fig. 6. (a) Simulated instantaneous torque ripple with CSVPWM at Vief =

0.84. (b) Simulated instantaneous torque ripple with RTRHPWM at Vi =
0.84. (c) Simulated and analytical values of rms torque ripple corresponding to
CSVPWM and RTRHPWM.

of machine parameters on frequency, depth of slots, nonlin-
earity in magnetic circuit, and distortion in the distribution of
magnetomotive force. While such assumptions are valid for
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Fig. 7. Experimental line current corresponding to RTRHPWM for Viof =
0.7, fundamental frequency of 40.4 Hz, and switching frequency of 3.6 kHz.
(a) No load. (b) 70% of full load. Scale: x-axis: 5 ms/division and y-axis:

5 A/division.

(@

(b)

TABLE 1II
EXPERIMENTAL RESULTS
Veer Torque ripple (Nm)
CSVPWM | RTRHPWM | % Reduction
0.8 0.158 0.138 12.6
0.85 0.138 0.123 10.9
Current Ripple (A)
CSVPWM RTRHPWM [ % Reduction
0.8 0.202 0.199 1.49
0.85 0.208 0.206 0.96

computation of average torque, these could lead to significant
error while calculating ripple torque [22]. However, all three
sets of results—analytical, simulation and experimental—are
consistent in demonstrating a substantial reduction in rms
torque ripple at high speeds of the drive due to RTRHPWM.
In addition to this, RTRHPWM also leads to a marginal im-
provement in current ripple, as shown in Table II.

V. CONCLUSION

The application of advanced bus-clamping switching se-
quences for torque ripple reduction in induction motor drives
has been studied. A hybrid PWM technique, which is a combi-
nation of a conventional sequence and advanced bus-clamping
sequences, has been proposed for the reduction of the pulsating
torque. Analytical, simulation, and experimental results are
consistent in showing a significant reduction in rms torque rip-
ple and a marginal improvement in harmonic distortion of line
current due to the proposed hybrid PWM method, compared to
CSVPWM, at high speeds of a constant V/f induction motor
drive.
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