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Abstract. This paper presents the small-signal stability analysis of an 11-kW open-loop inverter-fed induction

motor drive, including the effect of inverter dead-time. The analysis is carried out using an improved small-

signal model of the drive that has been reported in literature recently, and is used to demonstrate small-signal

instability in a higher-power-level motor. Through small-signal stability analysis, the region of oscillatory

behaviour is identified on the voltage versus frequency plane (V–f plane), considering no-load. These predictions

using the improved model are also compared against predictions of a standard model of an inverter-fed induction

motor including dead-time effect. The oscillatory behaviour of the 11-kW motor drive is also studied through

extensive time-domain numerical simulations and actual measurements over wide ranges of operating condi-

tions. Both the simulation and experimental results confirm the validity of the predictions by the improved

analytical model. Further, these results establish that the analysis is valid for both sine-triangle pulse-width

modulation (PWM) and conventional space vector PWM.
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1. Introduction

Induction machines are widely used in the industry for

various applications such as fans and pumps. Energy effi-

ciency considerations have led to variable-speed operation

of fans and pumps rather than fixed-speed operation. Open-

loop volt-per-hertz (V/f) control is a simple control

scheme for such applications. V/f control of induction

motors is also widely employed in the industry during the

testing stage of inverters and induction motors. A schematic

of an open-loop inverter-fed induction motor with a simple

V/f control is shown in figure 1.

A number of open-loop V/f induction motor drives have

been reported to exhibit oscillatory behaviour at low and

medium speeds, and particularly under light-load condi-

tions [1–10]. This light-load instability phenomenon is

impacted by motor parameters such as stator and rotor

resistances, leakage and magnetising reactances and inertia

[1, 3, 10]. Increased stator resistance of the motor is an

important factor, which results in this light-load instability

[2–5]. Further, the inverter dead-time, which is introduced

for safe commutation of switches in an inverter, is reported

to result in or accentuate these sub-harmonic oscillations in

the induction motor [4–9]. Recently, inverter dead-time was

shown to result in significant sustained sub-harmonic

oscillations in a 100-kW induction motor [7–9].

Considering the importance of V/f drives in the industry,

this paper attempts to study the prevalence of such oscil-

lations in commercial motor drives. Specifically, a case

study on an 11-kW industrial motor drive is reported in this

paper. The study presented here is a collaborative effort

between an industry and an academic institution. This study

comprises small-signal stability analysis, time-domain

numerical simulations and actual measurements on an

11-kW motor drive. The main objective here is to predict

the region of oscillatory behaviour, if any, of the 11-kW

induction motor.

The small-signal stability analysis of induction motor is

carried out by linearising its dynamic model about an

equilibrium point. The standard or classical approach to

stability analysis is to linearise the standard dynamic model

of the induction motor available in textbooks and in liter-

ature [1, 11]. However, the stator resistance is taken as the

sum of actual resistance (rs) and an additional resistance

Req0, considered to include the dead-time effect [5–7]. This

dead-time equivalent resistance depends on the dead-time

error voltage [5, 7, 12, 13] and stator current. An accurate

*For correspondence

1263

Sādhanā Vol. 42, No. 8, August 2017, pp. 1263–1273 � Indian Academy of Sciences

DOI 10.1007/s12046-017-0657-1

http://orcid.org/0000-0002-0433-0782
http://crossmark.crossref.org/dialog/?doi=10.1007/s12046-017-0657-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12046-017-0657-1&amp;domain=pdf


method to evaluate this equivalent resistance is presented in

[14].

Recently, a more rigorous analysis of the dead-time

effect on the inverter output has led to an improved small-

signal model for the inverter-fed induction motor [9]. The

dead-time effect on the inverter output has been studied in

the synchronous dq reference frame [15, 16]. This has led to

a modified dynamic model of the inverter-fed induction

motor [14]. Linearisation of this modified dynamic model

has resulted in an improved small-signal model for stability

analysis. The improved and standard small-signal models

are reviewed in section 2 of this paper.

Both the improved and standard small-signal models are

used to perform the stability studies on the 11-kW induction

motor drive, in section 3. These models are used to predict

the regions of oscillatory behaviour of the 11-kW drive.

Evaluation of the validity of the two models is another

objective here. Extensive simulation results presented in

section 4 validate the small-signal analysis and the region

of oscillatory behaviour as predicted by the improved

small-signal model. An extensive experimental study on the

11-kW induction motor, presented in section 5, confirms

the oscillatory behaviour in the drive as predicted by the

improved model. A preliminary version of this paper was

presented in [17]. This full paper presents additional ana-

lytical, simulation and experimental results for different

ratios of dead-time to switching cycle time so that more

general conclusions could be drawn.

2. Review of small-signal model of an open-loop

induction motor drive

The dynamic model of the induction motor drive [14] and

the linearised small-signal models of the drive [5, 8, 9] are

reviewed in the following subsections.

2.1 Modified induction motor dynamic equations

Inverter dead-time is known to cause an error voltage

pulse in each switching cycle, the polarity of which

depends on the load current polarity [12, 13]. The

switching-cycle average of this error voltage is seen to be

a square wave over a fundamental cycle; the polarity of

this square wave depends on the sign or polarity of the

load current [12, 13]. The dead-time error voltages are

analysed in the synchronous dq reference frame in

[15, 16]. In [15], the fundamental components of the

dead-time error voltages in the RYB reference frame are

considered, and are transformed to the dq reference frame,

resulting in error voltage drops that depend on the q-axis

and d-axis inverter output currents. These error voltage

drops are incorporated into the stator dynamic equations,

which can be rewritten as follows [14]:

vqs;id ¼ rs þ
jV
!

s;err;f j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i2qs þ i2ds

q þ Ls
d

dt

0

B

@

1

C

A
iqs þ xsLsids

þ Lm
di

0

qr

dt
þ xsLmi

0

dr

ð1Þ

vds;id ¼� xsLsiqs þ rs þ
jV
!

s;err;f j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i2qs þ i2ds

q þ Ls
d

dt

0

B

@

1

C

A
ids

� xsLmi
0

qr þ Lm
di

0

dr

dt

ð2Þ

Here, iqs and ids are the q-axis and d-axis stator, respec-

tively. For any continuous pulse-width modulation (PWM)

scheme such as sine-triangle PWM (SVPM) or conven-

tional space vector PWM (CSVPM), the magnitude of the

dead-time error voltage vector is given by (3)

jV
!

s;err;f j ¼
4

p
Vdctdfsw ð3Þ

where Vdc is the dc bus voltage, td is the inverter dead-time

and fsw is the switching frequency [14, 16]. Further, vqs;id is

the ideal q-axis stator voltage applied by an ideal inverter

without dead-time. Since the ideal voltage vector is aligned

along the q-axis, its component vds;id along the d-axis is

zero. The rotor voltage equations and the mechanical

dynamic equations are the standard equations as given in

[8, 9, 11]. These equations together constitute the modified

dynamic model of an induction motor, including the dead-

time effect [14].

2.2 Small-signal model

The improved small-signal model is derived by linearising

the modified dynamic equations of the induction motor [14]

about a steady operating point. The determination of the

steady-state solution/operating point including the effect of

dead-time is presented in [14].

The linearised small-signal model of an inverter-fed

induction motor with significant dead-time can be expres-

sed in the standard form [9] as follows:

VSI 

Squirrel cage 

induction motor

Modulator

and 

dead-time 

generation
Gating Pulses 

Figure 1. Schematic representation of an open-loop induction

motor drive.
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D _x ¼ A Dxþ B Du ð4Þ

where

A ¼

�L�1R �L�1k10

3

2J

� �

poles

2

� �2

kT20 �
B

J

2

6

4

3

7

5
ð5Þ

The various constituent matrices are given in [9], and are

reproduced in the appendix of this paper. The specific

constituent matrix, whose elements are impacted by the

inverter dead-time, is the matrix R, which may be expres-

sed as follows:

R ¼
Rss Rsr

Rrs Rrr

� �

ð6Þ

More specifically, it is the sub-matrix Rss in (6) that is

directly influenced by dead-time. This sub-matrix Rss is

described differently in the standard [5, 6] and improved

small-signal models [9].

2.2a Standard small-signal model: In steady state, the effect

of dead-time is seen as an equivalent resistance (Req0) that

adds to the stator resistance of the motor [5–7]. In the

standard model [5], the dead-time equivalent resistance

(Req0) is just added to the stator resistance rs. The Rss sub-

matrix used in the standard model is given below as

follows:

Table 1. Induction motor parameters (star equivalent).

rs (stator resistance) 0:333 X

r
0

r (rotor resistance referred to stator side) 0:359 X

Ls (stator inductance) 82.46 mH

L
0

r (rotor inductance referred to stator side) 84.94 mH

Lm (mutual inductance) 79.82 mH

J (inertia) 0:0685 kgm2
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Figure 2. Loci of the eigenvalues of an 11-kW inverter-fed induction motor under no-load for a speed range of 5 – 50 Hz considering

(a) no-dead-time effect, (b) the standard model with td = 3 ls and fsw ¼ 5 kHz (i.e. tdfsw ¼ 0:015) and (c) improved model with td ¼ 3 ls

and fsw ¼ 5 kHz (i.e. tdfsw ¼ 0:015 ). A dc bus voltage of Vdc ¼ 600 V and a V/f ratio of 0.89 pu are considered in the analysis.
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Rss;std ¼
rs þ Req0 xs0Ls

�xs0Ls rs þ Req0

� �

: ð7Þ

2.2b Improved small-signal model: As mentioned earlier,

the improved small-signal model [9] is obtained by lin-

earising the modified dynamic equations of the induction

motor, which includes Eqs. (1)–(3). The sub-matrix Rss in

the improved small-signal model, thus derived, turns out to

be as follows:

Rss;impr ¼
rs þ Rq;eq0 xs0Ls � Xqd;eq0

�xs0Ls � Xqd;eq0 rs þ Rd;eq0

� �

ð8Þ

where

Rq;eq0 ¼ Req0

i2ds0
i2qs0 þ i2ds0

 !

;Rd;eq0 ¼ Req0

i2qs0

i2qs0 þ i2ds0

 !

Xqd;eq0 ¼ Req0

iqs0ids0

i2qs0 þ i2ds0

 !

;Req0 ¼
jV
!

s;err;f j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i2qs0 þ i2ds0

q :

The improved small-signal model suggests that the dead-

time effect is more than just an equivalent resistance in

series with the stator resistance, unlike what is portrayed by

the standard model. The improved model shows that dead-

time effect contributes to different values of q-axis and d-

axis resistances, and also cross-coupling reactance terms

between the two axes. These equivalent resistances and

reactances appear from the linearisation of the dead-time

error voltage terms in the stator dynamic equations. An

evaluation of the validity of the two models in predicting

the oscillatory behaviour of the 11-kW drive is an objective

of the paper.

3. Small-signal stability analysis of an 11-kW

motor drive

Stability analysis of an 11-kW, 21-A, 415-V, 4-pole, 50

Hz, three-phase induction motor (parameters in table 1) is

carried out over a wide operating range. An operating

point of the motor drive is defined by the fundamental or

modulating frequency, applied voltage and load torque.

Since oscillatory behaviour of the motor drives is known

to be largely under light loads [4, 5, 9], the analysis is

limited to no-load conditions here. The range of funda-

mental frequency considered is from 5 Hz to 50 Hz. The

corresponding range of fundamental voltage depends on

the V/f ratio chosen. While rated V/f ratio (i.e. V/f = 1 pu)

is usually employed, the motor drive is also operated in

under-flux conditions at light loads. Hence V/f ratio as low

as 0.5 pu is considered for the analysis. For a given

applied frequency and voltage, the steady-state solution of

the drive including the effect of dead-time is determined

first [14]. The steady values of state variables, along with

the motor parameters and dead-time equivalent resistance,

yield the elements of the small-signal stability matrix A.

The eigenvalues of matrix A are then evaluated to

determine the small-signal stability of the drive at the

given operating point.

When the dead-time effect is ignored (i.e. ideal case), the

eigenvalues of matrix A vary with fundamental frequency

as shown in figure 2a for a V/f ratio of 0.89 pu. A dc bus

voltage of 600 V, a typical switching frequency fsw of 5 kHz

and a dead-time of 3 ls are then considered. When the

dead-time effect is incorporated as suggested by the stan-

dard small-signal model [5], the eigenvalues of matrix A

change with the fundamental frequency as shown in fig-

ure 2b, for the same V/f ratio of 0.89 pu. While the root loci

obtained with standard model (figure 2b) are significantly

different from those with the ideal case (figure 2a), all

eigenvalues are to the left of the jx-axis in both cases for all

frequencies. However, when dead-time effect is incorpo-

rated as proposed by the improved small-signal model [9], a

complex conjugate pair of root loci traverses to the right of

the jx-axis for fundamental frequencies between 10 and 30

Hz. Thus, the improved small-signal model suggests

oscillatory behaviour of the motor drive in the speed range

between 10 and 30 Hz, at a V/f ratio of 0.89 pu. This will be

verified through simulations and experiments in the later

sections of the paper.

This analysis is repeated for different values of V/f ratios

between 0.5 and 1 pu. Also, different values of fsw and/or td
that are of interest need to be considered. As seen from

Eq. (3), the magnitude of dead-time error voltage depends

on the product tdfsw, at any given Vdc. Hence, apart from the

value tdfsw ¼ 0:015, one lower value of 0.006 and a higher

value of 0.024 are considered.

The unstable operating points (corresponding to different

V/f ratios and fundamental frequencies) may be identified
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Figure 3. Stable and unstable equilibrium points in the V–f plane

for an 11-kW induction motor drive under no load, as predicted by

the standard small-signal model [5], considering Vdc ¼ 600V and

tdfsw ¼ 0:024.
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on the V–f plane through the stability analysis discussed

earlier. Considering the ideal case without dead-time, no

unstable operating points are seen in the V–f plane. Con-

sidering a standard model where dead-time is just an

equivalent resistance, no unstable operating points are seen

with tdfsw ¼ 0:006, and tdfsw ¼ 0:015. However, there is a

small region of instability when tdfsw ¼ 0:024 as shown in

figure 3.

On the other hand, when the stability analysis is per-

formed using the improved small-signal model, significant

regions of instability are identified on the V–f plane for

tdfsw ¼ 0:006, tdfsw ¼ 0:015 and tdfsw ¼ 0:024 as shown in

figure 4a, b, and c, respectively. The region of oscillatory

behaviour is found to expand as tdfsw product increases. The

boundaries of the regions of instability are shown for dif-

ferent values of tdfsw in figure 4d.

The analytically predicted region of instability of the

11-kW motor drive is verified through time-domain simu-

lations in the following section.

4. Simulation results

The simulation model essentially consists of the standard

dynamic equations of the induction motor in the syn-

chronous dq-reference frame [11], whose inputs are fed
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Figure 4. Stable and unstable equilibrium points in the V–f plane for an 11-kW induction motor drive under no load, as predicted by the

improved small-signal model [9], considering Vdc ¼ 600 V and (a) tdfsw ¼ 0:006 , (b) tdfsw ¼ 0:015 and (c) tdfsw ¼ 0:024 . (d) Variation

of the region of instability with tdfsw for the given dc bus voltage. The stability analysis is limited to frequencies between 0.1 and 1 pu,

and for V/f ratios between 0.5 pu and 1 pu. The frequency base is 50 Hz, and the line to line voltage base is 415 V.
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from an inverter model including the dead-time effect. The

ideal sinusoidal inverter output voltages are modified by

adding the square-wave error voltages on account of

inverter dead-time [5, 7]. The resultant inverter output

voltages are transformed to voltages in the synchronous dq

reference frame [16] and fed to the standard induction

motor dynamic model.

For the simulations, the 11-kW induction motor (pa-

rameters in table 1) and tdfsw ¼ 0:015 are considered ini-

tially. The simulated waveforms at the operating point A (in

figure 4b), i.e. at fundamental frequency f1 ¼ 20 Hz, and

V=f ¼ 0:89 pu, are shown in figure 5. Low-frequency

oscillations of about 10 Hz are observed in the q-axis and d-

axis currents in the steady state, indicating the operating

point A to be unstable. These q-axis and d-axis currents are

expected to be constant in the steady state for a stable op-

erating point. These oscillations in the q-axis and d-axis

currents reflect in the amplitude of the R-phase current

shown in the same figure. Low-frequency 10 Hz oscilla-

tions are also seen in the motor torque and speed. It is

observed that the torque developed is both positive and

negative, indicating motoring and generating operation,

respectively. Correspondingly, the rotor speed also accel-

erates and decelerates about the synchronous speed.

Simulations are repeated at various operating points in

the V–f plane (corresponding to different fundamental

speeds and V/f ratios) to identify the set of unstable oper-

ating points. The oscillatory region on the V–f plane may be

identified for different values of tdfsw. The regions of

oscillatory behaviour for tdfsw ¼ 0:006, tdfsw ¼ 0:015 and

tdfsw ¼ 0:024 obtained through simulations are shown in

figure 6a, b and c, respectively. An unstable operating point

is indicated by a shaded circle in the V–f plane. These

regions of oscillatory behaviour, determined using the

simulation model, are in very good agreement with the

corresponding regions predicted by the improved small-

signal model in figure 4a, b and c.

5. Experimental results

The experimental set-up consists of a three-phase, 415-V,

21-A, 11-kW, squirrel cage induction motor, fed from a

two-level IGBT-based voltage source inverter, as men-

tioned before. The voltage source inverter is initially

switched at a frequency of 5 kHz, and the inverter dead-

time is 3 ls. The dc bus voltage is set to 600 V using a

controlled voltage source. The V/f control is implemented

on a TMS320F28035-based controller, and the gating pul-

ses generated are fed to the inverter switches through the

gate-drive circuitry.
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5.1 Sub-harmonic oscillations in the 11-kW drive

At the operating point A indicated in figure 4(b) (i.e. at

f1 ¼ 0:4 pu and V/f = 0.89 pu), the measured R-phase stator

current (trace 1), Y-phase stator current (trace 2) and dc bus

voltage (trace 3) are as shown in figure 7. The measure-

ments with SPWM scheme are shown in figure 7a, while

those with CSVPWM are shown in figure 7b. Sub-harmonic

oscillations are observed in the current waveforms in fig-

ure 7, confirming the operating point A to be unstable. The

dc bus voltage is also found to be oscillatory with a peak–

peak voltage of about 25 V.

The measured stator currents and DC bus voltage at the

operating point B in figure 4b, i.e at f1 ¼ 0:7 pu and V/f =

0.89 pu, are shown in figure 8. The waveforms in figure 8a

and figure 8b correspond to SPWM and CSVPWM

schemes, respectively. No sub-harmonic oscillations are

observed in the measured currents and DC bus voltage,

indicating the operating point B to be stable.

5.2 Region of oscillatory behaviour

The oscillatory behaviour, if any, of the motor drive is

examined experimentally at different V/f ratios. V/f ratios

between 0.5 and 1 pu in steps of 0.1 pu are considered

for the measurements. For each V/f ratio, the drive is

operated at speeds ranging between 5 and 50 Hz (say in

steps of 1 Hz) to identify the unstable operating points.

Considering the SPWM scheme, the set of unstable op-

erating points are identified experimentally, and are

indicated on the V–f plane in figure 9a. Similarly, the

region of oscillatory behaviour with CSVPWM is shown

in figure 9b. Thus, if a drive exhibits oscillatory beha-

viour with SPWM scheme, it should be expected to

exhibit such oscillatory behaviour with CSVPWM

scheme as well. Further, the region of oscillatory beha-

viour is almost the same for the two methods. This

should also be expected in the light of the theoretical

knowledge that the magnitude of the error voltage vector

[see Eq. (3)] is equal for the two methods.

The experimentally determined region of oscillatory

behaviour (figure 9a and b) match reasonably well with the

simulated (figure 6b) and analytically predicted (figure 4b)

regions.

Experiments are also performed at an increased

switching frequency of 8 kHz and for the same dead-time

duration of 3 ls (i.e. tdfsw ¼ 0:024) and dc bus voltage of

600 V. The regions of oscillatory behaviour at this

switching frequency, considering SPWM and CSPWM are

shown in figure 10a and b respectively.

bFigure 5. Sub-harmonic oscillations observed in the simulated

(a) q-axis stator current, (b) d-axis current, (c) R-phase stator

current, (d) torque developed, and (e) rotor electric speed at the

unstable equilibrium point A (shown in figure 4b). A tdfsw ¼ 0:015
is considered.
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Figure 6. Stable and unstable equilibrium points in the V–f plane

for an 11-kW induction motor drive under no load, as observed

from the time-domain simulation model, considering Vdc ¼ 600 V

and (a) tdfsw ¼ 0:006, (b) tdfsw ¼ 0:015 and (c) tdfsw ¼ 0:024.
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These results are in reasonable agreement with the sim-

ulated (see figure 6c) and analytically predicted (see fig-

ure 4c) regions.

Minor deviations between the experimental and simu-

lated results could be on account of a few factors such as

device drops, device switching delays, variable switching

transition slopes of the inverter output voltages and mini-

mum on/off times, which are difficult to incorporate in

simulation and analysis. Also, in the analysis and simula-

tion, the dc voltage is assumed to be constant. However, in

the experiments, the dc bus voltage is observed to oscillate

at sub-harmonic frequencies. Modelling such dc-side

dynamics would add to the model complexity. Despite

ignoring such effects, the predictions of oscillatory beha-

viour by the improved small-signal model and simulation

are in reasonable agreement with the experimental results.

5.3 Mitigation of oscillatory behaviour using

dead-time compensation

These sub-harmonic oscillations could be mitigated to an

extent by employing a simple dead-time compensation

scheme [7, 13]. A square-wave compensating signal,

dependent on the current polarity, is added to the ideal

sinusoidal modulating signal to compensate for the dead-

time error voltage [7, 13]. The measured waveforms with

dead-time compensation at the operating point A in fig-

ure 4b (i.e. f1 ¼ 20 Hz and V/f = 0.89 pu) are shown in

figure 11. As opposed to the oscillatory waveforms before

compensation as shown in figure 7a, the current waveform

after compensation in figure 11 does not show any sub-

harmonic oscillations.

6. Discussion

The results in the previous sections establish the validity of

the improved small-signal model in predicting light-load

instability of the 11-kW induction motor drive. This same

model has also been shown recently to be more accurate

than the standard small-signal model in predicting the

region of sub-harmonic oscillations in a 100-kW induction

motor drive [9]. The two sets of results together establish

the applicability of the improved small-signal model to

motor drives of different power levels.

Figure 7. Measured stator currents and DC bus voltage at

unstable operating point A (see figure 4b). (a) Sine-triangle PWM

and (b) conventional space vector PWM. Trace 1: R-phase stator

current (10 A/div), Trace 2: Y-phase stator current (10 A/div), and

Trace 3: DC bus voltage (25 V/div). Time scale: 25 ms/div.

Figure 8. Measured stator currents and DC bus voltage at

stable operating point B (see figure 4b). (a) Sine-triangle PWM

and (b) conventional space vector PWM. Trace 1: R-phase stator

current (10 A/div), Trace 2: Y-phase stator current (10 A/div), and

Trace 3: DC bus voltage (25 V/div). Time scale: 10 ms/div.
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In the case of the 100-kW induction motor drive, the

standard small-signal model is able to predict the sub-

harmonic oscillations, but it is inaccurate in predicting

only the region of oscillatory behaviour [9]. However, in

case of the present 11-kW motor, the standard small-

signal model is unable to even recognise or indicate

possible sub-harmonic oscillations in the drive at certain

realistic values of tdfsw. Thus, this case study of the

11-kW motor drive better demonstrates the importance of

the improved small-signal model in predicting oscillatory

behaviour in motor drives.

7. Conclusion

This paper investigates whether an 11-kW induction motor

drive exhibits oscillatory behaviour and the region of such

oscillatory behaviour. The motor drive is found to oscillate

in low and medium speeds under no load. The region of

oscillatory behaviour increases with the ratio of the dead-

time to switching cycle time. The improved small-signal

model is shown to be much more accurate than the standard

small-signal model in predicting the region of oscillatory

behaviour. The regions predicted by the improved model in

different cases are confirmed by simulation and
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(b)

Figure 9. Experimentally observed set of stable and unsta-

ble equilibrium points in the V–f plane for an 11-kW induction

motor drive under no load, considering (a) sine-triangle PWM

(SPWM) and (b) conventional space vector PWM (CSVPWM).

Vdc ¼ 600 V; fsw ¼ 5 kHz; td ¼ 3 ls.
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Figure 10. Experimentally observed set of stable and unsta-

ble equilibrium points in the V–f plane for an 11-kW induction

motor drive under no load, considering (a) sine-triangle PWM

(SPWM) and (b) conventional space vector PWM (CSVPWM).

Vdc ¼ 600 V; fsw ¼ 8 kHz; td ¼ 3 ls.
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experimental results. Further, the region of oscillatory

behaviour has been shown to be almost the same with sine-

triangle and conventional space vector modulation

schemes.

Identifying the region of oscillatory behaviour could

potentially help in improved design of the motor, or at least,

in handling the problem. Dead-time compensation schemes

[7, 12, 13, 18–21] and oscillation mitigation schemes

[10, 22, 23] could mitigate these oscillations. Mitigation of

these sub-harmonic oscillations using dead-time compen-

sation is also demonstrated in this paper.

Appendix

The various constituent matrices used in the small-signal

model are defined as follows:

L ¼

Ls 0 Lm 0

0 Ls 0 Lm

Lm 0 L
0

r 0

0 Lm 0 L
0

r

2

6

6

6

4

3

7

7

7

5

; ð9Þ

k10 ¼

0

0

�ðLmids0 þ L
0

ri
0

dr0Þ

ðLmiqs0 þ L
0

ri
0

qr0Þ

2

6

6

6

4

3

7

7

7

5

k20 ¼

Lmi
0

dr0

�Lmi
0

qr0

�Lmids0

Lmiqs0:

2

6

6

6

4
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7

7

7

5

: ð10Þ

Rsr ¼
0 xs0Lm

�xs0Lm 0

� �

; ð11Þ

Rrs ¼
0 ðxs0 � xr0ÞLm

�ðxs0 � xr0ÞLm 0

� �

; ð12Þ

Rrr ¼
r
0

r ðxs0 � xr0ÞL
0

r

�ðxs0 � xr0ÞL
0

r r
0

r:

" #

: ð13Þ
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