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Abstract—This paper reports instability and oscillations in the
stator current under light-load conditions in a practical 100-
kW induction motor drive. Dead-time is shown to be a cause
for such oscillations. This paper shows experimentally that these
oscillations could be mitigated significantly with the help of a
simple dead-time compensation scheme.

Index Terms—Induction motor drive, pulse width modulated
inverter, dead-time, light-load instability, dead-time compensa-
tion.

I. INTRODUCTION

OPEN-loop volts-per-hertz (V/f) control of an induction
motor fed from IGBT-based voltage source inverter

(VSI) is widely employed in high-power applications including
fans and pumps. These drives operate over a wide range of
speeds, carrying load torque ranging anywhere between no
load and rated load. This paper reports instability phenomenon
and its mitigation in a practical 100-kW induction motor drive,
shown schematically in Fig. 1, at low speeds under light
load. The operation of V/f drives at low speeds and light-
load conditions is significant from the perspective of fan-type
loads (where torque demand is low at low speeds).

The setup consists of a 100-kW squirrel-cage induction
motor, coupled to a wound-rotor machine (not shown in Fig.1)
through a rigid coupling (and not a flexible one) as required
for a certain application. The wound-rotor machine is not
loaded and just adds to the inertia of the system. The squirrel-
cage induction motor is fed from an IGBT-based pulse-width-
modulated (PWM) VSI. The inverter, in turn, is fed from a
diode-bridge rectifier for testing the drive under light loads.

Oscillations of high amplitude were observed in the motor
current at low fundamental frequencies under no load (see Fig.
2). Significant oscillations were also observed in the dc bus
voltage (not shown). Further, the acoustic noise was of high
intensity with a clearly audible sub-harmonic component.

The possible reasons for the oscillations could be mechan-
ical, magnetic and/or electrical in nature. Initially, problems
due to alignment and coupling were suspected, particularly
since the coupling is rigid. But the mechanical system was
smooth to be rotated by hand. Further the spatial harmonics
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Fig. 1. Diode rectifier - inverter fed open loop induction motor drive.

on account of the winding distribution were also found to
be negligible to cause any significant impact on the motor
performance. Interestingly, the V/f ratio was found to have a
significant impact on the oscillations as discussed below.

While it is common to provide a voltage boost at low
modulation frequencies less than 5 Hz [1], even V/f ratios
lower than 1 pu (e.g. 0.8 or 0.9 pu) were observed to result
in inverter trip. In fact, the measured stator current waveform,
shown in Fig. 2, is at a reduced V/f ratio of 0.63 pu and a
steady frequency command of 10 Hz. As seen from the figure,
the peak-to-peak current varies from fundamental cycle to
cycle; the amplitude has a sub-harmonic envelope of frequency
1 Hz roughly.

Fig. 2. Repetitive oscillations observed in the stator current waveform at
an applied fundamental frequency of 10 Hz in a 100-kW squirrel induction
motor at no load. Trace 1: modulating signal (2 V/div), Trace 2: stator current
(25 A/div), Trace 3: frequency command (20 Hz/div).

The stability of an induction motor and the influence of
various motor parameters on the same have been studied [2]–
[7]. High values of stator resistance have been shown to cause
light-load instability [4], [5]. In inverter-fed motor drives,



the effect of inverter dead-time could be seen as increase in
stator resistance [5], [6]. Such an increase in the effective
stator resistance and consequent oscillatory behaviour is more
pronounced in case of high-power motors than low-power
motors [8]. Hence it is hypothesized here that dead-time is
a probable cause for the oscillations observed (Fig. 2) in the
drive at low speeds.

Inverter dead-time is a short delay introduced between
the gating signals of complementary switches in an inverter
leg, to avoid a shoot through fault during commutation. The
effect of dead-time on the inverter output voltage [9]–[11]
is reviewed briefly in section II. It is shown that the dead-
time effect can be modelled as an increase in stator resistance.
Further, based on small-signal analysis, instability of the 100-
kW induction motor is shown to increase with increase in the
stator resistance. A simple dead-time compensation scheme is
introduced in section III. Experimental results, demonstrating
the reduction in the stator current oscillations with dead-time
compensation, are presented in section IV.

II. EFFECT OF DEAD-TIME IN A VSI FED MOTOR DRIVE

The effects of inverter dead-time on the inverter output
voltage and on the small-signal stability of the motor are
studied in this section.

A. Instantaneous error voltage

An inverter leg consists of two complementary switches as
shown by Fig. 3. The voltage at the mid-point of the leg,
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Fig. 3. One leg of a three-phase voltage source inverter.

measured with respect to the dc mid-point O, is defined as the
pole voltage vRO.

The ideal pole voltage vRO,id, corresponding to the ideal
gating signals S1 and S2 of the top and bottom switches,
respectively, is shown in Fig. 4. However, for the purpose
of device protection, the leading edges of S1 and S2 are
delayed by dead-time td to obtain the actual gating signals
S1d and S2d as shown in the figure. Since both the gating
signals are low during dead-time, neither of the IGBT’s can
conduct. For the positive direction of load current iR indicated
in Fig. 3, the bottom anti-parallel diode conducts. Hence,
during dead-time intervals, pole voltage is always −Vdc

2 for
iR > 0. The actual pole voltage vRO,act deviates from the
ideal pole voltage vRO,id during diode-to-IGBT transitions
(i.e whenever the IGBT should come into conduction), while
there is no such deviation during the IGBT-to-diode transitions.
This deviation is seen as an error voltage pulse of negative
polarity for positive current as illustrated in Fig. 4. For iR < 0,
the top diode conducts during td. Hence the pole voltage
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Fig. 4. Dead-time error voltage when the line current is positive.

is Vdc

2 ; therefore, the error voltage pulse is positive. Thus,
the instantaneous error voltage ve, on account of dead-time,
depends on the current polarity as shown by (1), where Vdc is
the dc bus voltage [9]–[11].

ve = vRO,act − vRO,id = −sign(iR)Vdc (1)

The error voltage is seen as a train of negative pulses of
width td during the positive half cycle of the current, and
vice-versa, as shown by Fig.5. The width of the pulses are
shown exaggerated for clarity.
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Fig. 5. Average dead-time error voltage over a fundamental cycle.

B. Average error voltage

The average error voltage over a carrier cycle is given by

ve,avg = −Vdctdfswsign(iR) = −Vdc
td
Tsw

sign(iR) (2)

where fsw is the switching frequency, and Tsw is the switching
time period. The average error voltage over a fundamental
cycle of the current is seen to be a square wave of amplitude
ve,avg , and is out of phase with the fundamental load cur-
rent. This error voltage increases with increase in switching
frequency and dc bus voltage.

The fundamental component of the dead-time error voltage
is given by

Ve,avg,1 =
4

π
ve,avg =

4

π
Vdc

td
Tsw

(3)

This adds up to the ideal fundamental voltage Videal to yield
the actual fundamental voltage Vactual as shown by the phasor
diagram in Fig.6.
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Fig. 6. Phasor diagram depicting the effect of the dead-time on fundamental
output voltage.

C. Equivalent stator resistance due to dead-time effect

The difference between the actual fundamental voltage and
ideal fundamental voltage on account of dead-time is given
by Ve,avg,1 defined in (3). Since Ve,avg,1 is out of phase with
the fundamental phase current (IR,1) as shown by Fig.6, this
voltage can be regarded as a resistance drop in series with the
stator resistance as indicated by Fig. 7. Thus, the dead-time
effect can be viewed as an equivalent resistance Req,dead−time

which can be expressed as follows:

Req,dead−time =
Ve,avg,1
IR,1

(4)
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Fig. 7. Induction motor equivalent circuit with dead-time equivalent
resistance included in series with the stator resistance.

This equivalent series resistance could be comparable to or
even higher than the actual stator resistance Rs, particularly
in high-power induction motor drives. This increase in stator
resistance could have a significant impact on the stability of the
high-power motor as brought out in the following subsection.

D. Small-signal stability

The induction motor dynamic equations, in the syn-
chronously revolving reference frame, are linearised about
their equilibrium operating points to obtain the small-signal
model [3]–[5]. The state space representation of the small-
signal model is derived to obtain the eigen values of the system
at each equilibrium point. A positive real part of any eigen
value indicates an unstable equilibrium point.

Stability analysis of the motor is carried out at all points
on the V/f plane, considering a frequency range of 5 Hz to 50
Hz and with the V/f ratio ranging between 0.5 pu and 1 pu.
With the induction motor parameters as shown in Table I and
disregarding the dead-time effect, the results of the stability
analysis are shown in Fig. 8(a). As seen from the figure, a
small set of unstable equilibrium points are observed close to
5 Hz and a V/f ratio of 1 pu.

TABLE I
INDUCTION MOTOR PARAMETERS

Rs R
′
r Lm

0.0277Ω 0.02Ω 0.024H

Lls = L
′
lr J B

0.417mH 9kgm2 0.05Nm/(rad/sec)

Considering Vdc = 615 V, td = 5µs and fsw = 5 kHz, the
peak value of the error voltage Ve,avg,1 equals 19.6 V. The no-
load magnetising current of the induction motor is 45 A (peak).
Hence, the series equivalent resistance Req,dead−time is 0.44Ω
(which is 22 times the actual stator resistance) as per equation
(4). The stability analysis is repeated considering a more
conservative value of 0.2Ω than 0.44Ω for Req,dead−time.
Now, the unstable equilibrium points in the V/f plane are very
much increased as shown in Fig. 8(b). Thus, dead-time has
an adverse effect on the stability of open-loop V/f induction
motors under light-load conditions. Instability is observed over
the widest range of fundamental frequency at a V/f ratio of 1
pu.
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Fig. 8. Small-signal stability of the 100-kW induction motor with (a) original
stator resistance: 0.0277Ω (b) increased stator resistance: 0.2277Ω

Considering a V/f ratio of 0.9 pu. and a stator frequency
of 10 Hz, simulation results of the stator current waveform
without dead-time, and with 1 µs and 5 µs dead-time are
shown in Fig. 9(a), Fig. 9(b) and Fig. 9(c) respectively. The
stator currents without dead-time are observed to be sinusoidal,
while sub-harmonic oscillations at a frequency close to 1/4th

the fundamental are observed when a 1 µs dead-time is
considered. The amplitude of the sub-harmonic oscillations
is increased with a 5 µs dead-time, and the sub-harmonic
frequency is observed to be around 1/6th the fundamental
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Fig. 9. Simulated induction motor currents at 10 Hz and V/f ratio of 0.9
pu (a) without inverter dead-time, (b) with 1 µs dead-time, (c) with 5 µs
dead-time.

frequency. Further, when dead-time is considerable, the motor
current is nearly zero over certain interval in the sub-harmonic
cycle. It can be confirmed that the stability of the motor
is definitely impacted by the inverter dead-time. Taking into
consideration the longer time taken by high-power devices to
turn-off and gate-driver delays, a longer dead-time duration
is required in comparison with a lower power converter [12],
[13]. Hence, the experimental inverter has a dead-time of 5µs
for sufficient margin of safety.

III. DEAD-TIME COMPENSATION SCHEME

A few dead-time compensation schemes have been pre-
sented in [11], [14]–[18]. A simple software based dead-time
compensation scheme is employed here. A compensating term
∆m is added or subtracted, depending on the line current
polarity, to the sinusoidal modulating signal mR to obtain the
compensated modulating signal mR,comp as given by (5).

mR,comp = mR + ∆m, iR > 0

= mR − ∆m, iR < 0 (5)

The compensating term ∆m is given by (6).

∆m =

(
td
Tsw

)
Vp (6)

where Vp is the peak of the unipolar triangular carrier. With
dead-time compensation, the width of the pulse S1compd

equals the width of the ideal gating signal S1, as illustrated
by Fig. 10. Hence the actual pole voltage with dead-time
compensation is identical to the ideal pole voltage except for
a shift in time by 0.5 td.

)(tC

Rm

sampleTT ssw 1

1S

dS 1

compS1

dt5.0

dt5.0

dt

dt
compdS1

idont ,

idofft ,

compont ,
compofft ,

pV

compRm ,

idont ,

actont ,

actofft ,

idofft ,

t

t

t

t

t

Fig. 10. Dead-time compensation illustrated for positive current.

IV. EXPERIMENTAL RESULTS

The 415-V, 100-kW squirrel-cage induction motor in Fig. 1
is fed from a two-level voltage source inverter with a dc bus
voltage of 615 V. The inverter is switched using sine - triangle
modulation scheme at a carrier frequency of 5 kHz, with a
dead-time of 5µs. The V/f ratio is maintained at 63 % of the
rated value as mentioned in section I. A TMS320F2812 digital
signal processor based controller board is used to control
the drive. Experimental results without and with dead-time
compensation at different speeds are presented in Fig.11 to
Fig.15.

(a)

(b)
Fig. 11. Measured induction motor currents at 5 Hz (a) without dead-time
compensation, Trace 1: modulating signal (0.5 V/div), Trace 2: stator current
(25 A/div), Trace 3: frequency command (10 Hz/div) (b) with dead-time
compensation. Trace 1: modulating signal (1 V/div), Trace 2: stator current
(25 A/div), Trace 3: frequency command (5 Hz/div).

The measured motor current without dead-time compen-
sation at an applied stator frequency of 5 Hz is shown in



Fig. 11(a). As seen, the motor current is distorted and con-
tains significant low-frequency harmonic content. The torque
developed is insufficient for the motor to start, overcoming
inertia and static friction. With the implementation of the
dead-time compensation scheme, discussed in section III, the
compensated modulating signal is as shown by trace 1 in Fig.
11(b). With such a modulating signal, the motor starts rotating,
but the current waveform is still distorted and contains sub-
harmonic oscillations as seen from Fig. 11(b). It may be note
that only a portion of the sub-harmonic cycle is visible in Fig.
11(b).

Thus, at a fundamental frequency of 5 Hz, the compensation
helps the motor to get started and run, while not being
good enough to ensure sinusoidal motor currents without sub-
harmonic oscillations.

The improvement in stator current waveforms with this
simple dead-time compensation is clearer at a modulation
frequency of 10 Hz as seen from Fig. 12 than at 5 Hz.
There is considerable sub-harmonic oscillation in the current
without dead-time compensation as shown by Fig. 12(a).
Dead-time compensation reduces the sub-harmonic oscilla-
tions, low-frequency harmonic distortion and also zero cross-
over distortion in the current waveform as seen from Fig.
12(b). Similar improvements are also observed at fundamental

(a)

(b)
Fig. 12. Measured induction motor currents at 10 Hz (a) without dead-time
compensation, (b) with dead-time compensation. Trace 1: modulating signal
(1 V/div), Trace 2: stator current (25 A/div), Trace 3: frequency command
(10 Hz/div).

frequencies of 15 Hz and 20 Hz as brought out by Fig. 13 and
Fig. 14, respectively, with dead-time compensation.

The uncompensated sinusoidal modulating signal (say trace
1 in Fig. 11(a)) is significantly different from the compensated
modulating signal (say trace 1 in Fig. 11(b)), at low frequen-
cies such as 5 Hz , 10 Hz and 15 Hz. However, at 45 Hz,
the uncompensated (sinusoidal) and compensated modulating

(a)

(b)
Fig. 13. Measured induction motor currents at 15 Hz (a) without dead-time
compensation, (b) with dead-time compensation. Trace 1: modulating signal
(2 V/div), Trace 2: stator current (25 A/div), Trace 3: frequency command
(10 Hz/div).

(a)

(b)
Fig. 14. Measured induction motor currents at 20 Hz (a) without dead-time
compensation, (b) with dead-time compensation. Trace 1: modulating signal
(2 V/div), Trace 2: stator current (25 A/div), Trace 3: frequency command
(20 Hz/div).



signals are quite similar as seen from Fig. 15(a) and Fig. 15(b).
Further, the motor current waveforms are also quite similar
without and with dead-time compensation.

(a)

(b)
Fig. 15. Measured induction motor currents at 45 Hz (a) without dead-time
compensation, (b) with dead-time compensation. Trace 1: modulating signal
(5 V/div), Trace 2: stator current (25 A/div), Trace 3: frequency command
(50 Hz/div).

The dead-time compensation scheme employed facilitates
smooth starting and operation of the induction motor, avoiding
inverter current trips. The sub-harmonic oscillations in the mo-
tor currents are reduced significantly, and also the waveform
quality of the motor current is improved considerably. The
improvement is particularly significant in the range of 10 Hz
to 20 Hz, where the sub-harmonic oscillations were prominent
prior to the dead-time compensation.

It may be noted that the analysis of dead-time effect in
section II and the dead-time compensation scheme in section
III consider only the fundamental component of the motor
current and ignore the ripple current. However, the ripple
current is quite significant at high modulation frequencies
since the ratio of the switching frequency to the modulating
frequency is low. Also, there are zero-current clamp intervals
(see trace 2 in Fig. 11(a)) at low frequencies of the drive
[19]. Research is in progress to evolve an improved dead-time
compensation scheme, capable of addressing the above issues.

V. CONCLUSION

Dead-time between the complementary devices in an in-
verter leg tends to distort the inverter output voltage. In case
of induction motor drives, the effect of dead-time at the
fundamental output voltage can be modelled as an equiva-
lent resistance in series with the stator. The increased stator
resistance has an adverse impact on the light-load stability of
the induction motor. This increase is particularly significant
in high-power motor drives, where the actual resistance of
the stator winding is low. This paper presents experimental

evidence for such light-load instability at low speeds of a 100-
kW induction motor drive.

A simple dead-time compensation scheme is employed in
this paper which reduces the light-load instability significantly,
particularly in the range of 10-20 Hz. The compensation
scheme ensures smooth starting and operation of the motor
drive. Oscillations in the stator current are reduced. The
acoustic noise is very much reduced and its sub-harmonic
component is no longer perceptible.

Thus, this paper reconfirms the instability problem in open-
loop V/f drives under light-load conditions. Further the paper
demonstrates, through experimental evidence, that dead-time
compensation is an effective method to handle this instability
and mitigate the associated oscillations.
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