
4548 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 56, NO. 11, NOVEMBER 2009

Diagnosis of Induction Machines’ Rotor Faults in
Time-Varying Conditions
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Abstract—Motor current signature analysis is the reference
method for the diagnosis of induction machines’ rotor faults;
however, in time-varying conditions, it fails as slip and speed vary,
and, thus, sideband components are spread in a bandwidth that
is proportional to the variation. Variable speed drive applications
are common in the aerospace, appliance, railway, and automotive
industries and also in electric generators for wind turbines. In
this paper, a simple and effective method is presented that allows
the diagnosis of rotor faults for induction machine drives in time-
varying conditions. It is tailored to direct rotor flux field-
oriented controlled drives, where the control system provides
suitable signals that are exploited for the demodulation to a con-
stant frequency of time-varying signatures related to the rotor
faults. Simulations and experiments are reported to validate the
proposed method on a critical speed transient.

Index Terms—Fault diagnosis, induction motor drives, time-
varying systems.

I. INTRODUCTION

INDUCTION motors are widely used in industrial appli-
cations for their intrinsic ruggedness and reduced cost.

Recently, the use of adjustable speed drives has spread in
many applications. Online diagnosis and the early detection
of faults in induction machines have focused the attention of
researchers since they allow the reduction of maintenance costs
and downtime.

In some applications, where continuous operation is a key
item, such as railway applications and wind generators, the need
for a preventive fault diagnosis is an extremely important point.
As an example, the case of railway applications is investigated
in [1] and [2] to design a traction drive oriented to maximum
fault tolerance. In [3], the use of the Vienna monitoring method
(VMM) is investigated for a traction drive application, where
rotor fault detection was successfully verified in transient and
steady-state conditions.

In this paper, fault detection and the prognosis of rotor faults
are critical for industrial applications, although rotor faults
share only about 20% of the overall induction machine
faults [4]. In fact, the breakage of a bar leads to high current
in adjacent bars, thus leading to potential further breakage and
stator faults as well.
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Motor current signature analysis (MCSA) was extensively
used to detect broken rotor bars and end-ring faults in induction
motors [5]–[8]. In steady-state conditions, a quite robust diag-
nostic index is the sum of the amplitudes of the left and right
sideband components of the stator current that is independent
of inertia and proportional to the number of adjacent broken
bars. The main shortcoming of the MCSA is its dependence
on machine slip s, speed, and load, although the dependence
on the load torque variations can be compensated for [9].
Moreover, the MCSA fails for current-controlled drives, as
the control loop masks the oscillation of the stator current. If
an ideal control loop is considered, the controlled variable is
desensitized, and anomalous lines appear in the manipulated
variables. In actual conditions, depending on the bandwidth,
either the manipulated (voltage) or the controlled (current)
variable spectrum is more sensitive to the fault. Hence, new di-
agnostic indexes can be used that are based on control variables
[10]–[12].

Other techniques have been investigated for rotor faults be-
yond the MCSA or its variants. Several demodulation methods
were presented to extract fault information from the current.
In [13], envelope analysis, Hilbert transformation, and Park
transformation were used to perform amplitude demodulation
of rotor faults. Other methods were based on multiple electrical
signals such as torque and leakage flux. The VMM [14] relies
on voltage, current signals, and measured rotor position to
check deviations in terms of instantaneous torque obtained by
two different machine models. Also, signal injection techniques
were proposed, relying on methods that are similar to those
adopted for sensorless drive control [15].

Anyway, for time-varying conditions, the most commonly
adopted techniques are based on time–frequency analysis.
Complex techniques were presented to cope with this is-
sue, including high-frequency resolution methods [16], time–
frequency distributions [17], [18], and wavelets [19]–[22]. All
the above methods require heavy computation and complex
procedures to analyze the time–frequency distribution and to
retrieve the information related to rotor faults. Although the
computation time itself is not an issue provided that data are
sampled, stored, and postprocessed, in industrial applications,
the requirement of minimum complexity is a mandatory issue.
In fact, with time–frequency analysis, a few major shortcom-
ings appear.

1) The latency is very high, and a large memory is required
to store the data that will be processed.

2) A large number of samples are required to achieve reli-
able results.

3) Specialized hardware is required.
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Fig. 1. Block diagram of the control scheme for a typical direct rotor flux field-oriented vector drive.

A simpler method could provide accurate fault detection
in time-varying conditions even with a reduced number of
samples. Moreover, it can be included in the available firmware
used for the drive control, allowing the realization of an effec-
tive fault diagnosis at no additional hardware cost.

A typical example of transient behavior is the case of traction
applications, where torque and speed vary depending on the
journey, preventing the use of the MCSA and classical spectral
analysis. In this paper, experiments are performed referring to
the typical specifications of a railway application system; how-
ever, the proposed method is general, provided that a similar
control architecture is used in the drive.

Electric drives for traction applications operate in a field-
weakening mode at the cruise speed. Nevertheless, the most
relevant accelerations are usually in the constant torque mode
since the load torque is lower, being proportional to the square
of the speed. Here, reference is made to time-varying conditions
and, thus, to constant torque mode.

The issue of rotor fault detection can be solved if a diagnostic
index is defined that is independent of slip and stator frequency.
Here, a simple demodulation procedure in the time domain is
proposed that processes the stator currents, relying on stator
frequency and machine slip accurately retrieved by the drive
control. After the demodulation process, a component is ob-
tained, whose amplitude is related to the rotor fault and whose
frequency is constant, independently of the stator frequency and
speed.

This paper is organized as follows. Section II describes a
typical induction machine drive for high-power applications.

Section III describes the demodulation technique to compute
a component that is independent of slip and stator frequency,
a diagnostic index that is suitable for time-varying conditions,
and the proposed diagnostic procedure. Section IV reports
the simulation results to validate the proposed method, and
Section V reports the experimental results for an induction
machine drive. The results obtained with the proposed approach
are compared with the classical spectral analysis methods to
demonstrate their performance.

The demodulation technique presented here is applied to
stator currents but can also be applied to other variables to
extract the faulty components.

II. CONTROL STRATEGY OF INDUCTION MACHINE DRIVES

Nowadays, common solutions for high-power applications
are based on drives that include a voltage source inverter (VSI)
feeding an induction motor or a permanent magnet synchronous
motor. However, old-fashioned solutions based on a current
source inverter or on thyristors are still employed, whereas
old schemes based on dc series motors or direct dc motors
are no longer used. Different control schemes are adopted and
tailored to the specific application. Typically, variable structure
controls are used for high-performance traction drive systems
that change according to the operating conditions, particularly
according to the speed and flux levels. The basic structure is
a direct rotor flux field-oriented vector control, whose scheme
is shown in Fig. 1. The vector control algorithm consists of
two current loops for flux and torque regulation. Moreover, an
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external rotor flux loop is used to set the flux level by means
of the direct stator reference current. A similar control structure
is used in high-power applications, where transient operations
often occur.

Direct and inverse Clark transformations are represented by
blocks D and D−1, respectively. Standard PI regulators with
antiwindup systems are used for the control loops in a dq
reference frame that is synchronous with the rotor flux. The
rotor flux is estimated through a stator-model-based observer
obtained by integrating the stator voltage equation and taking
into account the leakage flux [23] as

φr =
Lm

Lr

[∫
(vs − Rsis)dt − σLsis

]
(1)

where Lm is the magnetizing inductance, Lr is the rotor
inductance, and Ls is the stator inductance. vs and is are the
space vectors of the stator voltage and current, respectively;
σ = 1 − L2

m/LsLr. This corresponds to the voltage–current
observer block in Fig. 1.

In the actual implementation of (1), a low-pass filter is used
instead of a pure integrator. This choice reduces drifts due to
errors and offsets in the acquired signals. However, the use
of the low-pass filter results in a wrong computation of the
rotor flux space vector in terms of magnitude and angle. An
estimate of the stator pulsation is used to compensate for these
errors, i.e.,

ω̂s =
RrLm

Lr

i∗q
Φ∗

r

+ pωr (2)

where ωr is the measured mechanical speed, p is the pole pairs
number, i∗q is the reference value for the torque current, Φ∗

r

is the reference value for the rotor flux, and Rr is the rotor
resistance.

Relationship (2) is represented in Fig. 1 by the stator fre-
quency estimation block and is used for three main purposes. It
is used as the feed-forward compensation in the phase-locked
loop (PLL) block used for the tracking of the flux angle. As
stated previously, it is used to compensate for errors in the
magnitude and the angle of the rotor flux caused by the low-
pass filter used for the integration. Eventually, it is used in the
decoupling terms that are blocked together with the magnitude
of the rotor flux estimated by (1) and the measured currents in
the synchronous reference frame to compute the dynamic back-
electromotive-force compensation terms

ṽd = − ω̂sσLsiq (3)

ṽq = ω̂s

(
σLsid +

Lm

Lr
|Φr|

)
. (4)

The magnitude of the estimated flux Φr is eventually used
as a feedback signal for the outer loop. The output of the PLL
block, which is the tracked and corrected rotor flux angle θ̃s, is
used for the reference frame matrix transformations P (θ̃s) and
P−1(θ̃s).

The value of the reference quadrature stator current is ob-
tained from the reference torque and the reference flux signal

through the following equation:

i∗q = KT
T ∗

Φ∗
r

(5)

where KT = (2Lr/3pLm). On the other hand, the reference
flux is obtained by relying on the nominal values for the torque
and the rotor flux, i.e.,

Φ∗
r =

√
T ∗

Tnom
Φrnom . (6)

This choice keeps the slip frequency quite constant, providing
better robustness of the control system against speed errors and
reducing the losses at low torque. This is suited to traction
applications, where high-torque dynamics are not requested,
and it does not prevent reaching the maximum torque at low
speed when needed. In this paper, reference is made to an
induction motor drive fed by a pulsewidth modulation (PWM)
VSI insulated-gate bipolar transistor inverter.

Typically, in traction drive systems, the switching frequency
is very low, making the detection of the faults through the signal
injection strategy impossible. Moreover, industries are partic-
ularly interested in diagnostic techniques that do not require
additional sensors. This paper proposes a simple processing
technique that exploits already available control signals for the
rotor fault diagnosis.

III. DEMODULATION OF ROTOR FAULT SIGNATURES

IN TIME-VARYING CONDITIONS

Traction drive operations require cyclic torque and speed
variations. Under the above conditions, the sideband com-
ponents, whose amplitude must be monitored for diagnostic
purposes, are spread in frequency. It turns out that the direct
application of the MCSA to machine stator currents or to
control variables is not effective. A simple solution for an
efficient diagnosis of electrical faults of induction machines
under nonstationary conditions is presented here.

A number of adjacent broken bars produce an amplitude
modulation in the rotor current, whose carrier is sωs, where s
is the slip, ωs = 2πf is the stator pulsation, and f is the stator
frequency. This modulation is reported to the stator quantities at
ωl = (1 − 2s)ωs and at ωr = (1 + 2s)ωs because of the speed
ripple effect [24]. Neglecting other effects, like slotting and
saturation, it can be assumed that the major components of a
stator phase current are represented by

is(t)=I cos(ωst + ϕs)+Il cos(ωlt + ϕl)+Ir cos(ωrt + ϕr).
(7)

In time-varying conditions, amplitudes Il and Ir cannot be
detected through a frequency analysis since ωl and ωr are
spread across a wide frequency range, making it impossible to
correctly detect their amplitude. In fact, sideband components
ωl and ωr vary as a function of time according to machine slip
and supply frequency.

A simple processing of a phase current can be made, so that
all the information related to the fault is reported to a single
component, whose amplitude is related to the amplitude of the
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left sideband component ωl and whose pulsation is constant re-
gardless of the machine slip and stator pulsation variations [25].

Specifically, a frequency shift is applied at each time slice so
that the left sideband is moved to a far pulsation ωd, i.e.,

ildem

(
t, ωl

c

)
= is(t)ejωl

ct (8)

where

ωl
c(t) = ωd − ωl(t). (9)

To avoid harmonic noise, integral quantities are used, and
ωl(t) is estimated starting from the rotor electrical angle
θr(t) = (1 − s)ωst and the stator voltage phase angle θs(t) =
ωst. Hence, ωl(t)t = 2θr − θs.

θr is obtained by measuring the motor speed with an optical
encoder, whereas θs is not directly obtained from (2). This
angle is θ̃s tracked by the PLL block in Fig. 1. Hence, the
computation of the above quantities is intrinsically made by the
vector control structure detailed in Section II; thus, the tracking
of the carrier ωl

c is accurate provided that the drive is working
correctly.

The sensitivity of the proposed method to motor param-
eters is quite small. An error in the motor parameters would
particularly affect the estimation of the rotor flux (1) in terms
of magnitude and angle, and, thus, the decoupling of the axis
would not be accurate. However, the closed-loop structure
forces the stator frequency of the machine to be equal to the
frequency estimated by θ̃s; thus, the demodulation based on (9)
is correct independently of motor parameter errors.

If the speed sensor failed, the control system would fail;
hence, a fault alarm at a higher level would be raised, and
a diagnostic procedure would be activated independently. For
the purpose of rotor fault detection, it can be assumed with no
restrictions that the speed sensor provides accurate information,
and that the diagnosis of the whole drive is demanded for a
higher level protection system.

Similarly, a stator current may be processed so that the
component at ωr is reported to ωd, i.e.,

irdem (t, ωr
c ) = is(t)ejωr

c t (10)

where ωr
c (t) = ωd − ωr(t), and the right sideband pulsation is

computed by relying on integral quantities ωr(t)t = 3θs − 2θr.
A combination of the two demodulated currents can be used

to retrieve a diagnostic index that is independent of inertia
[6]. If necessary, a similar procedure may be applied to other
quantities to avoid the masking effect of drive regulators.

Due to the above-described current demodulation procedure,
a diagnostic index can be defined that is quite robust with
respect to speed variations and sensitive enough to provide an
effective fault detection. Reference is made to the drive struc-
ture detailed in Section II. A diagnostic index fi is defined as

fi =

〈∣∣ildem(t, ωl)
∣∣〉 + 〈|irdem(t, ωr)|〉
〈|iq(t)|〉 (11)

where 〈| × |〉 is the time-domain average of the absolute value
of the signal, and ildem(t, ωl) and irdem(t, ωr) are computed as
in (8) and (10), respectively, with ωd = 0.

Fig. 2. Block diagram of the proposed diagnostic procedure.

TABLE I
INDUCTION MOTOR PARAMETERS

Usually, for a mains-supplied machine, the diagnostic in-
dexes are computed with reference to the amplitude of the
stator current. In a direct rotor flux field-oriented vector control,
the only nonnegligible current in the machine rotor is the
torque current under steady-state conditions. In the proposed
diagnostic index, the stator torque current iq(t) was used as a
normalization factor since it is proportional to the torque current
in the rotor.

A complete diagnostic procedure is possible as detailed
in Fig. 2.

IV. SIMULATION RESULTS

Extensive research activities were carried out to model rotor
asymmetries to accurately predict the behavior of the machine
under faulty conditions [7], [26], [27]. Here, the proposed
procedure was validated with a machine model [28], whose pa-
rameters are taken from the machine used for the experiments.
Specifically, a 7.5-kW three-phase two-pole pairs induction
machine was used to verify the agreement between simulations
and experiments, and its parameters are shown in Table I.
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Fig. 3. Simulation results for the 7.5-kW machine. Motor speed transient for
the faulty machine. (Top) Stator frequency and (bottom) electrical speed in
radians per second.

Fig. 4. Simulation results for the 7.5-kW machine. Torque waveforms for the
faulty machine. (Solid line) Set point and (light-gray solid line) actual value.

The rotor fault is one broken bar that was modeled increasing
the resistance of one squirrel cage rotor bar.

The machine model was used within a dynamic simulation,
including the rotor flux field-oriented vector control structure
(Fig. 1).

Simulations were made by analyzing an acceleration tran-
sient starting with an electrical speed of 125 up to 225 rad/s,
with a ramp in the torque command whose duration is about
3 s. This choice was made to comply with the typical torque
transient specifications of a railway traction system.

This choice was made to mimic the torque transient of the
railway system before the torque limitation. The corresponding
stator frequency and motor speed and torque are reported in
Figs. 3 and 4, respectively.

Fig. 5 shows the spectrum of a phase current for the 7.5-kW
machine in healthy and faulty conditions during the above-
described transient.

Fig. 5. Simulation results for the 7.5-kW machine. Spectrum of a phase
current in (light-gray solid line) healthy and (solid line) faulty conditions.

Fig. 6. Simulation results for the 7.5-kW machine. Spectrum of the demod-
ulated current ildem in (light-gray solid line) healthy and (solid line) faulty
conditions in the range [−5 Hz, 15 Hz] with ωd = 0.

The spectra show that no signature analysis is possible for
such cases because of the large spreading of frequency and
speed. Hence, the sideband components related to the faults are
spread across a wide frequency range.

Fig. 6 shows the spectrum of a phase current during the same
transient after the demodulation process detailed in Section III
for the faulty and healthy machine, with ωd = 0 rad/s. The pro-
posed procedure allows the accurate statement of the amplitude
of the sideband components related to the fault.

It is noteworthy to mention that this procedure is perfectly
suited to a closed-loop system with low slip variations. In fact,
with the adopted closed-loop system, speed and frequency vary
accordingly (Fig. 3), so that shifting the left sideband results
in reporting to a single line the fundamental and sideband
components. On the other hand, in the case of an open-loop
control, the fundamental is almost constant, whereas the slip
changes remarkably. Hence, the demodulating process would
spread the fundamental, making the procedure less effective.
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Fig. 7. Simulation results for the 7.5-kW machine. Fault index fi as a func-
tion of load torque and speed in (top) faulty and (bottom) healthy conditions.

Fig. 8. Simulation results for the 7.5-kW machine. Spectrum of the demodu-
lated current ildem for the faulty machine with the actual value of (solid line)
Rs, (dashed line) Rs/2, and (dash-dotted line) Rs × 2 in the range [−5 Hz,
15 Hz] with ωd = 0.

The proposed procedure may fail during torque inversions
since the slip varies from positive to negative values, causing
wide spreading of the fundamental frequency across the spec-
trum, which can cover the two sideband components.

For the above-described transient, the diagnostic fault index
fi computed as in (11) is equal to 3.978 and 0.003 for the faulty
and healthy cases, respectively. In Fig. 7, the computation of
the same index is reported for different values of load torque
and speed in steady-state conditions. This chart confirms that
the proposed diagnostic index is quite robust versus load torque
and speed variations, whereas the simulations in transient con-
ditions prove that the index is quite sensitive to rotor faults in
time-varying conditions.

Eventually, simulations with incorrect motor parameters
were made for the faulty machine to confirm the low sensitivity
to the parameter variations of the proposed procedure. Figs. 8

Fig. 9. Simulation results for the 7.5-kW machine. Spectrum of the demod-
ulated current ildem for the faulty machine with the actual value of (solid
line) σLs, (dashed line) σLs/2, and (dash-dotted line) σLs × 2 in the range
[−5 Hz, 15 Hz] with ωd = 0.

Fig. 10. Photos of the (left) test bed and of the (right) drilled rotor bar.

and 9 show that the effect of parameter detuning on the demod-
ulation process is small. The component at zero frequency is
almost unaffected by the changes.

Specifically, the stator resistance and the stator transient
leakage inductance were modified by a factor of two. These
are the most relevant parameters for the rotor flux estimation.
Larger errors in the motor parameters would prevent the correct
operation of the control system, making it unstable. Hence, for
the purpose of rotor fault detection, it can be assumed with
no restrictions that this tolerance for the motor parameter is
satisfactory.

V. EXPERIMENTAL RESULTS

A thorough set of experiments were performed to validate the
proposed method and the effectiveness of the related diagnostic
index. To this aim, a test bed was realized (left in Fig. 10) with
the machine whose nameplate is reported in Table I. A scaled
prototype of the machine and a control system for the traction
applications were used.

Two rotors are available: one healthy and the other with one
drilled rotor bar (right in Fig. 10). The machine is supplied by
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TABLE II
MAIN PARAMETERS OF VECTOR CONTROL REGULATORS

Fig. 11. Experimental results for the 7.5-kW induction machine. Time-
domain waveforms of machine speed during acceleration.

a PWM-VSI power converter and is controlled by the direct
field-oriented control detailed in Section II and implemented
on a dSPACE DS1103 board. The main parameters of the PI
regulators are reported in Table II, making reference to the
following transfer function for the controllers PI(s) = kp +
ki/s. The first column reports the proportional and integral
gains for the q-axis current regulator, the second column reports
the control parameters for the flux regulator, and the third
column reports the control parameters for the d-axis current
regulator.

The induction motor is coupled to a 9-kW separately excited
dc machine used in regenerating operations and fed by a two-
quadrant chopper converter to test variable speed transients.
Machine currents and speed are sampled at 8 kHz with a
time duration of 7 s. A smaller number of points could be
used without affecting the performance of the demodulation
procedure.

Specifically, the diagnostic procedure was validated with a
reference torque profile obtained through a ramp in the torque
command from 20% to 80% of the nominal torque in 3 s. The
corresponding speed transient is reported in Fig. 11, and the
corresponding direct and quadrature stator currents are reported
in Fig. 12. id varies with the speed because of the choice of the
reference flux (6). The waveforms are fairly similar to the sim-
ulation results made under the same conditions (Figs. 3 and 4).
During this transient acceleration, the slip frequency slightly
varies around 2 Hz.

Fig. 13 reports the waveforms of ωs, ωl
c(t), and ωr

c (t) during
the above-detailed transient. The currents are sampled by the
same control board and are processed according to (8), (10),
and (11).

Fig. 12. Experimental results for the 7.5-kW induction machine. Time-
domain waveforms of machine currents during acceleration. (Top) iq and
(bottom) id.

Fig. 13. Experimental results for the 7.5-kW induction machine. Time-
domain waveforms of ωs, ωl

c(t), and ωr
c (t) during the acceleration transient.

Fig. 14 reports the spectra of a phase current in healthy and
faulty conditions during the same machine acceleration.

The spectra show that no signature analysis is possible for
such cases because of the large spreading of frequency and
speed. Hence, the sideband components related to the faults are
spread across a wide frequency range and are not detectable.

Fig. 15 shows the spectrum of the demodulated current
during machine acceleration after the demodulation process
detailed in Section III for the healthy and faulty machine with
ωd = 0 rad/s.

The proposed procedure allows the accurate statement of the
amplitude of the sideband components related to the fault. In
fact, the dc component (ωd = 0) increases by about 16 dB from
healthy to faulty conditions, as shown in Fig. 15. This result is
in good agreement with the simulation results under the same
conditions (Fig. 6). Anyway, in the experiments, a higher value
of the fault signature appears in the healthy case because of
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Fig. 14. Experimental results for the 7.5-kW induction machine. Spectrum
of a phase current in (light-gray solid line) healthy and (solid line) faulty
conditions during acceleration.

Fig. 15. Experimental results for the 7.5-kW induction machine. Spectrum of
the demodulated current ildem for the machine in (light-gray solid line) healthy
and (solid line) faulty conditions during acceleration with ωd = 0.

intrinsic manufacturing rotor asymmetry, whereas a lower value
of the fault signature appears in the faulty case since magnetic
saturation and interbar currents are not included in the machine
model.

Then, the diagnostic index fi is computed as in (11). During
the above-detailed acceleration transient, fi is equal to 0.269
and 1.735 for the healthy and faulty cases, respectively, proving
its sensitivity to rotor faults in time-varying conditions.

Fig. 16 reports the values of the fault index in steady-state
conditions for different load torque and speeds. It turns out
that the fault index is quite robust against speed variations, but
slightly dependent on load torque variations. In fact, the flux
level in the machine accordingly changes to the square root
of the torque; thus, the absolute value of the index changes
because of the nonlinear nature of the induction motor. This
behavior prevents a quantitative analysis of the fault severity,

Fig. 16. Experimental results for the 7.5-kW induction machine. Fault index
fi as a function of load torque and speed at (top) faulty and (bottom) healthy
conditions.

whereas the fault detection capability is still very good in any
conditions, as reported in Fig. 16.

VI. CONCLUSION

A diagnostic procedure for rotor faults of induction machine
drives in time-varying conditions has been proposed here.

The method has been tailored to direct rotor flux field-
oriented controlled drives in transient conditions. During tran-
sient operations, torque and speed vary, preventing the use of
the MCSA and traditional spectral analysis for an effective
diagnosis of rotor faults.

Due to the proposed approach, the currents have been de-
modulated to report to the single-frequency time-varying com-
ponents related to rotor faults. Compared with the solutions
that use time–frequency distributions, the proposed procedure
requires simpler processing; moreover, it exploits the observers
of the drive control to achieve optimal demodulation results.

A diagnostic index has been proposed that is quite robust
versus load and inertia variations and sensitive enough to
provide effective fault detection. Simulation and experimental
results referred to typical specifications of variable speed drives
for traction applications have been reported that confirm the
validity of the proposed method.
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