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Leakage Error Compensation in Motor Current
Signature Analysis for Shaft Misalignment

Detection in Submersible Pumps
Nurafnida Afrizal, Roberto Ferrero, Senior Member, IEEE

Abstract—Excessive vibrations in motor operation can be a
cause of premature failure in many industrial applications;
therefore, effective solutions to accurately measure vibrations
are required. A common approach to measure vibrations is
through the motor current signature analysis, as torque os-
cillations produce characteristic frequency components in the
current spectrum; this approach is suitable for those industrial
applications where the rotating parts are not directly accessible
for sensor installation, e.g. electrical submersible pumps which
are usually deep underground or underwater. The detection of
vibrations from the current spectrum is particularly challenging
in high-power motors, where the ratio between the amplitude
of the side-band spectral components caused by vibrations and
the amplitude of the fundamental component is so small that
the former is likely to be masked by the spectral leakage of
the latter when a traditional Fourier analysis is employed. This
paper proposes a method to improve the side-band amplitude
measurement by compensating for the leakage error in the
current spectrum. The method is applied, in particular, to the
detection of vibrations caused by a shaft angular misalignment,
but it can be applied to other types of vibrations as well.
The method is firstly illustrated through simulation results and
then experimentally validated on a smaller-scale motor. Results
confirm the ability of the proposed method to accurately measure
the side-band amplitude even when it was originally completely
hidden by the spectral leakage of the fundamental component.

Index Terms—Induction motors, Condition monitoring, Vi-
bration measurement, Current measurement, Signal processing
algorithms, Frequency-domain analysis

I. INTRODUCTION

The operation of electric motors, like all other rotating
machines, is likely to be characterized by some kind of
vibrations, which can originate from a number of factors in the
mechanical construction of the motor itself, in the connection
to the load or in the electrical supply. While low levels of
vibrations can be tolerated in most industrial applications,
excessive vibrations for prolonged periods of time can damage
the mechanical parts of the motor and the load, and can lead
to a premature failure.

The need for an effective monitoring of motor vibrations
has therefore attracted significant research efforts for the last
decades, resulting in a vast literature on the subject. The
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most common monitoring solutions are based on mechanical
measurements (typically by accelerometers) [1], [2], on electri-
cal measurements (typically motor current signature analysis)
[3]–[8], or in some cases on acoustic measurements [9]–
[11]. Motor current measurements are particularly convenient
because they do not require sensors placed on or near the
motor itself, and they can often be performed by using the
current sensors already installed for the control of the motor.

The motor current signature analysis for vibration mon-
itoring is based on the fact that vibrations cause torque
oscillations that are reflected into oscillations in the absorbed
current, whose frequency depends on the type of vibration.
The analysis of the current spectrum in the frequency domain
can therefore reveal frequency components that are associated
with specific vibration modes, and whose amplitude can be
used to estimate the extent of the vibration that caused them.
It should be noted, however, that the amplitude of those
side-band frequency components in the current spectrum is
usually orders of magnitude smaller than the amplitude of the
main component (the higher the motor power, the larger the
difference). Their accurate measurement is therefore hindered
by the spectral leakage from the main component, which is
likely to occur due to non-synchronous sampling, caused in
turn by the time-varying nature of the electrical frequency. In
this case, a standard Fourier analysis is no longer suitable,
and more advanced signal processing methods are required to
accurately estimate the amplitude of the side-band frequency
components in the current spectrum.

A number of possible methods have been developed to deal
with the time-frequency analysis of non-stationary signals,
such as the Short-Time Fourier Transform, Wavelet Transform,
Hilbert Transform and Taylor-Fourier Transform [3], [5]–[7],
[12]–[14]. They have different features that make them suitable
for different types of applications, but in general they are
convenient for the analysis of signals characterized by several
frequency components (often a priori unknown), with signif-
icant transients in their amplitudes and/or frequencies. The
computational burden is often quite heavy, and the interpreta-
tion of the results is not always straightforward. The problem
considered here is, on the contrary, conceptually simpler.
Only a small number of well-defined frequency components
appear in the current spectrum, and their expected frequencies
are known a priori, with only small variations over time,
which can be neglected if a reasonably short time window
is considered for the observation of the signal. Therefore, a
traditional Fourier analysis may still be appropriate on such a
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short time window, provided that the spectrum can be cleaned
from the spectral leakage.

The most common approach to decrease spectral leakage in
non-synchronous sampling conditions is based on the use of
non-rectangular windows, such as the cosine windows [15].
However, a n-th order window requires a n-times longer ob-
servation time for a given frequency resolution in the spectrum
or, vice-versa, it enlarges the frequency resolution by n times
for a given observation time and may even increase the leakage
as a consequence of this. Hence, non-rectangular windows are
not the most appropriate solution in the considered application,
which requires at the same time short time windows to avoid
transients and good frequency resolution to detect specific
side-bands.

The aim of this paper is to present a signal process-
ing method for the motor current signature analysis in the
frequency domain that compensates for the leakage error
arising from a non-synchronous sampling of the dominant
current component at the electrical frequency, based on a
priori information about the signal. This allows an accurate
detection of vibration levels even when the effect on the
current spectrum is very small and invisible with a standard
Fourier analysis. A similar method was initially employed in
[16], for the detection of broken rotor bar faults in induction
motors, which create quite large vibrations and associated
large side-band components in the current spectrum. Here,
the same underlying idea is applied to detect much smaller
side-band components, created by small vibrations that do not
qualify as faults but may lead to faults in the long term. Such
a different level of vibrations creates additional challenges,
which are addressed in this paper, with reference to a specific
case study of practical relevance.

A particularly interesting industrial application for the
proposed method is the condition monitoring of Electrical
Submersible Pumps (ESPs), whose vibration monitoring is at
the same time very important and very challenging to achieve.
On the one hand, some critical pump components, such as
the mechanical seal, are very sensitive to vibrations and are
likely to fail prematurely in case of excessive vibrations, with
huge economic implications, due to the operation downtime
and the cost of replacement. On the other hand, the vibration
monitoring is hindered by the fact that the pump and the
motor are submerged, often at very large depth underground
or underwater, as illustrated in Fig. 1, so the use of downhole
sensors is extremely complex and expensive, and often practi-
cally unfeasible; this effectively limits the possible monitoring
approaches to the analysis of the motor current, which is
directly accessible from the surface. However, most ESPs use
very high-power motors (up to hundreds of kilowatt), which
make the effect of vibration less visible in the motor current.

The mechanical seal failure is known to be one of the main
causes of premature failure of ESP, and excessive vibrations
are often deemed responsible for this [17]–[21]. While a
significant amount of research has been aimed at improving
the design of the seal itself to enhance its robustness, an effec-
tive vibration monitoring would also be extremely helpful to
achieve a timely detection of vibrations that could eventually
lead to the mechanical seal failure. In particular, according

Figure 1. Schematic illustration of an electrical submersible pump (ESP).
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Figure 2. Block diagram of the research presented in this paper: The white
blocks represent the conceptual steps that link the shaft misalignment to the
amplitude of side-bands in the current spectrum; the gray blocks indicate the
research methods adopted to analyse those links and achieve the final outcome
of detecting the vibration.

to the literature, vibrations responsible for the seal failure are
likely to be caused by a misalignment between the motor and
pump shafts [22]. Therefore, this paper focuses on the motor
current signature analysis to detect vibrations caused by shaft
angular misalignment, although the proposed method has a
wider applicability to the monitoring of different conditions.

The work includes analytical modelling, numerical simula-
tions and experimental tests. A conceptual block diagram of
the research is reported in Fig. 2, and the paper is accordingly
structured as follows. Sec. II presents an analytical model
to relate the shaft misalignment to motor torque oscillations
and the appearance of side-band components in the current
spectrum. Sec. III explains how the effect of spectral leakage
can be significantly decreased, in order to achieve a much
more accurate estimation of the amplitude of those side-
band components in the current spectrum. Sec. IV reports the
results of a simulation analysis, to illustrate the application
of the proposed method. Finally, Sec. V reports the results of
experimental tests carried out on a small-size motor, to confirm
the validity of the method in real conditions.
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Figure 3. Flexible coupling model used to describe the effect of an angular
misalignment between motor shaft and load shaft.

II. EFFECT OF VIBRATIONS ON MOTOR CURRENT

A. Effect of Shaft Misalignment on the Motor Torque

When the motor is connected to a mechanical load (such
as the pump in the considered application), some level of
misalignment between the two rotating shafts is likely to
occur. The coupling employed to connect the two shafts
usually allows for a small misalignment, without hindering the
operation of the motor and the load. Nevertheless, the torque
oscillations that appear because of this misalignment may
cause vibrations that can eventually damage some sensitive
mechanical components, such as the seal in the pump, and
may lead to unexpected premature failure [23].

The flexible coupling model introduced by [24] and [25] is
used to describe the effect of an angular misalignment on the
induction motor. The model is illustrated in Fig. 3 and it is
based on a universal joint with an elastic element, connected
between the motor and load shafts. The motor is represented
by its inertia Jm, angle θm and speed ωm, while the load is
similarly represented by its inertia J l, angle θl and speed ωl;
the universal joint introduces the misalignment angle α, and
the elastic element is represented by the elastic constant Ka.

The torque balance equation at the motor shaft can therefore
be written as:

Jmω̇m = T e −Bmωm − T a (1)

where T e is the electromagnetic torque produced by the motor
and Bm is the dynamic friction coefficient. T a is the load
torque transferred to the motor shaft through the joint:

T a = Ka (θm − θa) (2)

where θa is related to the load angle by the following equation
[25] (a full derivation of kinematic equations for a universal
joint is reported in [26]):

θa = arctan

(
1

cosα
tan θl

)
(3)

Differentiating (3) with respect to time and applying
trigonometric properties, the following relationship between
the rotation speeds ωa and ωl is obtained:

ωa =
dθa

dt
=

1

1 +
tan2 θl
cos2 α

· 1

cosα
· 1

cos2 θl
· dθl

dt
=

=
cosα

1− sin2 α cos2 θl
ωl

(4)
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Figure 4. Increase in mean torque value (fMean) and amplitude of torque
oscillation (fOscillation), as functions of the misalignment angle α, according
to (7)-(10).

Neglecting friction and damping effects in the joint, the
mechanical power is transferred unchanged through the joint,
therefore:

T aωa = T lωl (5)

from which the following relationship is derived:

T a =
ωl

ωa
T l =

1− sin2 α cos2 θl

cosα
T l (6)

which can be rewritten as:

T a =

[
1

cosα
− sin2 α

2 cosα
−
(

sin2 α

2 cosα
cos 2θl

)]
T l (7)

Considering for simplicity a constant load torque T l, which
is a reasonable assumption in a short timescale, (7) shows
that the misalignment has a double effect on the load torque
transferred to the motor shaft: it slightly increases its mean
value and it adds an oscillation at twice the load rotation
frequency ωl. This can be more explicitly seen by rewriting
(7) as:

T a = [1 + fMean (α)− fOscillation (α) cos 2θl]T l (8)

with:

fMean (α) =
1

cosα
− sin2 α

2 cosα
− 1 (9)

fOscillation (α) =
sin2 α

2 cosα
(10)

The curves fMean (α) and fOscillation (α) are plotted in Fig. 4,
which shows that the increase in the mean value of the torque
is negligible and practically impossible to detect, whereas
the torque oscillation (although small) can produce significant
vibrations, which may eventually damage some mechanical
components.

Such torque oscillation creates in turn an oscillation in the
electromagnetic torque T e produced by the motor, and it is
therefore reflected into the motor current. By analysing the
current signature, it is thus possible to identify and quantify
the vibration.
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B. Effect of Torque Oscillation on the Motor Current

The analysis of the effect of the torque oscillation derived
in Sec. II-A on the motor current requires the formulation of a
dynamic model of the motor, because the electrical quantities
can no longer be described in terms of phasors. The dynamic
model can be formulated by transforming all quantities on dq
rotating axes, via the Park Transformation, as it is usually done
for the analysis of the motor dynamic behavior. Neglecting
the zero component, the three-phase windings are modeled in
terms of two equivalent windings on two perpendicular axes
d and q, rotating at synchronous speed, so the following four
electrical equations are obtained for stator and rotor:

dF qs

dt
= ωe

[
V qs − F ds +

Rs

xls

(
xm

xlr
F qr +

(
xm

xls
− 1

)
F qs

)]
dF ds

dt
= ωe

[
V ds − F qs +

Rs

xls

(
xm

xlr
F dr +

(
xm

xls
− 1

)
F ds

)]
dF qr

dt
= ωe

[
−ωe − ωr

ωe
F dr +

Rr

xlr

(
xm

xs
F qs +

(
xm

xlr
− 1

)
F qr

)]
dF dr

dt
= ωe

[
−ωe − ωr

ωe
F qr +

Rr

xlr

(
xm

xls
F ds +

(
xm

xlr
− 1

)
F dr

)]
(11)

where ωe is the electrical frequency, ωr is the mechanical fre-
quency multiplied by the pairs of poles, F are the normalised
magnetic fluxes (multiplied by ωe), V is the stator voltage,
and R and x are the equivalent resistances and reactances of
the motor.

The model is completed by the mechanical equation:

dωr

dt
=
p

2

dωm

dt
=

p

2J
(T e − T a) (12)

where J is the overall inertia of the rotating system, p is the
number of motor poles, T a is the load torque on the motor
shaft, expressed by (8), and T e is the electromagnetic torque
produced by the motor:

T e =
3

2

p

2

1

ωe
(F dsiqs − F qsids) (13)

The oscillations in the mechanical torque T a produce small
oscillations in the rotor speed, which in turn produce small
oscillations in the fluxes and currents. The relationship be-
tween the torque oscillation and the flux oscillations, expressed
by (11)-(13), is nonlinear. However, since all the oscillations
are extremely small, the model can be linearized around
the steady-state operating point of the motor. According to
this approximation, a sinusoidal oscillation in T a produces
sinusoidal oscillations in both ids and iqs, at the same frequency
(i.e., twice the rotor mechanical frequency). Therefore the
stator currents on dq axes can be written as:

ids (t) = Ids +Ads sin (2ωmt+ θds)

iqs (t) = Iqs +Aqs sin (2ωmt+ θqs)
(14)

where Ids,qs are the constant values corresponding to the
steady-state operation, whereas Ads,qs and θds,qs are the ampli-
tudes and phases, respectively, of the oscillations calculated
from the equivalent frequency response of the linearized
model.

In order to analyze the effect of the oscillations in (14) on
the three phase currents absorbed by the motor, the inverse
Park Transformation can be applied:

[iabc] = [P (θ)]−1[idq0] (15)

where P (θ) is the Park Transformation matrix:

[P (θ)] =

√
2

3

 cos(θ) cos(θ − 2π
3 ) cos(θ − 4π

3 )
− sin(θ) − sin(θ − 2π

3 ) − sin(θ − 4π
3 )

1√
2

1√
2

1√
2


(16)

As the transformation considered here is on synchronous axes,
the angle θ is the electrical angle θ(t) =

∫ t
0
ωedt = ωet

(assuming the electrical frequency to be constant in this
analysis).

The three phases of the motor behave in a similar way (apart
from the phase shift), so the inverse Park Transformation is
reported here only for the current of the first phase for sake
of simplicity:

ia(t) =

√
2

3
cos(ωet) [Ids +Ads sin(2ωmt+ θds)] +

−
√

2

3
sin(ωet) [Iqs +Aqs sin(2ωmt+ θqs)]

(17)

The expression in (17) shows that the current waveform
contains the fundamental component at the electrical frequency
ωe, corresponding to the normal operation of the motor, with
the addition of other two components at frequencies ωe −2ωm
and ωe + 2ωm, which are created by the torque oscillation,
in turn created by the misalignment angle α. The analysis
of the current spectrum in the frequency domain is therefore
expected to reveal two side-bands at those frequencies, whose
amplitudes can be related to the amplitude of the torque
oscillation and, from that, to the misalignment. However,
the amplitudes of those side-bands are usually much smaller
(several orders of magnitudes) than the amplitude of the main
component, so their accurate measurement presents important
challenges, particularly arising from the spectral leakage in
non-synchronous sampling conditions. A method to compen-
sate for the leakage error is presented in the next section.

III. LEAKAGE ERROR COMPENSATION METHOD

The spectrum of a signal, calculated by applying the
Fourier Transform, is affected by spectral leakage when the
observation window does not include an integer number of
periods of the signal. This condition is called non-synchronous
sampling, and it is likely to occur when a fixed sampling
window is used to acquire a signal with an unknown (or
time-varying) frequency. This is likely to be the case in the
considered application, as the electrical frequency of the motor
continuously changes over time, due to the changes in the
power supply frequency or according to the drive control
algorithm.

The leakage error is particularly severe when a short ob-
servation window is used, because of the corresponding poor
frequency resolution of the calculated spectrum. However, a
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short window is required when the system is not in steady-
state conditions, in order to limit the changes that occur during
that time window, which may jeopardize the validity of the
Fourier analysis if they are not negligible. The choice of the
optimal time window is therefore usually a trade-off between
the need to keep the leakage low and the need to keep the
transients in the signal limited. Nevertheless, even a small
leakage can completely hinder the detection of the small side-
band components in the motor current spectrum analysis, for
the vibration monitoring considered in this paper. Hence, a
method for leakage error compensation is proposed, explained
in this section.

Owing to the linearity of the Fourier Transform, the su-
perposition principle applies and so the effects of spectral
leakage can be analyzed on each frequency component of
the signal independently. Therefore, a sinusoidal signal can
be considered in the following, without loss of generality:

s (t) = A sin (ω∗t+ φ) (18)

where ω∗ is a known frequency.
When the signal is acquired over a window w(t) and

then transformed into the frequency domain according to
the Fourier Transform, the resulting spectrum P (jω) is the
convolution between the ideal signal spectrum S(jω) and the
window spectrum W (jω):

P (jω) = S(jω) ∗W (jω) (19)

In case of a rectangular window, defined by N samples ac-
quired with sampling time Ts and assumed to be symmetrical
with respect to the time origin, the window spectrum is:

W (jω) =
sin
(
ω
2NTs

)
sin
(
ω
2 Ts

) (20)

which is a real periodic function, with period 2π/Ts. The con-
volution step, 2π/(NTs), is equal to the frequency resolution
of the measured signal spectrum P (jω). Therefore, P (jω) is
defined only at discrete frequencies 2πh/(NTs), where h is
an integer number (harmonic number).

The calculation of P (jω) according to (19) is illustrated in
Fig. 5. If the signal frequency is an integer multiple of the
frequency resolution, only two non-zero elements will appear
in P (jω), at the same frequency of the signal (positive and
negative), as in all other convolution steps the two spectral
lines in S(jω) will fall on the zero crossings of W (jω); this
condition corresponds to the synchronous sampling, and no
leakage error occurs. On the contrary, if this condition is not
satisfied, the result of the convolution will be different from
zero at each convolution step, and the power of the signal will
be spread across the whole frequency axis, as illustrated in
Fig. 5; this is the spectral leakage.

The idea underlying the proposed method is that, for a sinu-
soidal signal at a given frequency ω∗ and a known observation
window (defined by N and Ts), the effect of spectral leakage
is predictable, as it arises from the convolution in (19). It is
therefore possible to compensate for the leakage error in the
measured spectrum, by using a model-based fitting of P (jω).
In more detail, for each discrete frequency component h, the
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Figure 5. Illustration of the spectral leakage arising from (19) in case of
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|S(jω)|, the black curve is the spectrum of the window |W (jω)| and the
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spectrum P (h) can be written as a function of the amplitude
A and phase φ of the sinusoidal signal in (18):

P (h) =
A

2N

(
W+(h)e

jφ +W−(h)e
−jφ) e−jπh (21)

where:

W+(h) =
sin((h∗ − h)π)

sin((h∗ − h)π/N)
(22)

W−(h) =
sin((h∗ + h)π)

sin((h∗ + h)π/N)
(23)

and h∗ = ω∗NTs/(2π) is the non integer harmonic number
corresponding to the signal frequency ω∗.

This approach can be used to compensate for the spectral
leakage in the motor current spectrum, particularly when
calculated from a short observation window. The motor current
waveform is dominated by the electrical frequency component,
and therefore it can be well approximated by a sinusoidal sig-
nal like (18). If the electrical frequency is known, which may
be the case if it is controlled by a motor drive synchronized
with the signal acquisition, then the functions W+(h) and
W−(h) are known, and the spectrum can be fitted according
to the model in (21) to estimate A and φ, with a very
limited computational effort. If the electrical frequency is not
known, it can be estimated together with A and φ from the
same model; the computational effort will be larger, and the
accuracy of the results may be slightly worse, but the same
method can still be applied.

Once the amplitude, frequency and phase of the dominant
sinusoidal component have been estimated, the spectral leak-
age is completely determined and it can be removed from the
spectrum, in order to improve the estimation of the amplitudes
of the other (smaller) frequency components in the spectrum
that were significantly affected by the leakage error. A similar
approach was adopted in [16] for the detection of broken rotor
bar faults in induction motors, which create characteristic side-
bands in the current spectrum. The application considered in
this paper, however, presents additional challenges because
of the much lower vibration levels, more difficult to detect,
which require dedicated solutions for the model-based fitting
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of the spectrum. The proposed method is illustrated in the
next two sections, by means of simulation and experimental
tests, respectively. Designing an experimental setup to induce
a controlled misalignment is a challenging task by itself, and
it represents another significant novelty compared to [16].

IV. SIMULATION RESULTS

The model presented in Sec. II was implemented in Matlab
Simulink, to simulate the motor current waveform obtained
with different misalignment angles, different electrical fre-
quencies and different rotation speeds. A wide range of motor
power ratings was considered for the simulation, to reflect the
wide range of motors employed in electrical submersible pump
applications, and to validate the proposed method at different
power levels. Two cases (4 kW and 37 kW) are reported in
this section.

All simulations were based on 4-poles motors and were
run with a constant electrical frequency and a constant motor
rotation speed (apart from the small oscillations induced by
the torque oscillation). A misalignment angle of 0.5° was
chosen for the simulation, to consider a realistic example.
According to (10), the torque oscillation amplitude produced
in this condition is expected to be around 3.8 · 10−5 times
the mean torque value. It is therefore very difficult to measure
accurately, or even just to detect, from the current spectrum
analysis.

A. Simulation of 4 kW Induction Motor

The first considered case study is based on a 4 kW mo-
tor. The electric power supply is a positive-sequence three-
phase voltage, with a constant electrical frequency equal to
f e = 49.6 Hz. The load torque was chosen in order to have
a rotor speed (mean value) fm = 23.85 Hz. According to the
analysis reported in Sec. II, the misalignment is expected to
produce two side-bands in the current spectrum at frequencies
f e − 2fm = 1.9 Hz and f e + 2fm = 97.3 Hz.

The proposed method is illustrated considering a time
window of 2.4 s, which is not synchronous with the electrical
frequency (it contains 119.04 periods of the current component
at the electrical frequency). As a consequence, the current
spectrum is affected by leakage of the electrical frequency
component, in addition to a much smaller leakage of the
side-band components. Although the leakage of the electrical
component is not particularly significant in this case (as the
deviation from synchronous condition is small), it is still
largely dominant over the side-band components. This means
that the approximation of the spectrum with that of a sinusoidal
signal is well justified and the fitting method proposed in
Sec. III can be applied.

The calculated current spectrum is shown in Fig. 6, in the
range from 3 Hz to 96 Hz, thus excluding a narrow frequency
range (3-Hz wide) around each side-band, in order to avoid
any possible significant contribution from the side-bands. The
spectrum in this range is produced by the current component at
f e only, and it can therefore be fitted by the model presented in
Sec. III to estimate the amplitude and phase of that component.
As the peak value of the spectrum in Fig. 6 is more than 1000
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Figure 6. Magnitude of the current spectrum calculated from the current
signal acquired over 2.4 s (red), compared to the best fit (blue) obtained from
the model presented in Sec. III, based on a sinusoidal signal.

times higher than the values at the two sides, a traditional least-
square-error fitting over the whole frequency range could lead
to a poor fitting at the extreme parts of the spectrum (near the
side-bands). Hence, a narrower frequency range is proposed
to achieve a better fitting locally; e.g., for the left side of
the spectrum, a range from 3 Hz to 30 Hz was chosen. The
best fit thus obtained is also plotted in Fig. 6 and it shows
an excellent agreement with the actual spectrum in the whole
frequency range.

The knowledge of the amplitude and phase of the elec-
trical frequency component in the current, estimated from
the spectrum fitting, allows removing that component from
the spectrum (including its leakage), thus revealing the side-
bands which were originally completely hidden by the spectral
leakage of the electrical frequency component. The residual
spectrum is shown in Fig. 7, in a frequency range around
the 1.9 Hz side-band, which is the smallest of the two side-
bands and therefore also the most difficult one to estimate.
It is worth noting that the residual spectrum shown in Fig. 7
has an amplitude that is three orders of magnitude lower than
the original spectrum shown in Fig. 6, in the same frequency
range. Although this spectrum may still be affected by some
other residual frequency components, the side-band is now
visible and its amplitude can be estimated by using again the
model-based fitting method presented in Sec. III, this time in
the range from 0 to 3 Hz. The best fit is also plotted in Fig. 7,
and the estimated side-band amplitude is reported in Table I,
compared to a benchmark value obtained from the analysis
of the same current signal carried out on a synchronous 20 s
window, characterized by no spectral leakage of the electrical
frequency component. The estimated amplitudes of the other
side-band and the electrical frequency component are also
reported in Table I for sake of completeness. The results
show that the proposed method can estimate the side-band
amplitudes with a satisfactory level of accuracy, which is quite
remarkable considering that they are between five and six
orders of magnitude lower than the amplitude of the electrical
frequency component.

It is worth comparing the proposed leakage compensation
method to a more common approach, based on the use of
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Figure 7. Magnitude of the current spectrum without the electrical frequency
component (red), compared to the best fit (blue) to estimate the amplitude of
the 1.9 Hz side-band.

Table I
AMPLITUDES OF THE CURRENT COMPONENTS (4 KW MOTOR)

Frequency Estimated amplitude
with 20 s window
(without leakage)

Estimated amplitude
with 2.4 s window
(with leakage)

fe = 49.6 Hz 5.127 A 5.125 A
fs1 = 1.9 Hz 7 µA 10 µA
fs2 = 97.3 Hz 35 µA 35 µA

non-rectangular windows, which are known to decrease the
spectral leakage in non-synchronous sampling conditions. The
recommended procedure to apply a n-th order window is by
increasing the sampling window length by n times, in order to
keep the same frequency resolution in the resulting spectrum.
This is, however, not appropriate in those applications that
require a short window to avoid significant transients within
the window itself. The alternative option is, therefore, keeping
the same window length and enlarging the frequency resolu-
tion by n times. The resulting spectrum for the current signal
considered above is reported in Fig. 8, after the application of
a 2nd-order Hanning (also known as Hann) window, which
is a common choice to decrease long-range leakage [15].
The window length is still 2.4 s, as before, which means
that the frequency resolution is now double. Fig. 8 shows
that the long-range leakage is greatly reduced, and the two
side-bands become visible. However, the worsened frequency
resolution may affect the accuracy of the side-band amplitude
estimation and, in some cases, it may not be enough to allow
distinguishing the side-band at all. The use of non-rectangular
windows, therefore, may work well in many cases, but it is
not always appropriate because it affects the trade-off between
short time window and good frequency resolution, which is of
critical importance in the considered application.

B. Simulation of 37 kW Induction Motor

The second considered case study is based on a 37 kW
motor, powered by the same voltage supply as the 4 kW motor;
therefore, the absorbed current is almost ten times higher than
in the previous case. This case study is chosen to illustrate the
challenges that arise from higher-current motors, which make
the side-bands caused by the misalignment less visible and

Figure 8. Magnitude of the current spectrum calculated from the current
signal acquired over 2.4 s (red), after the application of a 2nd-order Hanning
window.

Table II
AMPLITUDES OF THE CURRENT COMPONENTS (37 KW MOTOR)

Frequency Estimated amplitude
with 20 s window
(without leakage)

Estimated amplitude
with 2.4 s window
(with leakage)

fe = 49.6 Hz 42.14 A 42.14 A
fs1 = 0.6 Hz 47 µA 50 µA
fs2 = 98.6 Hz 120 µA 120 µA

more difficult to estimate, as their amplitudes do not increase
proportionally to the main current component (for a given
misalignment angle).

The electrical frequency f e is kept at 49.6 Hz as before,
whereas the mechanical frequency is now fm = 24.5 Hz. The
expected side-bands are therefore at 0.6 Hz and 98.6 Hz.
The same methodology described in Sec. IV-A is followed
to estimate the amplitudes of those side-band components,
and the results are reported in Table II. The proposed method
can still provide very accurate results, despite the fact that
the relative amplitude of the side-bands compared to the main
current component is now slightly smaller than in the previous
case, as expected.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

In order to experimentally validate the proposed method
for the leakage error compensation in motor current signature
analysis, a test rig was specifically designed to allow introduc-
ing a small and controlled misalignment between the motor
and load shafts. A 1.5 kW three-phase, 2-poles induction
motor was employed, whose power rating is comparable to the
4 kW motor used in the simulation analysis in the previous
section. The nature of the experiment required keeping the
power limited to avoid potentially dangerous vibrations.

This motor was connected to another identical motor, used
as a generator, in order to create the mechanical load for the
motor. The two shafts were connected through an elastic jaw
coupling to re-create the same conditions used to formulate the
misalignment model in Sec. II. The generator was connected
to a variable resistor bank, designed to allow testing the motor
at 0%, 25%, 50%, 75%, or 100% of its rated power.
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(a)

(b)

Figure 9. Schematic illustration (a) and photograph (b) of the motor-
generator assembly used for the experimental tests, with a specifically-
designed mechanism to create an angular misalignment between the motor
and generator shafts.

The test rig was designed in such a way to allow moving
the generator sideways at its rear end, by means of a moving
screw, while the motor remains in a fixed position. This
mechanism allows creating an angular misalignment between
the motor and load shafts, up to a few degrees. A schematic
illustration of this design and a photograph of the whole as-
sembly are shown in Fig. 9. Knowing the distance between the
coupling and the rear movable feet of the generator (24 cm),
the misalignment angle can be calculated and controlled by
measuring the lateral movement allowed by the moving screw,
according to simple trigonometric calculations on the right-
angled triangle illustrated in Fig. 9(a).

The three phase currents absorbed by the motor are mea-
sured by three closed-loop Hall-effect current transducers
(LEM LA 25-P), which have an accuracy below 1% and a
bandwidth from DC to 200 kHz. The voltage signals from the
transducers outputs are acquired by a 4-channel, 16-bit data
acquisition board (National Instruments 9125), with 100 kHz
simultaneous sampling.

B. Current Measurements

Before commenting on the experimental results, it should be
noted that the real operation of the motor is more complex than
the simulated behavior reported in Sec. IV, and the current
spectrum is therefore likely to contain a number of components
in addition to the expected side-bands according to the model
in Sec. II, but they are all affected by the spectral leakage of
the main component at the electrical frequency, so the method
proposed in this paper can still be applied to better estimate
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Figure 10. Magnitude of the current spectrum calculated from the measured
current over 2.4 s (red), with 0.5° misalignment, compared to the best fit
(blue) obtained from the model presented in Sec. III.

the amplitudes of all those side-bands. It should also be noted
that the motor used for the experimental tests has 2 poles,
whereas the one used in the simulations had 4 poles, so the
expected side-bands at frequencies f e±2fm will be in different
positions. An estimate of those frequencies in rated conditions
can be calculated from the rated electrical frequency (50 Hz)
and the rated speed (2860 RPM, i.e. 47.7 Hz): therefore, the
expected side-bands are around 45.4 Hz and 145.4 Hz.

The first test was carried out with an estimated angular
misalignment of 0.5°, as in the simulations presented in
Sec. IV. The spectrum of the current in one phase, calculated
again in a 2.4 s acquisition window, is reported in Fig. 10, in
a range from 42 to 48 Hz. The effect of the spectral leakage
from the electrical frequency component is evident, and such
a leakage affects the appearance of the side-band component
around 45.4 Hz, whose amplitude cannot be accurately esti-
mated from this spectrum. A similar procedure as described
in Sec. IV is then followed again here to remove the electrical
frequency component and its leakage from the spectrum, with
the difference that now f e is unknown. The frequency range
chosen for the local fitting is 42-48 Hz, except for the narrower
range 45-46.5 Hz, which is expected to be affected by the side-
band. The best fit of the spectrum with the model in Sec. III
is plotted in Fig. 10, and it shows a very good agreement with
the measured spectrum, apart from the narrow frequency range
around the side-band, as expected.

The residual spectrum after the removal of the estimated
contribution from the electrical frequency component is plotted
in Fig. 11, together with its best fit based again on the model in
Sec. III. The estimated frequencies and amplitudes of this side-
band and the electrical frequency component are reported in
Table III and compared to the same quantities estimated from a
20 s observation time (while running the motor in steady-state
conditions). The results confirm that the proposed method can
provide accurate estimates of the side-band amplitudes also in
real experimental scenarios.

The same analysis was repeated on the current signal
acquired from a second test, carried out with a slightly
higher misalignment angle of 0.7°. The estimated side-band
amplitude in this case is also reported in Table III, and
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Figure 11. Magnitude of the measured current spectrum shown in Fig. 10,
without the electrical frequency component (red), compared to its best fit
(blue) to estimate the side-band amplitude.

Table III
AMPLITUDES OF THE CURRENT COMPONENTS (EXPERIMENT)

α = 0.5°

Expected
frequency

Estimated amplitude
with 20 s window
(negligible leakage)

Estimated amplitude
with 2.4 s window
(with leakage)

fe = 50 Hz 3.55 A 3.6 A
fs1 = 45.4 Hz 10 mA 10 mA

α = 0.7°

Expected
frequency

Estimated amplitude
with 20 s window
(negligible leakage)

Estimated amplitude
with 2.4 s window
(with leakage)

fe = 50 Hz 3.58 A 3.61 A
fs1 = 45.4 Hz 14.2 mA 15 mA

it reveals again a good estimation accuracy. Moreover, this
result also confirms that this side-band is associated with the
misalignment, and its amplitude increases as the misalignment
grows, as expected. Hence, measuring the side-band amplitude
can be effectively used to monitor the misalignment-induced
vibrations.

VI. CONCLUSIONS

This paper proposed a method to compensate for the spectral
leakage that is likely to affect motor current signature analysis,
when a short time window is employed for the Fourier
transformation in order to satisfy the steady-state condition
requirements. The method is based on the assumption that the
dominant component of the current waveform is a sine wave
at the electrical frequency, whose amplitude and phase (and
frequency, if not known) can be accurately estimated through
a model-based fitting of the measured spectrum. The dominant
leakage caused by this component can thus be removed from
the spectrum, in order to make other components more visible
and measurable.

In particular, this method was successfully applied to the
estimation of side-band frequency components caused by vi-
brations induced by a small angular misalignment between the
motor and load shafts. A model to describe the effect of such
a misalignment was firstly formulated, and then the proposed
method was validated through simulation and experimental

tests. The results confirm the effectiveness of the method to
estimate the amplitudes of side-bands that are several orders
of magnitude smaller than the main current component and
would be invisible in the original spectrum.

The accuracy of the amplitude estimation depends on a
number of factors, including the power rating of the motor, the
level of vibrations, the presence of other side-band components
and noise in the current spectrum, and the length of the
window used for the spectrum calculation, which in turn
depends on the timescale of the expected variations in the
operating conditions (supply frequency, motor speed, torque,
etc.). All those aspects should be carefully evaluated in future
analysis, in order to establish the feasibility of the proposed
method for a specific industrial application. A detailed char-
acterization should also be carried out for each application,
through either simulation or experimental tests, to obtain the
empirical relationship between the misalignment angle and
the amplitudes of the characteristic side-bands in the current
spectrum, which is required to estimate the misalignment from
the side-band measurement.
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