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A new method to diagnose rotor faults in 3-phase induction
motors coupled to time-varying loads

Abstract. This paper proposes a new method, based on the analysis of the active and reactive powers of the induction motor, for the diagnosis of
rotor faults in motors coupled to time-varying loads. This new method is able to discriminate the presence of a true rotor fault from a time-varying
load and can be used even when both the fault and the load torque variation coexist. A theoretical analysis complemented with experimental results
support the effectiveness of this new diagnostic approach for the detection of rotor faults in operating three-phase induction motors.

Streszczenie. Zaproponowano nowg metode diagnozowania uszkodzen wirnika bazujgcg na analizie mocy czynnej i biernej przy zmieniajgcym sie
obcigzeniu. Wyniki eksperymentu poparte analizg teoretyczng potwierdzity skuteczno$¢ tej metody. (Nowa metoda diagnostyki uszkodzen
wirnika indukcyjnego silnika tréjfazowego dofgczonego do zmiennego obciazenia)
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Introduction

The condition monitoring of electric machines and drives
is a subjected that has motivated numerous research work
in the last decades. Among the different types of faults to be
diagnosed, rotor cage faults in operating three-phase
induction motors, whether directly connected to the mains
or fed from inverters, has received considerable attention
(11-[7].

The motor current signature analysis (MCSA) is one of
the most popular methods for the diagnosis of rotor faults.
This type of fault can be detected by the identification in the
motor current spectrum of additional components, with

special emphasis on the ones at frequencies of (li-ZS)fe,

where s and f, stand for the rotor slip and fundamental
supply frequency, respectively [8]-[10]. Nevertheless, in
several industrial applications, for instance in the cement
industry, the motor is subjected to load torque variations of
low frequency, due to cyclic variations of the industrial
process. If the load torque variation has a low frequency,
similar to 2sf,, the same spectral components mentioned
above can be found in the motor current spectrum even
when the motor is in healthy conditions. This limitation is
shared by many other diagnostic approaches of rotor faults.

Some work has been done in the past, in an attempt to
discriminate the occurrence of a rotor fault from other
phenomena, no matter the type of load coupled to the
motor. In [11, 12] that is accomplished by comparing the
actual stator current with the one obtained from a machine
model which includes the load effects. The difference
between these two signals provides a quantity which, in
theory, is independent of load variations. The major
drawback of this scheme is its heavy dependence on the
accurate estimation of the motor parameters, which
includes the stator and rotor resistances and all motor
inductances.

In [1, 2, 13] was proposed to use the current Park’s
Vector in a synchronous reference frame to discriminate
rotor faults from load torque variations. The results shown
demonstrate that the current loci obtained in these two
cases is different, providing a means to separate the two
phenomena. Unfortunately, if they are present at the same
time, no simple representation is obtained, leading to a
diagnosis which may not be conclusive.

A time-frequency approach was proposed in [14] in
order to detect rotor faults even when the machine is
subjected to a torque dip. The results show that it is
possible to discriminate the presence of three broken rotor
bars and a torque dip but the obtained current
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spectrograms are difficult to interpret by a non-expert and it
is not clear if an incipient rotor fault can be detected using
this diagnostic methodology.

Other methods proposed for the same purpose include
the use of neural networks [15]. In these cases, the
disadvantage is the necessity of training the neural network,
which may not be feasible in a machine already running in
an industrial environment.

More recently, the p-q theory was also used to calculate
the instantaneous active and reactive currents, thus
allowing to discriminate a rotor fault from a time-varying
load [16]. Although the obtained results are promising, there
still exists some kind of ambiguity in the discrimination of
the two phenomena, especially if the load variation is
unknown.

Given the state-of-the-art in this field, this paper
proposes a new methodology for the diagnosis of rotor
faults, independently of the type of load coupled to the
motor. The method relies on a combined analysis of the
active and reactive powers of the motor and is able to
detect a rotor fault and distinguish it from a load torque
variation even when they occur simultaneously.

Analysis of rotor faults and time-varying loads
A. Previous work

In an induction motor with a rotor fault, the supply
currents contain spectral components at frequencies of

(1+2s) f.. The same happens if instead of a rotor fault, the

motor is coupled to a mechanical load that imposes a
periodic load torque oscillation with a frequency of 2sf,.
Hence, the simple analysis of the amplitude spectrum of the
motor supply currents does not allow to discriminate these
two phenomena. However, if these -currents are
transformed to dq axes and analysed in a synchronous
reference frame (rotating at the angular supply frequency),
more information can be extracted from those signals as the
faulty components introduced by the rotor fault will appear
in that reference frame at a frequency of

(1+2s) f.— f, =+2sf,. That was already seen in [1, 2],

where this reference frame was used to analyse the locus
of the current space vector when the induction motor had
rotor faults or was coupled to time-varying loads. In the first
case, the current locus obtained is an ellipse whose origin is
the current vector given by the sum of two current vectors

(each one corresponding to one of the two faulty current
components at frequencies of (1J_r2s)f ), rotating in

e

opposite directions, at an angular frequency of 2zx2sf,.
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When the inertia of the load is very high, the speed
oscillations of the motor will be very small, and that ellipse
will tend to a circumference. On the other hand, for
extremely low values of the inertia, the ellipse tends to
degenerate into a straight line oriented along the second
quadrant of the axes.

When the motor, in healthy conditions, is coupled to a
time-varying load, the current locus obtained is almost a
straight line, in this case oriented along the first quadrant of
the axes, for torque oscillations of low amplitude and low
frequency. When the frequency of the torque oscillation
increases, the pattern obtained resembles an ellipse whose
major axis is progressively oriented along the g-axis.

The orientation of the major axis of these ellipses is
related to the difference of phase between the d and q
current components in the synchronous reference, thus
leading to the necessity of performing an analytic study
about these quantities in that reference frame. The next
section deals with the presentation of a linearized induction
motor model developed with that aim.

B. Linearized induction motor model [17]

A simplified induction motor model will be used to study
the effects of rotor faults and time-varying loads. The model
relies on the use of an asymmetrical two-phase induction
motor, whose details can be found in [18].

As demonstrated in several papers, n; contiguous
broken bars in a rotor cage with N, bars can be represented
in an approximate way by the inclusion of an additional
resistance in one of the phases of an equivalent three-
phase slip-ring machine [19]. If this machine is transformed
into an equivalent asymmetrical two-phase machine, the
additional resistance R, that appears in one of the phases is
given by [20-22]:

2 N,

where R, stands for the rotor resistance of the two-phase
machine in healthy conditions. Without loss of generality,
the fault may be considered located along the d-axis of the
rotor. In that case, the resistances of the two rotor windings
will be R,,~R,+Rrand R,,=R,.

Writing the voltage equations of this machine in dgq axes
rotating at an arbitrary angular speed w,, and if a rotor fault
or time-varying load is considered, the rotor speed will not
be constant, leading to a system of non-linear differential
equations. Hence, that system of equations can only be
solved by numerical methods, does not providing an
analytical solution to the problem. To overcome this
limitation, a model linearization is performed around an
operating point. This allows to obtain analytical solutions for
the motor supply current components, which will be used
later on in the calculation of the active and reactive powers
of the machine needed for diagnostic purposes.

In a synchronously rotating reference frame (@w,=we) with
the g-axis aligned with the stator voltage space vector, the

@)

linearized voltage equations of the faulty machine are given
by (2) and (3) [17].

O Rs - we L s 0 - a)e L 'm ids
@ Ul | ol R, oL, 0 i,
0ol | 0 —seoL, R SolLli,
0| |soL, 0 sl R |,
In (2-(3) R, R-, L, L,, L, stand for the stator

resistance, average value of the rotor resistances (R,+R/2),
stator inductance, rotor inductance and mutual inductance
between stator and rotor windings, respectively. The

operator p=d/dt, AR, =R, /2, O, represents the slip angle,

5 stands for the average rotor slip and p, is the number of
pole-pairs. At, is the load torque variation (equals zero if
the load torque is constant). All rotor quantities and motor
parameters are referred to the stator. A dash over a
quantity denotes its average (steady-state) value and the
prefix A corresponds to its incremental value. It is assumed
that the motor is supplied by a balanced voltage supply
system (u,, =U=c").

The previous equations, complemented with the
equation of torque, can be used to obtain analytical
solutions for the stator current components i, and i .

These analytical solutions are, however, quite long to be
presented here. Even though, whether for the case of a

rotor fault or for a time-varying load, the current
components are of the form
4) iy (1) =1, +Aiy =T, + Acos(25w,t + )

(5) i

qs

(t)=17,+Ai, =i +Bcos(25w,t+ f)

where i, i

qs

are constants that depend on the motor

operating point (load level). A:Afds, B=Ai,, a, [ are
values that depend on the motor parameters, fault
extension (if a rotor fault is present), load inertia and motor
operating point.

The angles «, A contain vital information that can be
used to distinguish the rotor fault from the time-varying load.
For a time-varying load « and g have similar values
provided that: (i) the torque oscillations are of low amplitude
and (ii) their frequency is relatively low (say below 10 Hz for
a supply system of 50 Hz). Nevertheless, if the stator
resistance of the stator windings of the motor is high (like in
the case of low-voltage small-power motors), the angles a
and g may differ by an angle which may not be negligible,
although always less than =90 deg for the typical

parameters of an induction motor.

__ [ RpL, oL pL, oL, 0
0 O 0 0 0 0 l_ds a)e LS R.V + p L.Y weLm p LI)’I 0 Aldt
0 0 0 0 0 0|7 _ = _ — — Ai
. _qé me - weLm Rr + er -s a)eLr _a)e (Lml s + Lrl r ) *
0 |=AR |0 0 cos(20,,) —sin20,,) | 0|7, |+| _ - _ TN A,
0 0 0 -sin(20,) —cos(26,) |07, 3‘“ . PLy 3‘9 @l "; oL | (bt L) | 5
- - - - J Ao
At, 00 0 0 ‘ 0|l 5 —Epme i, Epme i, Epme i —Epme iy pp— o, As
P
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On the other hand, for the case of a rotor fault, the
current space vector locus is an ellipse with the major axis
oriented along the second quadrant of the dg axes. The
mathematical expressions that describe the dq current
components are similar to (4)-(5) with the exception of the
values assumed by the angles «, # and the new current

amplitudes A7, and qus. In general, for rotor faults

Ai, > Al while for time-varying loads A7, <<Ai .

By varying the combined inertia of the rotor-mechanical
load, the orientation and ellipticity of the figure obtained
changes. As J —> o the current locus tends to a
circumference (no speed oscillations meaning that the
amplitude of spectral component of the motor supply

currents at the frequency (1+25)fe tends to zero). In
additon, when J—w, A, ~Ai  and a=xf-90.

Hence, the conclusion is that the angles « and g contain
vital information which allows to discriminate a rotor fault
from a time-varying load.

Let us define the angle ¥ =a — £, properly reduced to

the range [-180°, 180°]. Based on the analysis carried out
before, if |)/| €[0, ~90°] the motor is coupled to a time-

varying load. Conversely, if |y|e]~90°, 180°] the motor

has a rotor fault. No ambiguity exists in the region where
|7| = 90°. In fact, in that region, a time-varying load leads to

values of Ai, < Ai_ while for broken rotor bars Ai, ~ Al .

Hence, the combined analysis of these fault indicators
allows to reliably detect and discriminate these two motor
operating conditions no matter the operating point of the
motor.

It should also be pointed out that there is no need to
know the exact value of y to perform the diagnosis but

solely to see in which interval its modulus falls into. This is
an advantage especially because the exact value of this
angle depends on numerous motor parameters, extension
of the fault, load level and moment of inertia.

The method to diagnose and discriminate rotor faults
from time-varying loads
Considering that the motor supply voltage components

in the synchronous reference frame are given by u, (1)=0

, u,, (1)=U , the motor instantaneous active power (p) and
reactive power (g) can be calculated using

3 a -a a -a 3 . 3 .
(6) p(t) =E(ud31ds +uqslq5) Euqslqs =EU1qS(t)

3 a -a a :a 3 . 3 .
(7) q(t) = E(uqxlds - ud.\'lqs ) = Euqsldx = EUst (t) "

where superscript a denotes an arbitrary reference frame.
Substituting (4)-(5) into (6)-(7) one obtains
p— 3 - 3 2 p—
@) p(t)=p+Ap(1)= EU I, +EUAZ"S cos(25w,t + B)

9) q(t)=g+Aq(t) :%U A +%UAde cos(25m,t+ar) .

Equations (8)-(9) show that the angles «, S can be
easily measured by performing a spectrum analysis to the
total reactive and active powers of the motor, respectively.
One advantage of using the power signals instead of the
current signals directly is that the equations used for the
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calculation of the two powers are valid in any reference
frame, hence their calculation can be advantageously
performed in the stationary reference frame, thus avoiding
the necessity of performing a reference frame
transformation.

The diagnosis procedure should then consist in the
analysis of the amplitude spectra of p and ¢ in the low
frequency range (wide enough to contain the frequency
251, ) to search for spectral components which may exist in

this frequency region (if a symmetrical motor is considered,
coupled to a constant load, no spectral components should
be found in this frequency range as the quantities under
analysis represent total active and reactive powers of the
motor). If spectral components are found in any of the
amplitude power spectra, the exact value of their frequency
should be recorded and the phase spectra of the these two
power signals analysed at the same frequencies in order to

calculate the angle |y| . The range in which || falls into will

determine the origin of the spectral component(s) (intrinsic
rotor fault or mechanical load variation).

A problem with the power signals in medium/high power
motors is that the average slip of these motors is very small,
meaning that the spectral components introduced by a
potential rotor fault will be close to the dominant dc
component of the active and reactive powers. This
neighbourhood can obscure the presence of those
characteristic components. To overcome this problem, the
dc component of the two power signals should be removed
prior performing the spectrum analysis.

The diagnostic process can thus be summarized as
follows:

a) Calculation of the active and reactive powers of the
motor using the voltage and current signals in a stationary
reference frame

b) Removal of the dc components of p and ¢

c) Perform a FFT to the obtained signals and search for
spectral components in both spectra in the low frequency
range (0-10 Hz, as an indicative range)

d) At the frequencies found in the previous step, check the
difference of phase between p and ¢ and refer the absolute

value of the resulting angle (|y| ) to the range [0, 180°]: if this

angle is lower than 90 deg, that indicates the presence of a
time-varying load; if it is higher than 90 deg, a rotor fault was

found; if |y|~90° check the amplitudes of Ap and Ag
measured in c): if Ag<Ap
otherwise a rotor fault was found.

it is a time-varying load,

Experimental results

To validate the proposed diagnostic approach several
experimental tests were carried out.

The experimental setup is based on a WEG® W21, 3
kw, 400 V, 50 Hz, 4-pole, 3-phase induction motor
connected to a 400 V balanced voltage supply system. This
test motor is mechanically coupled to another induction
motor, direct torque controlled. A dSPACE 1103
development board ensures the implementation of the
control strategy of the second motor and allows the user to
impose any desired load torque profile, whether constant or
variable in time.

Two additional rotors were used in the test motor,
identical to the original one, in which 1 and 2 broken bars
were emulated by drilling a hole in each bar near to an end-
ring.

Fig. 1 shows the experimental results obtained when the
induction motor is running at 75% rated load (constant
torque), with one broken rotor bar. From top to bottom, the
figures show the amplitude and phase spectra of the

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 1a/2012



oscillating (ac) components of the active and reactive
powers of the motor and the modulus of angle y. In this

test |y|=178.2 deg that, as expected, is higher than the 90

deg above which a rotor fault is identified. These results
also show that the rotor fault creates an oscillation in the
reactive power with an amplitude higher than the one
created in the active power, which is in good agreement
with what was predicted by theory. It is interesting to note
that besides the spectral components at a frequency of
25f, , the two power spectra also contain a component at a

frequency of 457, , whose origin are second-order effects of
a rotor fault (corresponding to current components at
frequencies of (1+45)f,). Even for the second order

effects, the value of |y| is clearly higher than 90 deg, hence

showing that the origin of these components is the rotor
fault

Fig. 2 shows the results obtained when the induction
motor runs in healthy conditions, coupled to a time-varying
load with a sinusoidal oscillating component at a frequency
of 2.5 Hz, superimposed to a constant term. In this test

|;/|=34.98 deg, indicating that the spectral components

found in the active and reactive powers at 2.5 Hz are
introduced by the mechanical load and not due to a rotor
asymmetry. In addition, the oscillations found in the active
power are higher than the ones of the reactive power, once
again supporting the theory behind the diagnostic method. It
should be noted that in this case, the motor current
signature analysis would be totally ineffective as a
diagnostic tool because the current spectrum contains two
sideband components at frequencies of 47.5 Hz and 52.5
Hz, whose origin could mean a rotor fault or a time-varying
load. These results also demonstrate the high sensitivity of
this diagnostic method, as besides the load torque
oscillations, the method also detected the presence of a
residual rotor asymmetry. This was confirmed with an
additional test, during which the motor was run at a
constant load and with a rotor in healthy conditions.

Fig. 3 shows the results with the motor running with a
rotor fault and coupled to a time-varying load with a
sinusoidal oscillating component at a frequency of 5 Hz.
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Fig. 1. Experimental results showing the diagnosis of a rotor fault (1
broken bar) in a motor running with a constant load torque.
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Fig. 2. Motor running in healthy conditions, coupled to an oscillating
load torque with a frequency of 2.5 Hz.
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Fig. 3. Motor running with 1 broken rotor bar and coupled to an
oscillating load torque with a sinusoidal component at a frequency
of 5 Hz.

The obtained results show two dominant spectral
components in the amplitude spectra of the active and
reactive powers, at frequencies of 3.25 Hz and 5 Hz. At

these frequencies, |y| was 171.3deg and 48.58 deg,

respectively, the first value indicating the presence of a
rotor fault and the second one related to the time-varying
load.

These results clearly demonstrate that when rotor faults
and time-varying loads coexist, the proposed diagnostic
method is capable of discriminating the two phenomena
even when the frequencies at which they manifest
themselves are very close, as in this example.

To end this section, some additional results are shown
in Fig. 4, where the motor was run with the rotor in healthy
conditions but coupled to a load which imposes a square
wave load torque oscillation. This type of load was used for
two main reasons: (i) to somehow emulate motors coupled
to impact loads (compressors, for instance) and (ii) to
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create a torque variation with several spectral components
in the low frequency range.

Once again, the diagnostic method is able to
demonstrate that the origin of all detected spectral
components is the load torque variation and not an eventual
rotor fault.
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Fig. 4. Motor running in healthy conditions, coupled to an oscillating
load torque, of square wave type, with a fundamental frequency of
1 Hz.

Conclusion

This paper presented a new diagnostic method, based
on the analysis of active and reactive powers of an
induction machine, to detect and discriminate rotor faults
from time-varying loads. The combined analysis of the
amplitude and phase spectra of the active and reactive
powers of the motor can be used with great success in the
discrimination of these two phenomena, without the need of
any motor parameters, making this method particularly
attractive to be used in an industrial environment. It is
noteworthy the sensitivity and discriminating power
demonstrated by this method, by detecting residual rotor
asymmetries and clearly distinguish them from load torque
variations of different kinds.

The implementation of this diagnostic approach only
requires the measurement of two motor supply currents and
two line to line voltages. Hence, it may constitute a valuable
aid for the maintenance personnel responsible for motors
coupled to any type of mechanical load, whether constant
or variable in time.
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