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Abstract—In this paper, the application of an additional excita-
tion in induction motor (IM) drives for static, dynamic, and mixed
eccentricity diagnosis is proposed. The additional excitation con-
sists in a predefined inverter-switching pattern that is applied on
the motor for a short time, while the fundamental excitation is
canceled. This excitation was used previously to implement a po-
sition estimation strategy. The strategy obtains information about
the rotor position from the motor saliencies effects over the zero-
sequence voltage. The air-gap eccentricity is a kind of saliency that
affects the zero-sequence voltage and allows the use of the addi-
tional excitation for eccentricity diagnosis. For the evaluation of the
feasibility of this proposal, a multiple-coupled circuit model of the
IM is used. The effects of series and series–parallel stator winding
connections on the diagnosis signals are shown. Experimental re-
sults to validate the proposal are also given. These results show that
it is possible to use the diagnosis strategy in a self-commissioning
scheme.

Index Terms—Air-gap eccentricity, fault diagnosis, induction
motor drives, position estimation.

I. INTRODUCTION

H IGH air-gap eccentricity values on induction motors (IM)
produce unbalanced radial forces that can cause stator to

rotor rub. This fact may be traduced in high costs due to motor
repair and the stop time of the process or the production line. For
such reasons, motor drive manufacturers are deeply interested in
including diagnosis functions in the control software to decrease
the machine down time and increase the product benefits [1].

There are several proposals designed for detecting faults on
IM. However, only few of them are specifically designed for
variable speed drives [2]. The strategies based on motor-current-
signal analysis (MCSA) for air-gap eccentricity diagnosis are
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designed for grid-connected motors [3]. Consequently, both
speed variations and the components of different frequency cur-
rents introduced by the inverter may complicate the application
of such strategies.

In [4] and [5], strategies based on the effect of the motor
saliencies were proposed for broken rotor bars diagnosis. A
similar strategy was proposed in [6] for on-line stator winding
fault diagnosis. The information from the motor saliencies is
obtained by adding an additional excitation to the fundamental
one. These strategies have been previously used for position
estimation in close-loop IM drives. In some cases, the additional
excitation signals are high-frequency three-phase currents or
voltages, added to the machine main excitation. In some others,
they are discrete voltage pulses, generated by the inverter while
the fundamental excitation is canceled. The air-gap eccentricity
is a saliency that modifies the IM parameters. Consequently,
the previous strategies could be applied for air-gap eccentricity
detection and diagnosis.

In order to evaluate the feasibility of these strategies for
air-gap eccentricity diagnosis, an IM model that considers
the effects of different saliencies is needed. The saliencies to
be modeled are not only those that provide information about
the rotor position but also those generated from fault. In [7], an
IM model based on multiple-coupled circuits was presented.
In addition, a method known as Winding Function Approach
(WFA), to calculate mutual inductances, was introduced.
Regarding the model, all the winding distribution harmonics are
taken into account, with no restrictions about stator winding and
rotor bar symmetry. A new method to calculate inductances,
known as Modified Winding Function Approach (MWFA),
is proposed in [8]. This method was applied to analyze IM
with static, dynamic, or mixed eccentricity in [9] and [10]. An
extension of this method was proposed in [11]. It allows obtain-
ing inductances taking radial and axial nonuniformity of both
windings and air-gap into account. For this reason, it is possible
to include eccentricity and skew effects in the inductance
calculation.

The application of the multiple-coupled circuit model to the
analysis of a position estimation strategy was presented in [12].
This strategy is based on the effects of winding distribution and
rotor bars on the motor zero-sequence voltage, when the motor
is excited with a preestablished pulse sequence applied by the
inverter [13], [14].

In this paper, the air-gap eccentricity effect on the zero-
sequence-voltage signals, when the motor is excited with a
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preestablished pulse sequence, is analyzed using the extension
of the MWFA, proposed in [11].

The effects on the diagnosis signals of different winding con-
nections are presented. The winding connections considered are
series and series–parallel. The series–parallel winding connec-
tion is a common practice. It reduces the net unbalanced mag-
netic pull [15], and allows the construction of only one motor for
different voltages, thus changing only the winding connection
(e.g., 220 V in series–parallel and 440 V in series).

The paper is organized as follows. A general model for the
IM is presented in Section II. In Section III, the inductances
for the IM model are obtained. In Section IV, the rotor position
estimation strategy is reviewed and static, dynamic, and mixed
eccentricity effects are analyzed, using the MWFA. Section V
shows experimental results. Finally, discussion and conclusion
are given in Section VI.

II. INDUCTION MOTOR MODEL

Considering an IM having m stator circuits and n rotor bars,
the cage can be viewed as n identical and equally spaced rotor
loops [16]. The voltage equations for the IM can be written in
vector-matrix form as follows:

Vs = RsIs +
dλs

dt
(1)

Vr = RrIr +
dλr

dt
(2)

where

Vs = [vs
1 vs

2 · · · vs
m ]T , Vr = [0 0 · · · 0]T

(3)

Is = [is1 is2 · · · ism ]T , Ir = [ir1 ir2 · · · irn ]T

(4)

and the stator and rotor flux linkages are given by

λs = LssIs + LsrIr (5)

λr = LrsIs + LrrIr (6)

Lss is an m × m matrix with the stator self and mutual
inductances, Lrr is an n × n matrix with the rotor self and
mutual inductances, Lsr is an m × n matrix composed by
the mutual inductances between the stator phases and the ro-
tor loops, Lrs is an n × m matrix composed by the mutual
inductances between the rotor loops and the stator phases and
Lsr = LT

rs .

III. INDUCTANCE CALCULATIONS

The mutual inductances used in the proposed multiple-
coupled circuit model can be obtained from the equations shown
in [11]. According to the present proposal, the mutual induc-
tance between the two stator windings, two rotor loops as well
as the mutual inductance between the stator and rotor circuits,
A and B, can be obtained from

LBA (θr ) = µ0r

∫ 2π

0

∫ L

0

nB (φ, z, θr )NA (φ, z, θr )

× g−1(φ, z, θr )dz dφ (7)

Fig. 1. (a) Flux lines distribution on the air-gap. (b) Air-gap function.

where µ0 is the air permeability, r is the air-gap average ra-
dius, φ and z are the angular and axial position of an air-gap
arbitrary point, respectively, g−1(φ, z, θr ) is the inverse of the
air-gap function, n(φ, z, θr ) is the winding spatial distribution,
and N(φ, z, θr ) is the two-dimensional (2-D) modified winding
function. The latter can be obtained as

N(φ, z, θr ) = n(φ, z, θr ) −
1

2πL〈g−1(φ, z, θr )〉

×
∫ 2π

0

∫ L

0

n(φ, z, θr )g−1(φ, z, θr )dz dφ

(8)

where 〈g−1(φ, z, θr )〉 is an average value of the inverse air-gap
function. The distribution of bars and windings, modeled by
means of winding spatial distribution functions, were considered
for the calculation of inductances in the previous equations.
Regarding the bar distribution, skew effects are included as
proposed in [11].

A. Rotor Slot Modeling

The air-gap variation, due to rotor slots, was modeled by con-
sidering the distribution of the flux lines on the slots [Fig. 1(a)],
as proposed in [17]. According to this flux line distribution, the
air-gap function considering the rotor slots, grs , rises linearly
from one side to the center of the slot and then drops up to its
nominal value, g0, at the other slot side, as shown in Fig. 1(b) for
a rotor and an axial position (θr0, z0). Then, the air-gap length
can be expressed as

grs(φ, θr , z) = g0 + ∆grs(φ, θr , z) (9)

where ∆grs(φ, θr , z) is the increment of the flux path in front
of a rotor slots.

Stator-slot effects may be included in the same way as rotor-
slot effects. However, since slots are uniformly distributed, and
the air-gap variation they produce does not depend on rotor
position, these slots do not produce any affect on the diagnosis
signals. For such reason, the stator-slot effects have not been
included in the model.

B. Air-Gap Eccentricity Modeling

In practice, static and dynamic air-gap eccentricities appear in
a mixed form [10]. The air-gap function for a mixed eccentricity
can be represented by

ge(φ, θr , z) = g0[1 − es(z) cos φ − ed(z) cos(φ − θr )] (10)
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Fig. 2. General scheme of the diagnosis strategy.

where es and ed are the static and dynamic eccentricity amounts,
respectively. This equation is used in (7) and (8) for calculating
the IM self and mutual inductances with air-gap eccentricity.
The combined effects of air-gap eccentricity and rotor slots can
also be analyzed. For this purpose, the variation of the air-gap
function due to rotor slots, ∆grs , is added to the air-gap function
(10), yielding

g(φ, θr , z) = ge(φ, θr , z) + ∆grs(φ, θr , z) (11)

IV. ANALYSIS OF AIR-GAP ECCENTRICITY EFFECTS ON THE

ZERO-SEQUENCE VOLTAGE WHEN EXCITING THE MOTOR WITH

AN ADDITIONAL EXCITATION

Considering a star-connected IM fed by a three-phase inverter
motor saliencies such as air-gap eccentricity affect the zero-
sequence voltage. Using an additional excitation to the funda-
mental one, it is possible to extract information about the salien-
cies from the zero-sequence voltage. The additional excitation
used in this paper for the air-gap eccentricity diagnosis consists
in a predefined inverter-switching pattern applied to the motor
for a short time while the fundamental excitation is canceled.
This excitation was used previously to implement a position
estimation strategy [13].

A scheme of the proposed strategy is shown in Fig. 2. In
order to inject the additional excitation signal V∗

se , the fun-
damental current control loop I∗sf is opened for a short-time,
while the signal V∗

se takes the control of the pulse width
modulation (PWM). The additional excitation signal consists
of the six active inverter switching states applied in the fol-
lowing sequence u1(+ −−), u4(− + +), u3(− + −), u6(+ −
+), u5(−− +) and u2(+ + −) [13].

The zero-sequence voltage is obtained from the sum of the
three-phases voltages with respect to the motor neutral point
Vsn = [vavbvc ]

uσ = va + vb + vc . (12)

These voltages are measured synchronized with the injected
voltage pulses.

Subtracting the zero-sequence voltages in the opposed switch-
ing states.

pa(θr ) = u(1)
σ − u(4)

σ (13)

Fig. 3. Coil distribution of phase A. (a) Series connection. (b) Series–parrallel
connection.

pb(θr ) = u(3)
σ − u(6)

σ (14)

pc(θr ) = u(5)
σ − u(2)

σ (15)

where u
(x)
σ is the zero-sequence voltage corresponding to the

ux switching state. The speed voltage effects are practically
eliminated and the voltage signal is a function of the excited
phase inductances. For an IM with no faults, these three signals
are almost sinusoidal and have n-period-per-revolution, where
n is the number of bars.

A spatial vector P(θn ) = (pα , pβ ), whose angle provides in-
formation about the rotor position, can be obtained by transform-
ing the three-phase signals (13)–(15) into an α and β coordinate
system fixed to the stator.

A. Series-Phase Windings

The multiple-coupled circuit model, presented previously,
is used to analyze the effect of the motor inductances on the
zero-sequence voltage, when the motor was excited with the
predefined inverter-switching pattern. For the motor with se-
ries phase-winding connection, whose parameters are shown
in the Appendix and the coil distribution in Fig. 3(a), m = 3
and n = 40. Then, the dimensions of the inductance matrices
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are Lss(3 × 3),Lrr (40 × 40),Lsr (3 × 40), and Lrs(40 × 3),
respectively.

The estimation signals, pa , pb , and pc are obtained from this
model, as proposed by the authors in [12]. If the excitation
sequence applied by the inverter corresponds to a small interval
of time so that the rotor position and currents remain almost
constant, both EMF and the resistance voltage drops can be
neglected. From these practical considerations, (1), (2), (5), and
(6) can be expressed as

Vs = Lss
dIs

dt
+ Lsr

dIr

dt
(16)

0 = Lrs
dIs

dt
+ Lrr

dIr

dt
(17)

solving (17) for the rotor current derivative, and replacing it into
(16)

Vs =
(
Lss − Lsr L−1

rr Lrs

) dIs

dt
. (18)

For switching state u1(+ −−), the inverter dc-link voltage,
Ud , can be expressed as follows:

Ud = va − vb

Ud = va − vc . (19)

The applied voltages resulting from (12) and (19) are

va =
1
3

(
u(1)

σ + 2Ud

)
(20)

vb =
1
3

(
u(1)

σ − Ud

)
(21)

vc =
1
3

(
u(1)

σ − Ud

)
. (22)

Solving for the current derivatives in (18) and replacing the
phase voltages by (20)–(22)

dIs

dt
=

1
3

(
Lss − LsrL−1

rr Lrs

)−1
(
u(1)

σ TT + UdQT
a

)

(23)

where

T = [1 1 1] (24)

Qa = [2 − 1 − 1]. (25)

Since the sum of currents is equal to zero, premultiplying (23)
by T, yields

0 = T
(
Lss − LsrL−1

rr Lrs

)−1
(
u(1)

σ TT + UdQT
a

)
(26)

Solving for u
(1)
σ , the following expression is obtained:

u(1)
σ = −Ud

T
(
Lss − LsrL−1

rr Lrs

)−1 QT
a

T (Lss − LsrL−1
rr Lrs)

−1 TT
(27)

Calculating u
(4)
σ in a similar way, the signal pa can be deter-

mined through (13)

pa = −2Ud

T
(
Lss − LsrL−1

rr Lrs

)−1 QT
a

T(Lss − LsrL−1
rr Lrs)−1TT

(28)

Equations needed to obtain pb and pc are similar to (28),
changing only the column vector in the numerator, Q:

Qb = [−1 2 − 1] (29)

Qc = [−1 − 1 2] (30)

The pa , pb , and pc signals were calculated for a three-phase
motor whose parameters are shown in the Appendix. These sig-
nals showed a 40-cycle-per-revolution component due to the
inductance variations. Such variations are produced by the dis-
crete distribution of the 40 rotor bars and by the air-gap variation
due to the rotor slots [12]. These signals also presented a 120◦

displacement due to the spatial distribution of each phase.
Transforming the three-phase signals into the α and β coordi-

nate system fixed to the stator, the signals pβ versus pα , can be
obtained from the proposed model, as shown in Fig. 4(a). This
figure also shows the pα signal spectrum, where the 40-cycle-
per-revolution component can be clearly observed.

Fig. 4(b) shows the effect produced by a 60% static eccen-
tricity (es = 0.6), with a rotor displacement in the phase-a di-
rection. Due to this eccentricity, a dc component appears on
the estimation signals, which points out the rotor-displacement
direction in the pβ versus pα plane. In addition, the 40-cycle-
per-revolution fundamental signal is slightly increased.

Fig. 4(c) shows pβ versus pα signals with 60% of dynamic
eccentricity (ed = 0.6). As it can be seen in the pα signal spec-
trum, dynamic eccentricity produces a four-cycle-per revolution
component due to the air-gap periodic variation in each of the
four poles. In addition, a slight increase in the fundamental
component can be seen in the signal spectrum.

In practice, dynamic eccentricity is generally produced by
bearing wear, misalignment, or bent rotor shaft. In these par-
ticular cases, eccentricity is nonuniform along the motor axial
length. As a consequence, high eccentricity levels will appear
on one of the rotor end whereas low levels of eccentricity will
appear on the other, then producing components of lower ampli-
tude on the diagnosis signals than those produced by a uniform
eccentricity. For such reason, and in order to compare the re-
sults obtained by using the multiple-coupled circuit model and
those obtained experimentally, a mixed air-gap eccentricity was
modeled as

ed(z) = ed0 + kez (31)

es(z) = es0 (32)

where

ed0 = 0.29, ke = 3.85, es0 = 0.1. (33)

These coefficients correspond to both an added nonuniform
dynamic eccentricity of the motor (29% in z = 0 and 71% in
z = L) and an inherent level of static eccentricity (10%). The
dynamic eccentricity corresponds to the produced by the bush-
ing a2 described in the Section V.

Fig. 4(d) shows pβ versus pα signals and the pα signal
spectrum for mixed eccentricity. Unlike dynamic or static eccen-
tricity, mixed eccentricity produces several low-frequency har-
monics. A four-cycle-per-revolution component, as for dynamic
eccentricity, can be appreciated in the low-frequency signal
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Fig. 4. Simulation result. Signals pβ versus pα and pα signal spectrum,
series phase windings. (a) With no eccentricity. (b) With 60% static eccentricity.
(c) With 60% dynamic eccentricity. (d) With mixed eccentricity.

spectrum. The dc component is very low due to the low level of
static eccentricity considered in this case. In addition, 1, 2, and 3-
cycle-per-revolution components appear in the signal spectrum
due to the combination of static and dynamic eccentricity effects.

B. Series–Parallel Phase Windings

The series–parallel phase winding motor has the same pa-
rameters than the series phase winding motor and differs only in
the phase winding connection. The in-series–parallel winding
connection of phase A is shown in Fig. 3(b). For this motor,
m = 6 and n = 40. Then, the dimensions of the inductance

Fig. 5. Simulation result. pβ versus pα signals, and pβ signal spectrum,
series–parallel phase windings. (a) With no eccentricity. (b) With 60% static
eccentricity. (c) With 60% dynamic eccentricity. (d) With mixed eccentricity.

matrices are: Lss (6 × 6),Lrr (40 × 40),Lsr (6 × 40), and
Lrs(40 × 6), respectively.

For this windings connection, the estimation signals, using
the multiple-coupled circuit model, can be obtained in a way
similar to what the authors proposed in [12]. The pa signal is
given by (28), where

T = [1 1 1 1 1 1] (34)

Qa = [2 2 − 1 − 1 − 1 − 1] (35)

Fig. 5(a) shows pβ versus pα signals and the pβ signal spec-
trum for the motor with no eccentricity. As in the case of series
phase windings, a 40-cycle-per-revolution component appears.
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Fig. 6. (a) Original bearing. (b) Bearing and eccentric bushing.

The series–parallel connection does not affect the amplitude of
this signal.

Fig. 5(b) shows the effects of a 60% static eccentricity
(es = 0.6), with rotor displacement in the phase-a direction.
Due to this eccentricity, a dc component appears in the estima-
tion signals, but in this case, it does not coincide with the rotor
displacement direction as seen in the pβ versus pα plane. For
the same eccentricity, the value of the dc component doubles
that produced by in-series-winding connection. The pβ signal
spectrum is shown instead of the pα one, since the dc component
is more significant in the β-axis direction.

Fig. 5(c) shows the effect of a 60% dynamic eccentricity
(ed = 0.6). The dynamic eccentricity effect on the diagnosis
signals differs from that of in-series-winding connection. In this
case, two components appear in low frequencies of the signal
spectrum. A four-cycle-per-revolution component, as for in-
series-winding connections, appears in the spectrum due to air-
gap variation in each of the four poles. In addition, a significant
two-cycle-per-revolution component is produced by an air-gap
periodic variation in each of the two independent phase circuits
[Fig. 3(b)]. Apart from that, inductance variation produced by
the air-gap eccentricity in each pole is the same in-series and
in-series–parallel winding connections. However, for in-series
connections, the phase inductance is the sum of each pole induc-
tance and it results in an inductance variation of four-cycle per-
revolution. For in-series–parallel connections, the total phase
inductance presents a four-cycle per-revolution variation due to
each pole and a two-cycle per-revolution variation produced by
the two-phase circuits.

The mixed air-gap eccentricity was modeled as in the previ-
ous case, considering the same values of dynamic eccentricity
and a 10% of static eccentricity. Fig. 5(d) shows pβ versus pα

signals and the pβ signal spectrum for the mixed eccentricity
modeled by (31)–(33). An important two-cycles-per-revolution
component, as for dynamic eccentricity, can be appreciated in
the signal spectrum. A dc component and 1, 3, and 4-cycle-
per-revolution components appear in the signal spectrum due to
mixed eccentricity.

Comparing these results with those obtained from the motor
with series phase windings, it can be observed that although
the harmonics produced by eccentricity are the same, the am-
plitude relations are very different. As it was stated previously,
the difference in amplitudes is due to the fact that different

Fig. 7. Nonuniform air-gap eccentricity.

TABLE I
AIR-GAP ECCENTRICITY LEVELS FOR DIFFERENT ECCENTRIC BUSHINGS

stator winding connections have different inductance variations
in each phase.

V. EXPERIMENTAL RESULTS

The estimation strategy was programmed on a PC, in order to
validate the proposed analysis. The references to the excitation
signals corresponding to a voltage injection of the switching
pattern through the inverter are first generated, and then the
software calculates the zero-sequence voltage from the mea-
surements of phase voltages.

In order to produce air-gap dynamic eccentricity, one bearing
[Fig. 6(a)] was replaced by another of bigger interior diame-
ter and of equal external diameter plus an eccentric bushing
[Fig. 6(b)]. Such a bushing, made of steel, adapts the shaft di-
ameter to the internal bearing diameter. Since only one bearing
was modified, the air-gap eccentricity is nonuniform along the
motor axial length as shown in Fig. 7. Three bushings with dif-
ferent eccentricity levels were made to evaluate the diagnosis
strategy. The air-gap eccentricity levels for these bushing are
shown in Table I.

The experimental results shown in this section were obtained
with the motor rotating at 30 r/min, without fundamental excita-
tion and load. If the IM is operated at full fundamental excitation
(ωe) and load, an additional component at frequency 2ωe may
appear in the diagnosis signals due to saturation [14]. Depending
on the load level, the saturation component may interfere with
the component produced by the air-gap dynamic eccentricity.
Therefore, in order to implement the strategy for on-line diag-
nosis, this component due to the fundamental excitation should
be decoupled.
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Fig. 8. Experimental result. Signals pβ versus pα and pα signal spectrum,
series phase winding: (a) Without eccentricity. (b) With mixed eccentricity for
the bushing a1, (c) a2, and (d) a3.

The signals obtained with the series windings motor without
eccentricity are first presented. Fig. 8(a) shows the pβ versus pα

signals and the pα signal spectrum. In addition to the 40-cycle-
per-revolution component, produced by the rotor bars, a small
four-cycle-per-revolution component can be seen in the signal
spectrum. This component could be produced by a rotor inherent
asymmetry due to the manufacturing and assembly method.

Fig. 8(b) shows pβ versus pα signals and the pα signal spec-
trum with mixed eccentricity produced by bushing a1. This low
level of eccentricity produces only a very small change in the
path of vector P in the α − β plane and in the four-cycle-per-
revolution component shown in the pα signal spectrum.

Fig. 9. Experimental result. Signals pβ versus pα and pβ signal spectrum,
series–parallel phase winding: (a) Without eccentricity. (b) With mixed eccen-
tricity for the bushing a1, (c) a2, and (d) a3.

Fig. 8(c) shows pβ versus pα with mixed eccentricity pro-
duced by the bushing a2. They are similar to those obtained
using the proposed model. Comparing the pα signal spectrums,
shown in Fig. 8(c) and Fig. 4(d), almost the same harmon-
ics appear in the model-based analysis and in the experiments.
Fig. 8(d) shows the results obtained with the bushing a3. From
these results, it can be observed that for a small increase of the
eccentricity level (in comparison with that produced by bushing
a2), an important modification appear in both, the vector P path
and the four-cycle-per-revolution component amplitude.

In the low-frequency signal spectrum, the harmonic com-
ponents are the same to that predicted by the model-based
analysis. However, their amplitudes are a little smaller. These
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low-frequency harmonics can be used for air-gap eccentricity
diagnosis using the proposed method.

Fig. 9(a) shows the pβ versus pα signals and the pβ sig-
nal spectrum for the series–parallel winding motor with no
eccentricity. The signal amplitude, due to the rotor bars, is a
little smaller than the one obtained with series-winding motor.
Fig. 9(b)–(d) show the signals pβ versus pα and the pβ signal
spectrum for the series–parallel winding motor with air-gap ec-
centricity produced by the bushings a1, a2, and a3 respectively.
As for the series-winding motor, bushing a1 produces a small
change in the path of vector P in α − β plane, even when the
relation between the amplitudes of the low-frequency compo-
nents, shown in the spectrum, are different.

For the results shown in Fig. 9(c) and (d), the harmonics are
the same as those predicted by the model-based analysis.

Although almost the same harmonics appear in the signal
spectrum, the signals in the plane, obtained from the model
[Fig. 5(d)], look different from the experimental results. This is
due to the fact that the amplitude of each component, obtained
experimentally, is smaller than that obtained from the model-
based analysis. In addition, the value, direction, and distribution
of the inherent level of static eccentricity are unknown and they
probably differ from the values considered in the model.

From the experimental results obtained in this section, it can
be observed that the detection of eccentricity in the air-gap
using the proposed strategy is possible. The diagnosis signals
for motor without eccentricity show a component whose number
of cycles is the same as the number of rotor bars. Although this
component does not vary significantly for an increase in the air-
gap eccentricity, new low-frequency components appear. The
relation between amplitudes of these harmonics differs for in-
series and in-series–parallel windings.

The relation between amplitudes of these harmonics differs
for the two types of windings. However, in both cases, a compo-
nent with a number of cycles per revolution equal to the number
of motor poles (four in this case) appears as a consequence of
eccentricity. Moreover, in the case of in-series–parallel wind-
ings, it appears another component in the spectrum which cor-
responds with the number of in-parallel circuits the phase has
(two cycles per revolution in this case).

VI. DISCUSSION AND CONCLUSION

In this work, the air-gap eccentricity effects on the zero-
sequence voltage signals, when the induction motor is excited
with a preestablished pulse sequence applied by the inverter,
were analyzed. The results showed that such faults produce
significant changes on the diagnosis signals. Consequently, the
fault diagnosis and detection from these signals is quite fea-
sible. The stator windings configurations affect the diagnosis
signal, changing the amplitude and frequency of the harmonic
components. Experimental results showed the feasibility of this
proposal.

In order to implement this strategy for on-line diagnosis, the
effects due to the fundamental excitation and load should be
analyzed. However, the diagnosis strategy can be easily im-
plemented as a self-commissioning scheme in order to detect
air-gap eccentricity.

APPENDIX

MOTOR DATA

� Nominal power: 5.5 kW; pair of poles: 2.
� Stator winding: 34 turns per coil, two coil per group, four

groups per phase, step 1:10:12.
� Number of stator slots: 48; number of rotor bars: 40.
� Air-gap: 0.45 mm; stator length (L): 0.11 m.
� Air-gap average radius: 0.075 m.
� Skewing: One stator slot period.
� Rotor slot opening: 2.5 mm.
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