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Abstract—Two common defects in induction machines (IMs) are
eccentricity and interturn faults, which should be diagnosed to
prevent performance degradation and further damage. A popular
fault-detection approach is the current signature analysis (CSA),
because of its simplicity and nonintrusiveness. Under closed-loop
control, it is combined with analogous voltage-reference (VR) sig-
nature analysis (VRSA). However, by using these methods in three-
phase IMs, it is difficult to discriminate between these faults, which
cause similar symptoms. Multiphase machines provide remark-
able advantages such as inherent tolerance to open-phase faults.
Six-phase IMs are particularly attractive since they allow adopting
three-phase converters. Among them, those with symmetrical spa-
tial arrangement of the stator phases offer superior fault tolerance.
Nonetheless, the distinction between eccentricity and interturn
failures in these IMs has not been addressed so far. This article
studies the discrimination between eccentricity and interturn faults
in symmetrical six-phase (S6) IMs by CSA or VRSA. It is shown
that, conversely to three-phase IMs and most other multiphase IMs,
in S6 ones, these two types of failures can be easily distinguished:
interturn faults considerably alter the currents or VRs in the
so-called x-y plane, whereas eccentricity leads to current/voltage
symptoms only in the α1-β1 plane. Experimental results confirm
the theory.
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I. INTRODUCTION

SHORT-CIRCUIT failures between different turns of the
stator winding, i.e., interturn faults, are one of the most

usual faults in electric machines [1], [2], [3]. This problem is
normally caused by aging of the insulation [2], as a result of
thermal, electrical, mechanical, and environmental stress during
the machine operating life [1], [4]. Another common defect in
electric machines is rotor eccentricity [5], which means that the
airgap length is not uniform [1]. This occurs when the rotor
geometrical axis (static eccentricity) or rotation axis (dynamic
eccentricity) is displaced with respect to its ideal location, i.e.,
the stator axis of symmetry [1], [6]. In most cases, both static
and dynamic eccentricity arise simultaneously, a phenomenon
known as mixed eccentricity [1], [6], [7]. A certain degree of
mixed eccentricity is unavoidable due to manufacturing tol-
erances [1], [8], [9], but it can be aggravated by, e.g., shaft
misalignment and bearing defects [1], [6].

It is important to properly diagnose eccentricity and interturn
faults, to apply accordingly the most appropriate corrective
measures. These actions can be fixing the defective machine
part or, in some cases, adequately reconfiguring the control (for
eccentricity [10] or interturn [11], [12], [13], [14], [15], [16],
[17], [18] faults) or drive topology (for interturn failures [19],
[20], [21]) for the meantime. Otherwise, the drive performance
is degraded (e.g., by efficiency reduction and torque ripple)
and further damage can be produced (e.g., stator-rotor rub
or supply/ground faults) [1], [2], [6], [8]. Arguably, the most
popular approach for fault diagnosis is based on the stator
current signature analysis (CSA) because of its simplicity and
nonintrusiveness [2], [22]. In ac drives with closed-loop control,
although the current harmonics may be attenuated to some
extent by the control, analogous symptoms arise then in the
voltage references (VRs), and, hence, CSA can be combined
with analogous VR signature analysis (VRSA) [5], [6], [23]. In
principle, CSA and VRSA do not need injection of extra signals
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TABLE I
CLASSIFICATION OF REFERENCES ABOUT DETECTION OF ECCENTRICITY OR INTERTURN FAULTS IN MULTIPHASE MACHINES

or installation of additional sensors. However, by using these
methods in star-connected three-phase machines, it is difficult
to discriminate between eccentricity and interturn faults because
they give rise to similar current (or VR) symptoms [1], [24]. This
limitation is related to the fact that, when the model of a three-
phase machine is analyzed by the vector space decomposition
(VSD), there is only one stator plane (α1-β1) where current
can flow. The VSD permits to associate each space harmonic
with certain stator orthogonal subspaces, but for three phases, all
current-producing space harmonics are mapped into the α1-β1

plane, regardless of whether they are related to healthy operation,
eccentricity, interturn faults, or other conditions [25]. Moreover,
the orders of the space harmonics affected by eccentricity and
interturn faults, although many, usually match for both types of
problems [1], [24]. For instance, a change in the magnitude of
the negative-sequence α1-β1 fundamental current (or ellipticity
of α1-β1 current trajectory) is often employed to detect either
eccentricity [5] or interturn [1], [26], [27], [28], [29] faults,
without CSA/VRSA-based distinction between them. Actually,
it is suggested in [5] to add voltage measurement of the zero-
sequence (ZS) in order to discriminate both possible causes of
this symptom, at the expense of extra sensors. Similarly, the
magnitude of rotor slot harmonics (RSHs) in the current can
be altered by either eccentricity [1], [24], [30], [31], [32] or
interturn [24], [30] faults, making it difficult to distinguish both
faults by these symptoms as well [1], [30], [32]. In any case, most
of the existing studies in this regard are focused on three-phase
machines.

On the other hand, multiphase (n-phase) machines are being
the focus of increasing attention due to significant advantages
concerning aspects such as enhanced fault tolerance, low torque
pulsation, and reduced current rating for given power [33],
[34], [35], [36]. Six-phase machines are particularly attractive
since they allow adopting off-the-shelf three-phase converter
modules [34], [37]. Among six-phase induction machines (IMs),
those with symmetrical spatial arrangement of the stator phases
offer especially large achievable torque and low losses under
open- or short-circuit phase faults [38], [39], [40] as well as

high dc-link utilization and control simplicity with reduced x-y
undesired currents in healthy operation [41]. Given the poten-
tial of multiphase machines, several authors have addressed
the detection of eccentricity [6], [9], [42], [43], [44], [45] or
interturn [3], [13], [23], [46], [47], [48], [49], [50], [51], [52],
[53] faults in them (summarized in Table I), with a few of these
publications being focused on symmetrical six-phase (S6) IMs
(bold in Table I) [3], [6], [45], [48].

Andriamala et al. [6] propose to detect mixed eccentricity in an
S6 IM with two isolated neutral points by monitoring the RSHs
in a per-phase current (or VR) or in the d1-q1 rotating frame
within the α1-β1 plane. The sensitivity of the x-y currents to
eccentricity is not discussed. Choi et al. [9] define a fault index
for eccentricity that adequately combines the current signals
of all phases, analogously to a projection onto a d1-q1 frame.
It is shown that the robustness to noise is greater than by
monitoring a single phase current. This technique is tested in
a five-phase permanent magnet assisted synchronous reluctance
motor (PMaSynRM) [9], whose fault symptoms are different
from IMs. For other five-phase PMaSynRMs, eccentricity is
detected by means of the harmonics in the back electromotive
force (back EMF) [42] or phase voltage/currents [43]. Maouche
et al. [44] suggest to add a voltage sensor between the neutral
points of an asymmetrical six-phase (A6) IM to detect the ZS
eccentricity symptoms. Wang et al. [45] diagnose either static or
dynamic eccentricity in an S6 IM by injecting a high-frequency
signal into the ZS-axis, but the IM is required to have a single
neutral point instead of two, and the injected signal increases
the losses, as well as the peak phase voltage and current.

Concerning interturn faults, Silva et al. [47] monitor the x-y
current of a six-phase IM for their detection, but no results are
presented for symmetrical winding layout, just for asymmetrical
and no-phase-shift (0-ph.) arrangements. In [46], it is shown
that the frequencies of the interturn and broken-bar symptoms
in an A6 IM are similar to three-phase IMs when monitoring a
phase current. Foito et al. [48] diagnose interturn faults in an S6
IM with separate neutral points, assuming that the x-y current
trajectory is a single point in healthy situation and a circle in case
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of failure. In particular, the radius of this x-y circle is measured
for the detection. However, in practice, the x-y current under
interturn fault may contain several frequencies, describing a non-
circular trajectory. Immovili et al. [49] detect interturn faults in
a five-phase permanent-magnet synchronous machine (PMSM),
by monitoring the dc and second-order harmonics of the product
between α1-β1 and x-y vectors of either current or voltage.
These harmonics result from the combination of positive- and
negative-sequence fundamental components in both planes. It
is claimed that this fault index is robust to eccentricity [49],
but this property is only checked by simulations for a specific
five-phase PMSM with certain winding layout and pole pairs,
not in general for any machine. Sundaram et al. [50] inject
a dc signal to measure the dc resistance of each phase of a
five-phase IM, although it implies (as in [45]) certain losses and
increase of the peak phase current and voltage. Gritli et al. [23]
monitor the amplitude of the positive and negative sequences
of the fundamental and third-harmonic x-y currents or VRs
in an A6 PMSM. For the same type of machine, Amirouche
et al. [53] propose to diagnose interturn faults by integrating
a certain expression as a function of the ZS voltage and the
per-phase currents, based on the PMSM model. For an A6 IM,
Abad et al. [51], [52] show that interturn faults are reflected as
an elliptical trajectory in the x-y plane, and they define a fault
index based on the largest diameter [51] or on its difference
with respect to the smallest [52]. A high-frequency signal is
injected into the synchronous d1-axis of an S6 PMSM in [13],
with similar shortcomings as the aforesaid ones regarding the
eccentricity diagnosis method from [45]. Antunes et al. [3]
derive a per-phase machine model of an S6 IM, but the VSD
components are not exploited for fault diagnosis.

From the preceding literature survey and Table I, several main
conclusions can be drawn. Although there are various papers
about detection of eccentricity or interturn faults in multiphase
machines, only a few of them address eccentricity [6], [45] or
interturn [3], [48] faults in S6 IMs, in spite of the interest of
this kind of machine [38], [40], [41]. Most importantly, the
distinction between eccentricity and interturn failures by means
of CSA/VRSA in S6 IMs has not been addressed yet. It is
commonly acknowledged that it is difficult in general (regardless
of the machine) to distinguish the symptoms of these two types
of faults when using just CSA/VRSA [1], [24], but no indication
that S6 IMs could be advantageous in this regard has been shown
or hinted so far.

This article addresses the distinction of eccentricity and in-
terturn faults in S6 IMs by CSA or VRSA, as reflected in the
last row of Table I. It is shown in this article that, conversely
to three-phase IMs, in S6 ones, these two types of failures can
be easily distinguished: interturn faults produce considerable
variation of the x-y stator current (or VR), whereas eccentricity
leads to current (or VR) symptoms only in the α1-β1 plane
(analogous to three-phase IMs). This behavior also differs from
other multiphase machines such as A6 IMs, where both kinds
of problems result in x-y current (or VR) changes making the
distinction more difficult. The diagnosis can be thus performed
in S6 IMs without adding voltage sensors or injecting additional
signals.

The article is organized as follows. The theoretical analysis is
presented in Section II, the laboratory setups in Section III, and
the experimental results in Section IV.

II. THEORETICAL ANALYSIS

The fundamentals of the VSD are reviewed in Section II-
A, the current symptoms of eccentricity are discussed in
Section II-B, and those of interturn faults in Section II-C. The
effect of closed-loop control is here neglected initially, since its
addition would only mean that, if some of the current symptoms
are attenuated, analogous symptoms arise in the VRs [5], [6],
[23]. Finally, some remarks about the effects of other distur-
bances and faults are briefly discussed in Section II-D. Although
the focus of this article is on S6 IMs, the theory is initially
presented in general for different types of windings in order to
highlight the advantages of such particular case.

A. Vector Space Decomposition (VSD)

The VSD decomposes the stator variables into several sub-
spaces that are, in principle, orthogonal to each other [25], [39].
For an n-phase machine, the VSD can be applied to a vector of
stator per-phase signals as follows [25], [39]:

[
uασs

uβσs

]
=

2

n

[
cos (σφa) cos (σφb) · · · cos (σφn)
sin (σφa) sin (σφb) · · · sin (σφn)

]⎡
⎣uas...
uns

⎤
⎦
(1)

where σ denotes a subspace, φ is the spatial angle of each stator
phase, and us may be current, voltage, or flux linkage in the
stator. In a given subspace, us can be expressed as a complex
vector uαβσs = uασs + juβσs.

The most common types of stator winding arrangements
are symmetrical (consecutive phases displaced by 2π/n)
and asymmetrical (three-phase sets displaced by π/n) [25],
[33], [35], [39], [41], [54]. The following σ values ex-
ist: σ = 0, 1, 2, . . ., �n/2� for symmetrical windings and σ =
1, 3, 5, . . ., 2 �n/2� − 1 for asymmetrical [25], [39]. The so-
called ZS-axes correspond to σ = n/2 (if n is even) and σ = 0
(always) for symmetrical windings, and toσ = n/2 (ifn is even)
or σ = n (if n is odd) for asymmetrical [25], [39]. For the ZSs σ
such that one of the rows in (1) is null, the remaining row should
be divided by 2. The subspaces other than α1-β1 and ZSs are
often called x-y planes, as done henceforth in this article. For
instance, in an S6 IM, there is an α1-β1 plane (σ = 1), an x-y
plane (σ = 2), and two ZS-axes (σ = 0, 3, referred to as 0+ and
0-). In an A6 IM, the σ values change for the x-y plane (σ = 5)
and ZS-axes (σ = 3).

B. VSD Current Symptoms of Eccentricity

In the absence of interturn faults, a space harmonic of order ν
linked by the stator is mapped into stator subspace σ according
to [25], [54]

ν = σ ± λsn (2)

where λs = 0, 1, 2, . . . or λs = 0, 2, 4, . . . for symmetrical or
asymmetrical windings, respectively. The sign of ν reflects
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whether the corresponding space vector rotates clockwise or
counterclockwise within its subspace σ.

Neglecting saturation and rotor current harmonics, the flux
space harmonics linked by the stator can be produced by the
rotor/stator slotting and eccentricity:

ν = λsr +
1

p

(
λqrQr + λqsQs + λse + λde

)
. (3)

In this expression, Qr and Qs represent the number of rotor and
stator slots, respectively, and p is the number of pole pairs. The
variables λqr, λqs, λse, and λde can be any integers. The se and de
supercripts refer to static and dynamic eccentricity, respectively.
The variable λsr may be +1 or −1, so that the ν signs in (2) and
(3) are consistent [25]. Equation (3) is obtained by combining
the expressions in [25] (ignoring eccentricity) and [7] (ignoring
ν sign). A space harmonic ν generated according to (3) produces
noticeable induced voltage in the stator if the magnitude of the
νth harmonic is significant in the stator winding function; in such
a case, this component is mapped into a stator subspace σ obey-
ing (2). The induced voltage harmonic causes a change (often
increase) in the stator current in the same subspace and with the
same time frequency as this voltage, unless the impedance for σ
is infinite (e.g., ZS-axes for isolated neutral points). Based on [7]
and [25], the current/voltage time frequency associated with a
certain ν can be computed by substituting the corresponding
values of the parameters from (3) into

ωh = ωs

[
λsr +

(1− sl)

p

(
λqrQr + λde

)]
(4)

with ωs being the α1-β1 stator fundamental frequency and sl the
slip. Thus, eccentricity can be diagnosed by detecting a current
component of frequency ωh in a subspace σ given by (2) such
that it corresponds with λse �= 0 or λde �= 0 in (3).

In IMs with oddnor with asymmetrical windings of evenn, all
stator subspaces are affected by odd space harmonics [see (2)],
which can be produced by eccentricity [see (3)]. For instance,
an A6 IM contains odd space harmonics ν = 1,−11, 13, . . . and
ν = 5,−7, 17,−19, . . . in the α1-β1 (σ = 1) and x-y (σ = 5)
planes, respectively [see (2)]. Thus, when eccentricity is present,
associated current components of various frequencies arise in
both stator planes. For example, fundamental x-y current may
exist due to eccentricity.

In contrast, based on (2), the stator x-y plane (σ = 2) of an S6
IM only contains even harmonics (ν = 2,−4, 8, . . .). The mag-
nitude of these even harmonics can be disregarded, because the
space harmonics in the stator winding of an IM are usually just
of odd integer orders. It also follows from (2) that the harmonic
orders mapped into the α1-β1 plane (σ = 1) are the same for
three-phase and S6 machines (ν = 1,−5, 7,−11, 13, . . .). That
is, eccentricity can be detected in an S6 IM by using CSA as for
a three-phase IM. This is, in fact, done in [6], but the distinction
from interturn faults or the absence ofx-y eccentricity symptoms
was not discussed.

C. VSD Current Symptoms of Interturn Faults

The VSD model of an S6 IM under interturn fault is given
in the Appendix. It is obtained by following an analogous

mathematical derivation to that presented in [55] for three-phase
IMs. Based on the model in the Appendix, it follows that in an S6
IM, the x-y stator current due to an interturn fault (disregarding
x-y supply excitation: vxys = 0) is

ixys = iαβ2s = ixs + jiys =
1

3
μejγif (5)

where μ is the ratio of shorted turns over total turns of a phase,
if is the fault current through the short-circuit path, and

γ = −k
2π

n
(6)

where k denotes the faulty phase as 0 for phase a, 1 for b, 2 for
c, etc. Note that if is mainly (neglecting harmonics) a sinusoidal
signal of frequency ωs. Although machine models for S6 IMs in
this situation can be found in previous papers [3], [47], explicit
closed-form expressions of the x-y current under fault [as in (5)]
were not provided.

The fact that there is current induced in the x-y plane seems
to be in contradiction with the equation for mapping of space
harmonics into VSD subspaces, i.e., (2). This is because (2)
relies on the assumption that the stator winding distribution is
identical for all phases. This hypothesis still holds true in case of
eccentricity, because such problem alters the spatial harmonic
content of the airgap flux, not the stator windings [7]. On the
contrary, an interturn fault implies a change in the electrical
circuits within the windings of one phase [3], [55]. In effect, the
winding of the affected phase ceases to behave as those of other
stator phases. Thus, the voltage induced in this phase by the flux
linkage becomes different. Accordingly, the induced voltage is
no longer balanced across all phases, even if the airgap flux
distribution is balanced. As a consequence, any space harmonic
ν (e.g., ν = 1) is no longer mapped into a single stator subspace
according to (2) but is instead mapped into various subspaces
[including x-y, as in (5)] simultaneously.

In most types of multiphase IMs, interturn failures could be
misdiagnosed because of x-y symptoms of eccentricity, analo-
gously to three-phase IMs, where similar current symptoms of
both problems arise in the same plane (in that case, α1-β1) [1],
[24]. On the other hand, in an S6 IM, although x-y current is
expected to arise due to interturn failures according to (5), eccen-
tricity does not produce x-y current, as justified in Section II-B.
Hence, it follows that the amount ofx-y current can be employed
to distinguish between eccentricity and interturn faults in this
kind of IM.

D. Effects of Other Disturbances and Faults

It should be remarked that the symptoms under study do not
coincide with low-order disturbances introduced by converter
nonlinearities, which normally arise at integer harmonic or-
ders mapped according to (2) (replacing ν by time harmonic
order) [56], [57], [58]. Open-circuit faults in the inverter or
machine, which are out of the scope of this article, can also
cause considerable x-y current, but they may be distinguished
by checking, e.g., if a phase current is null [59]. Regarding switch
short-circuits, most switch drivers are able to detect them [60],
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Fig. 1. Experimental setup of S6 IM. (a) Global view. (b) Power electronics.

[61], e.g., by monitoring the ON-state voltage drop [62]. Bro-
ken bars may be distinguished from eccentricity by checking
whether the average torque decreases, which typically occurs
for the former [63].

III. EXPERIMENTAL SETUPS

Two laboratory setups are employed, one with an S6 IM
(Section III-A) and another one with an A6 IM (Section III-B).
Since this paper is focused on S6 IMs, the attention is mainly
devoted to the former, with extensive tests of eccentricity and
interturn faults. Eccentricity results with the A6 IM are only used
to show more clearly the advantage of S6 IMs over other ones
such as A6 IMs, thanks to the fact that in S6 IMs eccentricity
does not cause x-y symptoms, unlike in A6 ones.

A. Setup for S6 IM

A four-pole S6 IM has been prepared for testing eccentricity
and interturn faults in the laboratory setup shown in Fig. 1.
This S6 IM was obtained by rewinding a Dahlander dual-speed
three-phase IM, which had power and speed ratings of 6 kW
and 2930 r/min for two-pole configuration and of 1.5 kW and
1460 r/min for four-pole configuration, with rated phase voltage
of 230 V and rated current per coil of 5.7 A. The rewinding was
done so that the S6 IM has the same rated current per coil (5.7 A
per phase), while the phase voltage was derated to 150 V. A

Fig. 2. Mechanism to introduce eccentricity in S6 IM, according to [64].
(a) Outer ring, in an end cap. (b) Inner ring. (c) Both rings, mounted onto each
other.

stator phase was set so that tappings at different points of its
winding are available for applying short circuits, while limiting
the resulting current by an external 2-Ω resistor Rf in parallel
with the shorted turns [3]. The eccentricity is introduced by a
mechanism similarly to [64]. Namely, each bearing housing of
the motor was replaced by a pair of eccentric rings mounted
onto each other (see Fig. 2), so that the amount of eccentricity is
modified by adjusting the relative position between these rings.
Although, theoretically, this only produces static eccentricity, it
is known that, in practice, dynamic eccentricity commonly arises
with it as a by-product [7]. The percentages of eccentricity given
subsequently are of the static type. Other important parameters
of the S6 IM are p = 2, Qr = 28, and Qs = 36. Further details
about this IM can be found in [3].

As shown in Fig. 1(a), the S6 IM is coupled to a three-phase
PMSM, whose stator is connected to a three-phase resistor load.
The torque is measured by a Magtrol TMB-310/411 torque
meter. In some of the tests, the IM is driven in open loop
with rated stator frequency (fs = 50 Hz), by connecting the two
three-phase sets of the IM to each other in antiparallel and to the
grid through a three-phase autotransformer, while the data acqui-
sition is performed by a Yokogawa WT1800 power analyzer. A
single neutral point is set so that the symptoms in the ZS current
i0-s can be studied. Tests at other electrical frequencies or with
closed-loop control are instead carried out by feeding the S6
IM using a pair of three-phase Powerex POW-R-PAK inverters
[see Fig. 1(b)] switching at 5 kHz and controlled by a dSPACE
DS1103. The dc-link voltage is kept at 374 V by the grid through
the autotransformer and a diode-bridge rectifier. When using the
converter, the two stator neutral points are isolated to avoid ZS
high-frequency circulating currents due to the switching. For
closed-loop control, indirect rotor field-oriented control with
proportional–integral speed and current regulators is adopted
in the α-β plane. The converter modulation is designed so
that only the so-called large α-β voltage vectors are selected,
preventing high-frequency x-y disturbances and the need for
x-y closed-loop control [41].

B. Setup for A6 IM

A few tests are also done with an A6 IM with ratings of
18.5 kW, 16 A, 230 V, and 1470 r/min. For this IM, p = 2,
Qr = 44, and Qs = 48. Static eccentricity is introduced by
replacing the normal end plates by ones with a displacement
equal to 30% of the airgap. The motor is driven in open-loop by
a six-phase converter based on insulated-gate bipolar transistors
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Fig. 3. Experimental VSD current spectrum of S6 IM at 0-Nm load and fs = 50 Hz, in healthy condition (blue) and with 65% eccentricity (red).

Fig. 4. Experimental VSD current spectrum of S6 IM at 0-Nm load and fs = 50 Hz, in healthy condition (blue) and with 23 shorted turns (red).

and switching at 10 kHz. The control and signal acquisition
are performed by a dSPACE-MicroLabBox platform. The load
torque is applied by a 12-phase PMSM [65], [66], with resistors
connected to its stator.

IV. EXPERIMENTAL RESULTS

The results for the S6 IM (most important) are presented
in Section IV-A. Those obtained with the A6 IM are briefly
discussed in Section IV-B, for the sake of completeness.

A. Experiments With S6 IM

The tests with the S6 IM fed by the grid (fs = 50 Hz) are
discussed first. For each interturn/eccentricity scenario, three
conditions of load torque are tested: 0 (no load), 10, and 16 Nm,

TABLE II
INTEGER VARIABLES CORRESPONDING TO THE EXPERIMENTAL CURRENT

HARMONICS OF S6 IM DUE TO ECCENTRICITY

for which the speeds are 1499, 1471, and 1452 r/min, respec-
tively. The resulting VSD current spectrum is shown in Figs. 3
and 4 for 0-Nm load and in Figs. 5 and 6 for 16-Nm load.
Figs. 3 and 5 display in red the results for 65% eccentricity,
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Fig. 5. Experimental VSD current spectrum of S6 IM at 16-Nm load and fs = 50 Hz, in healthy condition (blue) and with 65% eccentricity (red).

Fig. 6. Experimental VSD current spectrum of S6 IM at 16-Nm load and fs = 50 Hz, in healthy condition (blue) and with 23 shorted turns (red).

whereas Figs. 4 and 6 show in red those for 23 shorted turns (out
of 138 turns, in phase a). In each of these figures, the spectrum
for the same load but without introducing eccentricity/interturn
faults is shown in blue, for comparison.

From Figs. 3–6, when eccentricity or interturn faults are
present, noticeable current symptoms arise in the spectrum
(red) in comparison with healthy condition (blue). For a given
load, the symptoms in the α1-β1 plane are similar for both
kinds of faults, as expected. Namely, for either fault, the main
alterations in the α1-β1 current occur at the time harmonic
orders h = −0.5, 0.5, 1.5, 16.99 for no-load (compare Figs. 3
and 4) and at h = −14.49, 16.99 for 16-Nm load (compare
Figs. 5 and 6). Although at no-load, the magnitude of the α1-β1

current at h = −1 is modified with shorted turns and not with
eccentricity (see Figs. 3 and 4), this component is not a reliable

indicator for discrimination, because at high load, it also changes
with eccentricity (see Figs. 5 and 6) and it is, in fact, used to
detect eccentricity in other works [5]. Some values of the theo-
retical integer variables that justify these eccentricity symptoms
according to (2)–(4) are given in Table II. For example, it can
be checked that the numbers in the first row for 16-Nm load are
consistent with (2), (3), and (4):

−17 = 1− 3 · 6 (7)

−17 = − 1 +
1

2
(1 · 28 + 0 · 36− 4− 4) (8)

−14.49 = 1 +
(1− sl)

2
(−1 · 28− 4) (9)
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TABLE III
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF S6 IM AT 0-NM LOAD AND fs = 50 Hz

TABLE IV
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF S6 IM AT 16-NM LOAD AND fs = 50 Hz

where sl = (1500− 1452)/1500. Note that the current harmon-
ics due to ν = −17 and ν = 19 could also be obtained with
λqs = ±1 and ν = 1, which may explain why they are especially
relevant. Most importantly, the results from Figs. 3–6 confirm
that monitoring only the α1-β1 current or a single-phase current
(as done, e.g., in [6] for the same kind of IM) may not be
sufficient in order to distinguish eccentricity and interturn faults.

It can also be observed in Figs. 3 and 5 that eccentricity
does not cause any remarkable change in the x-y or ZS current,
regardless of the load. For instance, the fundamental component
in these subspaces is nearly unaltered. Conversely, Figs. 4 and 6
show that significant current components become present in the
x-y and ZS subspaces when the interturn failure is applied,
as expected from theory, due to the winding imbalance. In
particular, the fundamental current (h = ±1) increases to a great
extent in both subspaces. In any case, the ZS current would not
be available if the two stator neutral points were not connected
to each other, which is sometimes preferred in order to reduce
losses and enhance dc-link utilization [65], [67]. Furthermore,
the ZS third-order space harmonic may actually be excited by
eccentricity in other IMs, as can be inferred from (2)–(4) and as
reported in three-phase IMs [68]. On the other hand, the x-y
plane lacks these shortcomings. Therefore, it is verified that
the amount of x-y current can be employed to discriminate
eccentricity and interturn faults.

The values of the current magnitudes in dB corresponding
to the aforesaid symptoms are displayed in Table III for 0-Nm
load and in Table IV for 16-Nm load. The data is also included
for different degrees of severity, and for the combination of
both failure kinds. The results for 10-Nm load are shown in
Table V. The most relevant symptoms are indicated in bold.
These tables corroborate that the main conclusions drawn from
Figs. 3–6 also hold for less severe faults and other loads: the
current components altered by either eccentricity or interturn
faults are similar in the α1-β1 plane, whereas just the latter
type of failure gives rise to significant current change in the
x-y plane. It can also be seen in Tables III and IV that in most
cases, these symptoms tend to rise gradually with the amount
of eccentricity and shorted turns, providing an indication of the
fault severity. It is also worth noting that in the x-y plane, both
the positive- and negative-sequence fundamental components
due to interturn faults have considerable magnitudes, i.e., the
current trajectory is much closer to elliptical than to circular;
thus, previous methods for S6 IMs relying on the assumption of
circular x-y trajectory (as in [48]) would not be suitable here.
These positive and negative sequences are not identical to each
other [as in (5)] because of supply and machine nonidealities, but
their magnitude change is sufficient for diagnosis nonetheless.

Concerning the scenario of simultaneous eccentricity and
interturn faults (last two rows in Tables III–V), it can be observed
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TABLE V
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF S6 IM AT 10-NM LOAD AND fs = 50 Hz

TABLE VI
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF S6 IM AT 0-NM LOAD AND fs = 25 Hz

TABLE VII
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF S6 IM AT 10-NM LOAD AND fs = 25 Hz

that the symptoms of both failures are combined. Thus, in such
a case, it is not obvious whether just the latter exists or both of
them do. Since an interturn fault is more critical, this one may be
repaired first, and then it can be checked if the α1-β1 symptoms
remain (eccentricity is present) or not. In this kind of situations,
the proposed approach is mainly advantageous in the sense that
it permits to know with certainty that an interturn failure has
occurred, because the x-y change could not be caused by just
eccentricity.

The data displayed in Tables VI and VII are obtained for loads
of 0 and 10 Nm (speeds of 749 and 697 r/min), respectively,
while supplying the IM by the voltage-source inverter using fs =

25 Hz and open-loop V/f control. The harmonic orders of the
symptoms change in accordance with Table II. From Tables VI
and VII, the preceding conclusions drawn for fs = 50 Hz also
hold for a lower fundamental frequency. Principally, it can be
seen that only the α-β components are affected by eccentricity,
whereas the fundamental x-y current is substantially altered by
interturn faults. In this case, the symptoms are slightly less clear
than for fs = 50 Hz, because of the smaller back EMF, but they
are still sensitive enough for the diagnosis.

The preceding results were acquired while feeding the IM
in open loop. This kind of control is of interest in many appli-
cations, especially because of its simplicity [69]. Nevertheless,
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TABLE VIII
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF S6 IM AT 0-NM LOAD AND fs = 50 Hz, USING CLOSED-LOOP CONTROL

TABLE IX
EXPERIMENTAL MAGNITUDE OF THE MAIN VR COMPONENTS OF S6 IM AT 0-NM LOAD AND fs = 50 Hz, USING CLOSED-LOOP CONTROL

the conclusions presented here regarding current symptoms are
also suitable for drives controlled in closed loop, where the same
components (with equivalent behavior) could be monitored in
the VRs as well [5], [6], [23]. To illustrate this fact, the values
of the fault symptoms for fs = 50 Hz and no-load in the case
of closed-loop field-oriented control are shown in Tables VIII
and IX for the current measurements and VRs, respectively.
In the α-β plane, the most important current symptom for
open-loop operation (see Table III) was that at h = 16.99. It
can be noted that for closed loop (see Tables VIII and IX), the
magnitude of this component increases with either eccentricity
or interturn faults in both voltage and current, analogously to
the current symptom for open loop (cf., Table III). The α-β
symptoms at lower frequencies are more difficult to distinguish
in the currents (see Table VIII) because the current controller
provides greater attenuation of them [5], but the increasing
trend of these symptoms with fault severity can anyway be
distinguished in the VRs (see Table IX). Similarly, if a controller
with higher gain ath = 16.99were implemented, monitoring the
VRs would become much more reliable than CSA. Concerning
the x-y plane, since it is not affected by the closed-loop control,
the behavior of the symptoms is similar to open loop, i.e., they
rise just with shorted turns.

B. Experiments With A6 IM

The A6 IM is driven in open-loop with a fundamental fre-
quency of 45 Hz, loaded so that it runs at 1320 r/min. The

TABLE X
INTEGER VARIABLES CORRESPONDING TO THE EXPERIMENTAL CURRENT

HARMONICS OF A6 IM DUE TO ECCENTRICITY

current spectrum without (blue) and with (red) 30% eccentricity
is shown in Fig. 7, for the same load. There is a noticeable change
at h = −1 and h = 1 in the α1-β1 (σ = 1) and x-y (σ = 5)
planes, respectively. These eccentricity symptoms are in agree-
ment with (2)–(4) by using the values displayed in Table X for the
variables in these equations. The magnitudes of these harmonics
decrease in Fig. 7 with increasing eccentricity because in healthy
condition, there is unavoidable practical imbalance, which is
common in these machines [70]. This is not a problem per se for
diagnosis, because the degree of variation could be tracked. Most
importantly, the alteration of the fundamental component in the
x-y plane for 30% eccentricity (see zoom Z2 of Fig. 7) is much
greater than that obtained in the S6 IM for 65% eccentricity (see
zoom Z4 of Figs. 3 and 5), even though the eccentricity was
more than twice for the S6 IM. As reflected in Table XI, this
change for the A6 IM is of about 8 dB. In fact, the x-y symptom
at h = 1 is of magnitude similar to the α1-β1 one at h = −1,
which is used for eccentricity diagnosis in other publications,
e.g., for three-phase IMs [5]. These results further confirm that
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Fig. 7. Experimental VSD current spectrum of A6 IM in healthy condition (blue) and with 30% eccentricity (red).

TABLE XI
EXPERIMENTAL MAGNITUDE OF THE MAIN CURRENT COMPONENTS OF A6 IM

in multiphase machines different from S6 IMs, such as A6 ones,
it is more likely that x-y current symptoms could arise due to
eccentricity and be misdiagnosed as interturn faults.

V. CONCLUSION

This article has addressed the discrimination between eccen-
tricity and interturn faults in S6 IMs by monitoring the stator
current or VR signals. It has been shown that, although in
most machines, these problems produce similar current or VR
symptoms; in this specific kind of IM, it is particularly simple
to distinguish them, without signal injection or extra sensors.
The key lies in the fact that, in this IM, shorted turns lead to a
significant change of the stator current or VR in the x-y plane,
whereas neither static nor dynamic eccentricity cause noticeable
variation of the x-y current or VR. Accordingly, in spite of the
fact that the current or VR symptoms in the α1-β1 plane are
similar for these faults (as occurs also in three-phase IMs), it
can be deduced that a given fault is of interturn type if the x-y
current or VR varies substantially. This advantageous feature is
not available in other multiphase IMs despite having x-y planes
as well, because in most of those machines, the eccentricity
symptoms may also be present in x-y. In the majority of mul-
tiphase IMs (e.g., A6 ones), numerous space harmonics of odd
integer order (susceptible to eccentricity) are always mapped
into the stator x-y planes, whereas the x-y plane of an S6 IM is
only affected by such harmonics if the structure of the winding
is altered, as occurs in an interturn failure.

Possible subjects of future research include the ability to
locate the interturn failures within the machine and the discrim-
ination from other faults such as those in the bearings, broken
rotor bars, resistance dissymmetry, etc.

APPENDIX

The VSD model of an S6 IM with an interturn fault in a certain
phase is given next. It is obtained by following a derivation
analogous to that presented in [55] for three-phase IMs. Space
harmonics are disregarded. The resulting model is

vαβ1s = (Rs + sLs) iαβ1s + sLmiαβ1r −
2

6
μejγ (Rs + sLs) if

(10)

vxys = (Rs + sLls) ixys −
2

6
μejγ (Rs + sLls) if (11)

v0+s = (Rs + sLls) i0+s − 1

6
μ (Rs + sLls) if (12)

v0-s = (Rs + sLls) i0-s − 1

6
μ (Rs + sLls) if (13)

0 = [Rr + (s− jωr)Lr] iαβ1r + (s− jωr)Lmiαβ1s

− 2

6
(s− jωr)μe

jγLmif (14)

where s is the Laplace operator, ωr is the electrical rotor speed,
Rs and Rr are the stator and rotor resistances, Lls and Llr are the
stator and rotor leakage inductances,Ls andLr are the stator and
rotor self-inductances, and Lm is the magnetizing inductance.
The terms introduced by the interturn fault are those affected by
the short-circuit current if in (10)–(14). The current and voltages
in the rotor subspaces other than α1-β1 are unaltered by the
failure and remain zero. Note that i0+s and i0-s should be set to
zero in this model if there is no ZS current path for them.

The expression corresponding to the short-circuit path is
shown in (15), shown at the bottom of this page, with
Rf being the equivalent fault resistance in parallel with the
shorted turns.

Rf if = μRs

(
Re

{
e−jγiαβ1s

}
+Re

{
e−jγixys

}
+ i0+s + i0-s − if

)
+ sμLls

(
Re

{
e−jγiαβ1s

}
+Re

{
e−jγixys

}
+ i0+s + i0-s

)

+ sμLm

(
Re

{
e−jγiαβ1s

}
+Re

{
e−jγiαβ1r

})− sμ

(
Lls +

2

6
μLm

)
if . (15)
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