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Evaluation of Combined Reference Frame
Transformation for Interturn Fault Detection in

Permanent-Magnet Multiphase Machines
Fabio Immovilli, Member, IEEE, Claudio Bianchini, Member, IEEE, Emilio Lorenzani, Member, IEEE,

Alberto Bellini, Member, IEEE, and Emanuele Fornasiero

Abstract—This paper focuses on modeling and experimental
validation of a diagnostic fault classification procedure for in-
terturn fault detection in permanent-magnet (PM) multiphase
machines designed for fault-tolerant electric drives. The diagnostic
procedure is based on the symmetrical component theory and
relies upon the combined space vector �D that gathers information
from the two original space vectors obtained with different ref-
erence frames. The diagnostic index effectiveness and robustness
were also investigated against other fault types such as rotor eccen-
tricities and magnet damage to assess its discrimination capability.
The proposed procedure was experimentally evaluated for the
interturn fault case on a five-phase PM machine. Experiments
were carried out at different speed and load levels, with increasing
numbers of short-circuited turns. Both simulation and experimen-
tal results demonstrated the feasibility of the proposed diagnostic
method.

Index Terms—AC machines, brushless machines, brushless mo-
tors, condition monitoring, electric machines, electrical fault de-
tection, fault detection, fault diagnosis, fault tolerance, generators,
multiphase machines, permanent-magnet (PM) machines, PM
motors.

NOMENCLATURE

�vαβ Voltage space vector in αβ reference frame.
�vα2β2 Voltage space vector in α2β2 reference frame.
�D Combined reference frame space vector.
D0 DC component of the combined reference frame space

vector.
fs Supply frequency fundamental harmonic.
κ Voltage reduction factor.
2p Number of poles of the machine.
ȧ Complex exponential used for reference frame quanti-

ties transformation.
K Reference frame quantities transformation coefficient.
ν Harmonic order index value.
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I. INTRODUCTION

MULTIPHASE machines can introduce an improvement
in the area of medium- to high-power drives. Compared

with traditional three-phase drives, multiphase machines ex-
hibit higher efficiency, torque-to-weight ratio, and torque-to-
volume ratio [1], [2]. For a given voltage and power, increasing
the number of phases implies a reduction in the current per
phase and, therefore, the power rating of the switches. Their
use is increasing in those applications where fault-tolerance and
continuous operation is a mandatory request, such as in traction
and aerospace applications [3], as well as a few industrial
applications, where fault-tolerant operation is appreciated [4].

Multiphase machines are inherently fault tolerant as they can
be designed to reduce the fault probability and to maintain
operation in the presence of faults [5], [6].

A number of phases higher than three introduce a sort
of redundancy in the system, i.e., in the electrical circuit
and the control system. In fact, a multiphase machine offers
several degrees of freedom that can be used to enhance the
reliability of the drive [7]–[9], provided that electrical and
mechanical fault diagnosis techniques are available. The mul-
tiphase drive can continue to operate smoothly in the event
of certain faults such as the loss of one or more phases,
maintaining control capabilities at the expense of a reduced
torque [10].

Fault diagnosis techniques are an extensively investigated
topic for three-phase electric machines, with the main purpose
of early stage fault detection to conduct predictive maintenance
and avoid loss of production or hazardous situations [11]–
[13]. Especially for the three-phase induction motor, given
its widespread use in the industry, extensive literature works
exist on mechanical fault detection, such as bearings [14],
[15] and rotor eccentricity [16]. Other publications dealt with
eccentricity in permanent-magnet (PM) synchronous machines
by means of analytical methods, [17], [18] or finite-element
(FE) analysis [19], [20].

Faults on multiphase machines are similar to those of three-
phase machines, and they can be roughly classified in electrical
(e.g., stator short-circuit fault), mechanical (e.g., bearing dam-
age and rotor eccentricity), and magnetic faults (e.g., magnet
damage/demagnetization). Partial short circuit is one of the
most critical. If it occurs on a small number of turns of a phase
winding (interturn short circuit), the inductance is very low and
only the resistance limits the short-circuit current; therefore,
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a quick detection of the fault is highly appreciated to avoid
damage progression and catastrophic failure.

A fault causes an asymmetry in the machine, producing
an electrical signature that can be detected by noninvasive
techniques based on time-domain analysis, frequency analysis,
or time–frequency analysis of different physical quantities [21],
[22]. The most common technique, motor current signature
analysis (MCSA), is based on the analysis of the harmonic con-
tent of the stator currents. The spectrum of the currents contains
information (i.e., signatures) related to the presence of electrical
and/or mechanical faults and can even permit a quantitative
analysis of damage progression [23]. A general approach for
the diagnosis of stator asymmetries in a multiphase drive was
presented in [24]. Other papers in the literature investigated the
effects of faults in multiphase motor drives, including short-
circuit and open-circuit faults, and proposing methods to bypass
the faulted components and techniques to increase the reliabil-
ity of the drive [25]–[30]. In [31], a diagnostic method based
on MCSA coupled with zero-sequence voltage analysis was
applied to a five-phase PM machine with independent winding,
together with a detailed analysis of machine power losses under
fault conditions, carried out by FE simulations.

This paper is based upon the fault detection index described
in [32] that relies on the combination of information from two
different reference frames giving a dc component ideally equal
to zero in healthy condition and different from zero during a
fault (with a value proportional to damage severity). To improve
fault recognition, the technique is further developed here. The
diagnostic technique proposed here is based on the analysis of
the whole spectrum of the combined space vector �D rather than
the D0 dc component alone with the particular aim of enhanc-
ing the robustness of interturn fault detection. The robustness
of interturn fault detection against other fault types is evaluated
by means of FE analysis. The proposed technique for interturn
fault detection is then experimentally assessed on a reference
machine at different operating points and fault severity levels.
The aim is to develop a reliable fault classification procedure
that is capable of an early detection of interturn short-circuit
faults in multiphase machines and is capable of differentiating
interturn faults among other types of faults.

The proposed technique is an online and noninvasive method,
which uses the measured voltage or current for each phase to
construct the combined space vector. It can be implemented in
an existing electric drive as it does not require any dedicated/
additional transducer for the fault detection.

The main drawback is that a measurement of the currents
(for a voltage source inverter drive) or the voltage (for a current
source inverter drive) of each phase is required. Moreover,
a dedicated power converter having suitable architecture and
multiphase output must be developed [33]–[36].

The diagnostic index and proposed method are aimed at
the detection of interturn short-circuit faults. The detection of
this kind of fault is challenging since the distortion of the
flux is of modest entity and the asymmetry is very small
(particularly in case of a low number of short-circuited turns,
i.e., the worst case scenario), although the short-circuit current
is high [37]. Section III details the combined reference frame
construction for the diagnostic purposes and the proposed

fault detection, based on the combined space-vector spectrum
analysis. Section IV presents a preliminary assessment of the
robustness of the proposed method against different faults that
cause machine imbalance (e.g., rotor eccentricities and magnet
damage). Section V presents the proposed implementation of
the diagnostic technique, applied to a current-controlled volt-
age source inverter (CCVSI) electric drive. Since the classic
field-oriented control (FOC) imposes sinusoidal currents (thus
masking the fault signatures), the proposed technique is applied
to voltage quantities, particularly the machine’s phase voltages.
Section VI reports the experimental results on a prototype ma-
chine operated at different speed and load levels and increasing
fault severity.

II. COMBINED SPACE VECTOR �D FOR INTERTURN

SHORT-CIRCUIT DETECTION

A. Construction of the Combined Space Vector

The effect of an interturn short circuit is analyzed using the
symmetrical component transformation in [4], [38]. The trans-
formation from phase components to orthogonal components
can be obtained with different variations. For the construction
of the combined space vector, the same transformation used in
[38] was used in
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where ȧ = ej2π/5, and K = 2/5 was chosen for transformation
with constant amplitude. The first two components define the
space vector �vαβ = vα + jvβ , whereas the third and fourth
components define the space vector �vα2β2

= vα2
+ jvβ2

. As
reported in [32], �vαβ presents only the harmonics of order ν =
±1± 5k, with k = 0,±1,±2, . . ., whereas �vα2β2

presents only
the harmonics of order ν = ±2± 5k, with k = 0,±1,±2, . . ..

In order to avoid information loss, a combination of �vαβ and
�vα2β2

can be useful to maximize the harmonics variation from
healthy to faulty machine. In this paper, the combined space
vector used for diagnostic purposes is defined as

�D = �vαβ · �vα2β2
. (2)

The following section describes the effectiveness of the �D
spectrum to provide a clear reliable interturn fault signa-
ture characterized by the increase in two different harmonics.
Section III highlights its robustness with respect to other types
of faults. In the experimental results, the diagnostic perfor-
mance of the analysis of �D spectrum was compared against that
of the traditional �vαβ spectrum.

B. Application of �D to Interturn Short-Circuit Detection

This section details the effectiveness of the combined space
vector �D spectrum analysis applied to interturn fault detection.
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It is based on a simple model of the effects of the interturn
short-circuit fault on the machine’s back electromotive force
(EMF). The same effects appear to the voltages applied to every
phase when sinusoidal currents are imposed by a CCVSI [24].
Under these operating conditions, it is assumed that an interturn
short-circuit fault, which occurs in one phase coil, affects only
the amplitudes of voltage [32]. Defining the voltage reduction
factor κ (0 < κ < 1) inside the expressions of phase voltages
and considering only one harmonic (the harmonic of νth order),
the faulty phase voltage is expressed by the real part of

κVνe
j(νωt+ϕν) (3)

whereas the space vector �vαβ becomes

�vναβ,a′ = κVνe
j(νωt+ϕν) +

4∑
h=1

Vνe
j(νωt+ϕν+(1−ν)h 2π

5 ).

(4)

Subscript a′ in the space vector of (4) means that the interturn
fault arises in phase a. The first addendum can be split in

κVνe
j(νωt+ϕν) = [Vν + Vν(κ− 1)] ej(νωt+ϕν) (5)

isolating the healthy-phase voltage component. Therefore, the
difference between the healthy- and the faulty-phase voltage
signals corresponds to the quantity Vν(κ− 1)ej(νωt+ϕν).

In the event of a fault, all the harmonic components could
appear in the spectrum, whereas in the healthy case, only
harmonics at ν = ±1± 5k would appear [28].

The interturn short circuit can be then detected by checking
the additional harmonics and because their amplitude decreases
with ν. The most effective detection of this fault using the fast
Fourier transform of �vαβ is to analyze the increase in the
negative fundamental component −fs: This procedure is the
traditional MCSA methodology used to identify stator asym-
metries in three-phase machines.

In the same way, considering only the fundamental compo-
nent, the space vector �vα2β2

results in

�vα2β2,a′ = (κ− 1)V cos(ωt)e(j0) (6)

where the remaining part is equal to zero.
In general, if such perturbation occurs in the hth phase, the

space vector becomes

�vα2β2,h′ = (κ− 1)V cos

(
ωt− h

2π

5

)
e(jh

4π
5 ). (7)

The result of (7) is a pulsating vector along a particular
direction that can be used to identify the faulty phase [24].

Continuing to consider at first only the fundamental compo-
nent, in case of a fault in one phase winding, the multiplication
of the two space vectors as defined in (2) determines the
presence of three components in the spectrum of the combined
reference frame �D. Fig. 1 shows the effects of the multiplication
of the two harmonics of every space vector in case of an
attenuation of 10% of the phase a.

In the spectrum of �D, the components that identify the fault
are the dc component D0 and the 2fs component at twice the

Fig. 1. Space vector of a machine with interturn short circuit. (From left
to right) Spectra of �vαβ and �vα2β2 and �D spectra considering only the
fundamental component. The fault was modeled with a 10% attenuation of the
faulty phase “a” amplitude.

Fig. 2. Machine geometry and windings layout of the PM five-phase machine
used for FEM simulation and experimental prototype.

fundamental supply frequency. These two components are the
best candidates for stator fault identification.

The presence of all the harmonics of actual phase voltages
was analyzed in [32]. In that work, it was shown as the presence
of all the harmonics determine an increase in the dc component
of �D spectrum, i.e., D0.

However, the greatest contribution to D0 is caused by the un-
balance of the fundamental component in the five phases of the
machine. Therefore, in case of interturn short-circuit fault, the
second harmonic of fundamental supply frequency 2fs in
the �D spectrum results of comparable amplitude. Therefore,
the simultaneous presence of a significant increase in the latter
harmonic can be used to identify the interturn short-circuit
fault with respect to other types of faults. This consideration
was validated using FE analysis and experimental results on a
reference five-phase machine.

III. PRELIMINARY ANALYSIS OF DIFFERENT

FAULT CONDITIONS

A preliminary investigation of the proposed methodology
applied to the reference machine is carried out by means of FE
analysis. Moreover, at this stage, the robustness of interturn
fault detection against other types of faults is evaluated. Model-
ing of the machine under normal and faulty conditions is done
by means of 2-D FE analysis using FE method (FEM) mag-
netics (FEMM) software and dedicated scripts (see Fig. 2). All
parameters for FE analysis were obtained from the experimen-
tal prototype used for the experiments (see Table I). The link-
age flux and back EMF during healthy and faulty conditions were
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TABLE I
REFERENCE MACHINE PARAMETERS

Fig. 3. Combined space vector �D computed from FEM simulations under
different levels of short circuit. (Blue) Healthy machine. (Red) 3% of short-
circuited turns. (Green) 6% of short-circuited turns. (Black) 9% of short-
circuited turns.

computed from FEMM results for each case. For all the simula-
tions, the combined space vector �Dwas computed from the phase
voltages at no-load condition and nominal speed (333 r/min),
corresponding to a fundamental frequency fs of 50 Hz.

The interturn short-circuit fault on one winding coil was
modeled according to [28]. Fig. 3 shows the �D spectrum for
the healthy machine, and at increasing level of interturn short-
circuit (3%, 6%, and 9% shorted-winding turns, respectively).

As shown in Fig. 3, the effect of the interturn fault on D0

and 2fs components of the combined reference frame can be
advantageously exploited to correctly identify this fault from
other faults, as will be discussed in the following. From the
healthy machine to minimum fault severity, i.e., 3% of short-
circuited turns, a very large variation of D0 and 2fs components
is visible. Because of the intrinsic asymmetries of the stator
winding of an actual machine, this strong amplitude variation is
expected to be reduced; in particular, the amplitudes of D0 and
2fs are expected to increase in the healthy machine as well.

In addition to the interturn fault detection, which is the topic
of this paper, the analysis comprises three other faults presented
as case studies, namely, partial magnet demagnetization and
static and dynamic eccentricity. To model machine eccentricity
[16], the rotor axis was offset by 0.25 mm to impose a 50%
air-gap eccentricity on the machine. Both conditions resulted in
an unbalanced field distribution inside the machine. For static
eccentricity, during simulation, the rotor was turned around its
axis, resulting in an unbalanced field distribution stationary

Fig. 4. Combined space vector �D spectrum, computed from FEM simulations
of different fault cases, starting from the top. (a) Static eccentricity. (b) Dynamic
eccentricity. (c) Partial demagnetization. (Blue) healthy machine. (Red) Faulty
machine.

with respect to the stator. For dynamic eccentricity, the rotor
was turned around the stator axis, resulting in an unbalanced
field distribution rotating together with the rotor. To simulate
the case of a damage to the rotor’s magnets (either break or
demagnetization), the residual magnetization of a single magnet
was reduced by 30%.

Fig. 4 shows the combined space vector �D spectra in case of
these other unbalancing faults.

In �D, the fundamental harmonic component at −100 Hz
(−2fs) results from the combination of the primitive space vec-
tors’ fundamental components: 50 Hz fs for �vαβ and −150 Hz
for �vα2β2. The other harmonic components in �D spectra arise
from the multiplication of the all harmonic components of
space vectors �vαβ and �vα2β2 [see (2)].

As can be seen, the results show that the different faults
are characterized by different signatures in the combined space
vector.

• Static eccentricity causes an increase in D0 but not in 2fs.
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Fig. 5. Example of fault-tolerant electric drive architecture. One phase shown,
together with dedicated H-bridge.

• Dynamic eccentricity does not affect either D0 or 2fs. A
component at 2fs/p is present and is consistent with the
eccentricity characteristic harmonics [21].

• Partial demagnetization fault does not affect either D0 or
2fs. A component at 2fs/p is present, together with the
upper harmonics 12fs/p etc.

For instance, the harmonic component 2fs/p arises in the �D
spectrum in case of faults causing amplitude modulation in all
phases: dynamic eccentricity [39] and partial demagnetization.
In the latter case, the higher order harmonics are spaced by
10fs/P , as in [40].

IV. PROPOSED APPLICATION TO A

FAULT-TOLERANT ELECTRIC DRIVE

A multiphase fault-tolerant electric drive must continue to
operate in case of first fault and, in some applications, also in
the presence of a second one. The fault-tolerant capability can
be maximized by employing an electric machine characterized
by a null mutual inductance between phases in conjunction with
a power electronics capable of controlling each phase indepen-
dently, e.g., with independent H-bridges for every phase. The
configuration is shown in Fig. 5 where a current control loop
imposes a sinusoidal current for every phase. In this scenario,
the proposed diagnostic procedure exploits the phase voltages
imposed by the H-bridges. It is worth noting that the proposed
diagnostic procedure can be also applied to electric drives based
on a single five-phase full bridge.

A reference machine geometry was employed for fault
modeling, simulation, and experiments: It is a five-phase PM
machine designed for fault-tolerant applications that is charac-
terized by a mutual inductance equal to zero and a high self-
inductance in order to limit the short-circuit current. Each stator
coil is wound around a single tooth, achieving a single-layer
winding with nonoverlapped coils [10]. Table I summarizes the
characteristic parameters of the reference machine used in the
simulation and experimental tests.

V. EXPERIMENTAL RESULTS

A prototype of the five-phase PM machine with 20 slots and 9
pole pairs was built for the experimental tests (see Fig. 6). New
windings were installed, and one phase winding was center-
tapped with multiple taps to vary the fault severity by changing

Fig. 6. Five-phase machine on the test bench, showing the center-tapped
winding connections.

Fig. 7. Electric schematic of the five-phase machine detailing the center-
tapped winding to emulate partial interturn short-circuit faults during operation.

Fig. 8. Experimental test setup with resistive load.

the number of short-circuited turns and allow interturn fault
emulation (see Fig. 7).

The machine was mounted on a test bench and was operated
as a generator (see Fig. 8). The test bench prime mover is an
induction machine controlled by an FOC. The phase voltages
were acquired at different speeds and different fault severity
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TABLE II
TEST CONDITIONS

Fig. 9. Phase voltage waveforms in the healthy case and in the case of a
60-turn interturn fault. Machine is operated at 300 r/min and 250 Ω load.

Fig. 10. Combined space vector �D spectrum, computed from experimental
acquisitions. Machine is operated at 100 r/min, no load, and increasing interturn
fault severity: (black) healthy machine, (blue) 3% of short-circuited turns, and
(red) 9% of short-circuited turns.

levels using a NI SignalExpress data logger composed by NI
9201 12-bit ADC modules on a CompactDAQ platform. The
sample frequency was set to 100 kHz, with an acquisition time
equal to 5 s for each test run.

The machine was run at a constant speed of 100 and
300 r/min and increasing numbers of coils were short circuited:
starting from healthy machine, up to 60 short-circuited turns,
corresponding respectively, to 9% of the total winding turns.
Table II summarizes the test conditions. To test the machine
under load, the output was connected to a load composed by
five 250-Ω power resistors. To avoid destroying the auxiliary
windings used for emulating the interturn faults, the tests were
conducted at reduced power, limited to half the rated power of
the machine.

The phase voltages were acquired and then postprocessed
in MATLAB environment to obtain the proposed combined
reference frame. Fig. 9 shows the phase voltages of the machine
in the healthy case and with a 60-turn interturn fault on Phase 1.

Figs. 10–13 show the results of the proposed method for
the machine running with different fault levels: (black) healthy
machine, (blue) 3% of short-circuited turns, and (red) 9% of

Fig. 11. Combined space vector �D spectrum, computed from experimental
acquisitions. Machine is operated at 100 r/min, 250-Ω load, and increasing
interturn fault severity: (black) healthy machine, (blue) 3% of short-circuited
turns, and (red) 9% of the short-circuited turns.

Fig. 12. Combined space vector �D spectrum, computed from experimental
acquisitions. Machine is operated at 300 r/min, no load, and increasing interturn
fault severity: (black) healthy machine, (blue) 3% of short-circuited turns, and
(red) 9% of short-circuited turns.

Fig. 13. Combined space vector �D spectrum, computed from experimental
acquisitions. Machine is operated at 300 r/min, 250-Ω load, and increasing
interturn fault severity: (black) healthy machine, (blue) 3% of short-circuited
turns, and (red) 9% of short-circuited turns.

short-circuited turns. Figs. 10 and 11 show the combined space
vector �D spectra for the machine operating at 100 r/min at no
load and with 250-Ω resistive load, respectively.

Figs. 12 and 13 show the combined space vector �D spectra
for the machine operating at 300 r/min at no load and with
250-Ω resistive load, respectively. In all the test runs, the com-
bined reference frame allowed to clearly identify the unbalance
caused by the interturn fault, with an amplitude increase in the
affected harmonics of more than 25 dB from the healthy case
up to the maximum-fault-severity case.
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Fig. 14. vαβ space-vector spectrum, computed from experimental acquisi-
tions. Machine is operated at 300 r/min, 250-Ω load, and increasing interturn
fault severity: (black) healthy machine, (blue) 3% of short-circuited turns, and
(red) 9% of short-circuited turns.

It is important to put in evidence that, in addition to the
interturn short-circuit fault, other unbalances in the machine
can alter the fault signature frequency components but with
a different amplitude pattern, e.g., different amplitude ratio
between zero frequency component D0 and the 2fs component.
The influence of other operating conditions such as asymmetric
power flow (e.g., due to electric drive malfunctioning or fault
compensation algorithm) will be addressed in a future research.

To give a comparison, Fig. 14 shows the results obtained by
analyzing the traditional space-vector spectrum computed on
a single reference frame αβ. From the healthy to the maxi-
mum fault severity, a 10-dB increase in the negative sequence
can be seen, together with the characteristic supply frequency
sidebands due to an inherent imbalance of the machine. The
experimental �vαβ spectrum shown is for a single operating
condition, but same results were obtained for the other oper-
ating conditions shown for �D spectra. By comparing this result
against the proposed method, it can be seen that the combined
reference frame representation is much richer and sensitive.

The fixed amplitude 2fs/p harmonic appearing in all the
combined space vector �D spectra (see Figs. 10–13) testifies
an inherent imbalance of the machine used in the experiments,
probably related to construction tolerances. Again, the pro-
posed method allows directly identifying the fault signature
harmonics, instead of analyzing sidebands on the fundamental.
The results are consistent with the one obtained by FEM
simulations of the fault case studies.

VI. CONCLUSION

A diagnostic procedure that merges information from two
different reference frames (i.e., αβ and α2β2) into a combined
space vector �D has been developed and applied to the case
of a five-phase PM machine. The proposed method allows to
reliably detect interturn short-circuit faults and is capable of
discriminating them from other unbalancing faults.

The reference machine geometry employed for fault model-
ing, simulation, and experiments is a five-phase PM machine
designed for fault-tolerant applications that is characterized by
a mutual inductance equal to zero and a high self-inductance in
order to limit the short-circuit current.

Results show that the interturn short-circuit fault can be
efficiently detected by monitoring the amplitude of D0 and 2fs
components of the combined space vector �D, whose amplitude
is greatly increased in the event of said fault.

The proposed combined reference frame representation is
much richer and sensitive than the traditional single reference
frame space-vector analysis. The combined space vector allows
to clearly identify the unbalance caused by the interturn fault,
with an amplitude increase in the affected harmonics by more
than 25 dB from the healthy case to the maximum fault severity,
which was experimentally observed.

By using the harmonic content information of the combined
reference frame, the faults can be precisely detected, and the
results show that the proposed method is robust and able to dis-
tinguish interturn short-circuit fault from other fault types (e.g.,
rotor eccentricities and rotor demagnetization), thus avoiding
false positive detection.

The experimental results agree with the ones obtained from
simulations. The main difference being the increase in the base-
line fault signature values of the healthy machine in the �D
spectrum of the experimental results with respect to the sim-
ulation results. This is caused by the inherent construction
asymmetries already present in the healthy physical machine,
further demonstrating the robustness of the proposed method.
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