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Abstract: The interest for multiphase permanent magnet synchronous machines, in modern renewable power generation
systems, is increasing rapidly due principally to their high efficiency and fault-tolerant capability. To meet the high-performance
requirements, monitoring the stator winding state is a key item. The detectability of a stator winding inter-turn short-circuit
(ITSC), for an asymmetrical six-phase surface-mounted permanent magnet synchronous motor, is analysed in this study. The
impact of an ITSC on the stator back-emfs, stator currents and voltages is examined by spectral analysis of the corresponding
space-vectors, in different a—8 planes. In particular, the detectability of a stator ITSC, in closed-loop operating conditions, is
investigated using voltage and current signature analysis. The spectral fault signature is identified through 2D finite element
analysis, and then confirmed by laboratory experimental tests.

1 Introduction

Multiphase machines are receiving increasing interest in the field
of modern renewable power generation systems (RPGSs), and
especially for wind energy conversion systems (WECSs).
Combining the typical properties of high-power density as well as
the typical high torque-to-inertia ratio of permanent magnet
synchronous machines (PMSMs) with the features of multiphase
machines topology leads to higher reliability and efficiency.

Nowadays, multiphase PMSMs (m-PMSMs) are well
established as an attractive alternative to classical 3-PMSMs for
achieving high power ratings without growing the current/phase,
leading to a derating of the power switches of the required inverter
for feeding the machine. Moreover, with reference to traditional 3-
PMSM drives, m-PMSM drives exhibit crucial benefits providing
higher torque ripple frequency with reduced amplitude, and greater
degrees of freedom, allowing higher fault-tolerant capabilities [1—
3].

Multiple three-phase winding sets are the most common
configuration of m-PMSM, since each three-phase winding set can
be individually supplied by a conventional three-phase inverter,
which is a mature technology and widely available at a reasonable
cost. This category of m-PMSMs allows splitting the total rated
power between the different winding sets, thus enhancing the
efficiency of the whole drive with lower losses [4, 5]. So, it is
straightforward that the above-mentioned m-PMSM characteristics
are particularly advantageous in terms of design and
maintainability for modern multi-megawatt full-power WECSs.
Although the advantages of m-PMSMs, they are still subjected to
stator winding faults. As mentioned in [6], it was stated that stator
windings faults account for 40% of the overall electric machine
failures in petroleum and chemical industries. Due to more
windings on the stator side, m-PMSMs are more prone to stator
failures than classical 3-PMSMs.

There are different forms of stator failures that can affect m-
PMSMs, leading to degraded performances of the machine, such as
inter-turn short-circuit (ITSC), line-to-line, line-to-ground, multi-
phase line-to-ground, or multi-phase mixed faults. A detailed
analysis of these kinds of faults and its propagation and diagnosis
can be found in [1-3].
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Specifically, the ITSC is well known as one of the most difficult
and complex stator failures to detect. Due to the combination of
electromechanical, thermal, and/or chemical stresses, an m-PMSM
can potentially develop an incipient ITSC, but the conventional
protection might not work properly, or the machine might keep on
running while the temperature of the phase affected by shorted
turns would reach excessive values to cause critical insulation
breakdown. Thus, the stator winding symmetry of the PMSM is
lost due to ITSC; phase currents are no more balanced with
possible excessive overcurrent conditions, leading to a negative-
sequence current circulation, which considerably penalise the
motor behaviour. It is worth noting that under such conditions,
three-phase or m-PMSMs are potentially subjected to different
types of irreversible demagnetisation [7-9].

Hence, ITSC detection at an early stage is required, which may
not only eliminate the subsequent damage propagation to adjacent
coils and the stator core, but also reduces repair costs and improves
the availability of the machine considerably.

For the detection of an ITSC in three-phase PMSMs, a large
variety of approaches have been proposed. Effective off-line tests,
such as stator winding resistance asymmetry measurements, partial
discharge analysis (PDA), or infrared thermography (IT), have
been successfully adopted [10]. In order to avoid dedicated
equipment, spectral analysis of current or voltage space-vectors
(SVs), as well as the corresponding negative or zero-sequence
components analysis, have been successfully investigated for
ensuring on-line monitoring of stator winding state in three-phase
machines [11, 12].

With reference to m-PMSMs, it is well known that even if one
or more phases are opened due to stator failures, the remaining
healthy phases allow the motor to operate with a degraded mode
[13, 14]. Thus, several fault-tolerant control approaches, against
stator asymmetries or inverter related faults, have been the target of
large research efforts [15-18], in order to guarantee reliable
operating conditions and thus reducing unexpected failures.
However, dedicated solutions for stator winding anomalies
detection are still under investigation [19-23].

In [19], the proposed approach for stator fault diagnosis is based
on stator current positive- and negative-sequence fundamental
components expressed in the stationary a—f reference frame. The
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evaluated values are used for computing a fault index for detecting
stator open-circuit faults. Based on particle swarm optimisation
(PSO), a parameter estimation method is presented in [20], where a
fitness function representative of an ITSC is proposed for detecting
and quantifying the fault level in five-phase PMSMs. Stator ITSC
detection by reactive power in dual three-phase reluctance motors
is presented in [21], where a differential diagnostic index is defined
for effective diagnosis of the fault. In [22], the stator currents and
zero-sequence voltage components (ZSVCs) harmonics are
investigated for developing a fault diagnosis scheme based on the
changes in their spectral content. When compared to the use of
stator currents spectra analysis, the same reference has shown that
the ZSVC-based method shows better performance with higher
sensitivity. An improved control architecture that provides an
efficient on-line detection and discrimination of demagnetisation
and stator resistance unbalance, and ensure a nearly undisturbed
behaviour of a 5-PMSM was developed in [18]. In this context, an
important issue that cannot be ignored, is that the detectability of
stator winding anomalies is particularly dependent on the windings
design of the machine. This fact was experimentally examined by
Bianchi et al. [24] for a 5-PMSM. Thus, the implementation of
stator fault monitoring systems dedicated to m-PMSMs should
consider the winding design of the machine.

Recently, the spectral analysis of the back-emf SVs, evaluated
in the different o—f subspaces, have been investigated in [23],
where potential harmonics chain has been identified as the relevant
fault signature for stator winding ITSC detection in 6-PMSMs.
However, the relevance of the fault signature for real power
generation systems, where such machines operate in closed-loop
conditions, requires further investigations. In this context, the
identified fault signature for detecting ITSC in 6-PMSM [23], is
here further investigated and tracked by current spectral analysis
(CSA) and voltage spectral analysis (VSA).

In this paper, the assessment of a stator winding ITSC
detectability, by back-emf in open-loop condition, and then by
CSA and VSA in closed-loop condition, is completely supported
by experiments.

In Section 2, the mathematical model of the 6-PMSM is
presented according to the multiple SV representation concept,
where the spectral analysis of the back-emfs is emphasised. The
reliability of an ITSC fault signature, based on back-emf SVs
analysis, is verified by finite element analysis (FEA) simulations
and experimental tests in Section 3. Then, in Section 4, the adopted
control system for 6-PMSMs and the experimental setup is
illustrated, whereas the results of the experimental tests are
included in Section 5. Finally, the conclusions are depicted in
Section 6.

2 Mathematical model of 6-PMSMs

bj-axis

Co-aXIS

Fig. 1 Schematic diagram of the 6-PMSM windings with separate neutral
points
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2.1 Six-phase systems representation based on multiple SV
concept

For a given electrical system, represented by six real quantities x,;,
Xa2, Xp1, Xp2> Xel, Xo2, as presented in Fig. 1 for a 6-PMSM, a new
system composed of three SVs can be obtained as

Yak-pk = Yok + j¥ps k=1,3,5,... (1)

where the vector components (ygi-13s and (Pai-135 are
calculated as

Yai 1 =172 —=1/2 372 =312 0 |[xa
g 0 32 =312 12 172 —1]|x
» 1 1 1 Xe
;Vﬂj 2%0 0 0 (1) (1) (1) xai &
Vs 1 =172 =172 =372 312 0 ||x
Vps 1 =312 32 1/2 172 —1|%

In fact, by assuming the obtained three new complex vectors
expressed by (1) as of current SVs, the subscripts 1, 3, 5 are
corresponding to the order of the main harmonic, they produce in
the resulting magnetic-field distribution.

By additional analytical developments, one can easily verify
that the secondary harmonics in the magnetic-field distribution are
corresponding to the 11th, 9th, and 7th order, respectively [25].

2.2 SVs harmonic content analysis

Multiple SV representation is very practical for multiphase systems
description and analysis [26], as it is possible to elaborate an SV
modelling of 6-PMSMs on three different o—f subspaces [27]. The
considered machine is a 30° asymmetrical 6-PMSM, whose neutral
points are separated, as presented in Fig. 1.

Considering the adopted stator winding configuration (Fig. 1),
the resulting formulation of the 6-PMSM model in terms of
multiple SVs representation can be obtained

_ do
‘jSszSiSk‘F%; k=1,3,5,... 3)

where the SVs of the linkage fluxes ¢g,, ds,, Pss are given by

b, = Lsiisi + 2@pp,cos(y)

. “4)
+2¢y,,cos(11y) e/,
ng} = Loy + 2¢p3c08(3y) e &)
+2¢41,c08(9y) e,
4355 = Lgsiss + 2p15c0s(57) e 6)

+2¢,1,c08(7y) e

In (4)—(6), 0 is the relative position between stator and rotor in
electrical radians, y=(7—f)/2 and f is the magnet pole arc in
electrical radians, whereas Lg;, Lg3, and Lgs are the a—f,, az—f3,
and as—f5 synchronous inductances [25].

Considering the a1—f1, az—f3, and as—f5 SVs of the fluxes
linked with stator windings, given by the expressions (4)—(6), the
efficient stator windings ITSC detection can be based on frequency
analysis of the following back-emf SVs:

es) = 2 jwpy,cos(y) e/
. -j110 (7)
=22 jw@y,cos(1ly) e,

és; = 6 jopycos(3y) e’

, 3
— 18 jwpy,cos(9y) e,
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Table 1 Parameters of the 6-PMSM

Parameter

phase resistance 0.36 Q
pole number 4 —
phase inductance 1.44 mH
stator inner radius 150 mm
stator outer radius 240 mm
slot number 48 —
stator winding pitch 165° el. degrees
magnet pole-arc 151° el. degrees
magnet radial thickness 5 mm

Fig. 2 Cross-section of the healthy 6-PMSM

éss = 10 jwpyscos(Sy) e ©)
—14jwepy,cos(Ty) e .

where the constant values @y, @3> Purss Parr> Puao> A0 @y, can be
expressed as

2ueNsLtHR 1o KBsi KRS
P mK g5 KRs1 (10)
7
_ 2/4()NSLTHR, max KB.S'}KRSB
Pmsz = 7 9 ’ an
7
_ ZﬂoNSLTHR, max KBSSKR55
Pms = 2 25 (12)
b2
_ 2pNsLTHR wix Kps:KRs,
ot = . 9 (13)
b2
2pNsLTHR mox KpsoKRs
o = 2LV oK, (14)
7
_ 2pNsLTHR max Kpsi1 Krsi1
Py = 7 121 : (15
7

Observing (7)—(9), the spectral content of the back-emf SVs in the
o1—f; and as—fs subspaces, can be identified for healthy
conditions. Considering (7), the back-emf SV evaluated in the
plane o1—f; shows only the 1st and the 11th harmonic components.

The spectral content of the back-emf SV in the plane az—f5 is
composed by the 3rd and the 9th harmonic components (see (8)),
whereas the back-emf SV in the plane as—f5 is based on the
contribution of the 5th and the 7th harmonic components (see (9)).
Thus, the reference diagnosis for a healthy condition is clearly
identified in the a1—f, a3—f3, and as—f5 subspaces.

IET Renew. Power Gener., 2020, Vol. 14 Iss. 15, pp. 2791-2800

By considering a power balance, and taking into account the
previous equations, the electromagnetic torque can be expressed by

Tem = Tem1 + Tems + Tems + Tems + Temo + Temn, (16)
where
Tem1 = 6py|isi - jeos(y)e”], (17)
Tems = 18p@ss[iss - jeos(3y)e™), (18)
Tems = 30p@us|iss - jeos(Sy)e™), (19)
Tems = 42p@ys|iss - jeos(Ty)e’™), (20)
Tems = 54p@yss|iss - jcos(9y)e™), @1
Temun = 66p@y[isi - jeos(11y)e’?]. (22)
where the symbols ‘*’ and °.” identify the complex conjugate

quantities and the scalar product, respectively.

The electromagnetic torque, expressed by (16), is the sum of six
contributions, where each one can be identified by the
corresponding harmonic order in the flux linkage. Two of them are
related to the current space vector is1, the second pair is related to
the third current space vector Zg;, and the remaining pair is related
to the fifth current space vector iss.

Considering the adopted stator winding design of the machine,
with isolated neutral points, the contributions Tep3 and Tem o,

related to the third current space vector is;, are equal to zero.

The three contributions of Tey 5, Tem7 and 7oy 1) can cause
undesired torque pulsations. In order to obtain a smooth torque
waveform, it is possible to set igs to zero, together with a proper
machine design, ensuring a negligible value of ¢,,,.

3 Validation of motor signal-based detection
technique of ITSC

In the present section, the proposed ITSC fault signature is firstly
based on back-emf SVs analysis in no-load operating conditions.
The performance of this approach is preliminarily explored by
FEA, then validated by experiments.

3.1 FEA results

In order to validate the theoretical analysis of the back-emf spectral
content, the simulation of a 6-PMSM has been carried out using
FEA [23].

The main machine parameters are presented in Table 1. Four
poles, 48 slots, double-layer, short pitch stator windings, having
two slots per pole and per phase, was considered.

The cross-section of the healthy 6-PMSM, with a typical flux
plot obtained by 2D FEA, under no-load conditions, is depicted in
Fig. 2.

Based on the previous torque analysis, it is clear that in order to
reduce the undesired torque ripple contributions, the 11th harmonic
component of the flux linked with stator windings should be
minimised (see (22)). This can be practically achieved by using a
stator winding pitch of 165°.

The cogging torque contribution is not included in (16);
therefore the guidelines followed for the design were based on
selecting the appropriate angle for the magnet pole arc for
achieving a trade-off solution between the need to minimise the
cogging torque and to compensate, as much as possible, the effects
of the 5th and 7th harmonics of the flux linkage.

The analysis has been carried out using FEA and the results
obtained for the cogging torque are illustrated in Fig. 3. This figure
shows the peak to peak values of the cogging torque as a function
of the magnet pole arc, expressed in mechanical degrees.
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The minimum for the cogging torque is obtained for a pole arc
value around 75°. The value of 75.5° mechanical degrees
(corresponding to 151° electrical degrees) has been selected
because this value is the one which ensures a satisfactory
compensation of Sth and 7th harmonics of the flux linkage. Fig. 4
shows the magnitude of 5th and 7th harmonics as a function of the
magnet pole arc calculated by FEA, and the magnitude of the same
harmonics for the pole arc equal to 75.5° measured on the
prototype. As it is possible to note, the Sth harmonic of the flux
linkage is practically zero, and the 7th is not zero but shows a
reduced value.

©

©
T

~
T

o
T

o
T
L

IS
T
I

Selected magnet pole-arc

N w
T T
I I

Peak-to-Peak values of the cogging-torque (%)
-
T
L

1 L I
73 74 75 755 76 77 78
Magnet pole-arc (mech. deg.)

o

Fig. 3 FEA: the peak-to-peak values of the cogging-torque according to
the magnet pole-arc values

The fluxes linked with the stator windings obtained by FEA
have been imported in the MATLAB® environment for back-emfs
calculation and data computing in the different a—f planes. For
accurate analysis of the investigated fault signature, the back-emfs
have been normalised by the mechanical speed (expressed in rad/s)
for obtaining the well-known ‘normalised back-emf”.

When an ITSC occurs in a stator phase winding, a certain
number of turns will not give their contribution to the back-emf,
then leading to a reduction of the total back-emf in the faulty
phase. The FEA has been carried out under this assumption.

A case study has been considered, in which the fault is assumed
to involve 12.5% of the total number of turns per phase, thus
determining a 12.5% amplitude attenuation of the back-emf in the
faulty phase a; (Fig. 1).

Figs. 5a and b show the spectra of the back-emfs SV for healthy
conditions, evaluated in the a;—f, and as—f5 planes, respectively.

Fig. 6a shows the harmonic spectrum of the back-emfs SV in
the a;—f; plane, for the simulated ITSC. By comparing the
obtained spectra for healthy (Fig. 5a), and faulty (Fig. 6a)

conditions, the magnitude evolution of the inverse component at—f'

is clearly verified, which is classically expected in the a;—f plane,
leading to a first spectral fault signature of the ITSC.

The harmonic spectrum of the back-emfs SV, evaluated in the
as—f5 plane for ITSC fault, is depicted in Fig. 6b. With reference to
the healthy case (Fig. 5b), the magnitude variation of the fault
components at +f'and +3f'is clearly evidenced, leading to a second
more relevant spectral fault signature of the ITSC. The 5th and 7th
harmonics due to the magnet pole arc design are unchanged.

14 T T 7
13+ =@=FEA , | FEA
12l == Experimental (Prototype) | § | mffif= Experimental (Prototype)
1"+ A
10 5 .
ol 7 Selected magnet pole-arc
g g
. 8f 1 s4r
R ]
= Selected magnet pole-arc =
F ol LB |
<5 1 < *
4r 1 2f 1
3r .
21 / 1 1+
1+ g
0 = 1 1 1 1 199 L - 0 1 1 1 1 Il 1. |
55 60 65 70 75 80 55 60 65 70 75 80
Magnet pole-arc (mech. deg.) Magnet pole-arc (mech. deg.)
a b
Fig. 4 Amplitudes of
(a) Sth and (b) 7th harmonics of the flux linkage according to the magnet pole-arc values
0.02 0.02
0.015 0.015
2 s
[ ()
° o
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£ £
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0.005 0.005
0 0 g
-10 -5 -3 10 1 3 5 10 =10 -7 -5 -3 <10 1 3 5 10
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a b

Fig. 5 FEA: spectra of the back-emfs SV in
(a) a1—-f1 plane and (b) a5—f5 plane for a healthy machine
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(a) a1—-f1 plane and (b) a5—f5 plane under faulty conditions. The fault was emulated by a 12.5% amplitude attenuation applied to phase-a|

Fig. 7 Experimental test bench

b-axis

a-axis

B A

Ccyr-axis

Fig. 8 Schematic diagram of the 6-PMSM prototype with ITSC in phase-
aj

3.2 Experimental validation

To validate the spectral ITSC fault signatures, previously identified
in the SV of the back-emfs in the a;—fjand as—f5 planes, a
prototype of a 6-PMSM with the same geometry and parameters
used in the simulation (Table 1), has been built for experimental
tests (Fig. 7). A set of winding turns in phase-a; is accessible for
introducing a real ITSC involving 12.5% of the phase winding
turns, as presented in Fig. 8.

The machine was driven by a 9-kW DC motor, fed by a
commercial speed-controlled DC/DC converter that acts as a prime
mover. The back-emfs were recorded by an oscilloscope, with a
sampling frequency of 50 kHz. Then, the signals were imported in

IET Renew. Power Gener., 2020, Vol. 14 Iss. 15, pp. 2791-2800

the MATLAB® environment for calculating SVs in the a;—f; and
as5—f5 planes, and corresponding spectral treatments.

For a precise experimental evaluation of the tracked ITSC fault
signature, the back-emfs were normalised by the mechanical speed
(expressed in rad/s), in the time domain. For the same purposes, the
computed spectra evaluated in the a1—f; and as—f5 planes, have
been normalised with the 1st and the —7th harmonic components
magnitudes, respectively.

Initially, the machine is operating with healthy six-phase stator
windings at rated speed (1000 rpm). The obtained spectra of the
back-emfs SV, in the a;—f; and as—f5 planes, are depicted in
Figs. 9a and b, respectively. As can be seen, the obtained
experimental harmonic mapping into the a;—f; and as—f5 planes
for the healthy machine, apart from unavoidable noise of a real
machine, corroborate simulations obtained by FEA (Fig. 5). In
particular, the 5th and 7th harmonics due to the magnet pole arc
design are still evident.

The spectra of the back-emfs SV in the a1—f; and as—f5 planes,
in the presence of ITSC, are reported in Figs. 10a and b,
respectively. Comparing the spectra of Figs. 10a and 6a, to the
corresponding spectra for healthy condition, we can note a similar
amplitude variation of harmonic at—f, and the presence of new
harmonics due to the short-circuit current in phase a;, which
affects the magnetic field distribution and then back-emfs [23].

With reference to the faulty case with ITSC, Fig. 105 shows the
presence of a higher number of harmonics with respect to FEA
results in Fig. 6b, which is justified by the real short-circuit current
in phase a;. Nevertheless, Fig. 105 clearly illustrates a relevant
amplitude variation of the harmonics at +f, +3f, as in Fig. 6a,
validating what anticipated by FEA.

The introduced ITSC has caused a relevant amplitude variation
of the fault harmonic components at—f in the a;—f; plane and +f,
+3f'in the as—f5 planes. As a final comment, we can conclude that
the amplitude variations of the fault harmonic components in the
as5—f5 plane are more significate and useful for synthetising a
reliable stator winding ITSC fault index for 6-PMSMs.

4 Control system for 6-PMSMs and experimental
implementation

A field-oriented control (FOC) strategy is adopted to implement a
closed-loop speed control of the 6-PMSM (Fig. 11). Taking into
account the transformation (2), and considering the stator windings
design with isolated neutral points, the current SV in the plane az—
p3 is equal to zero. Thus, after substituting (4)—(6) into (3), the
formulation of the voltage equations expressed in the stator
reference frame, can be limited to the first and fifth subspaces,
leading to
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Fig. 9 Experimental test: spectra of the back-emf SVs in
(a) a1 plane and (b) a5—f5 plane for a healthy machine
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Fig. 10 Experimental test: spectra of the back-emf' SVs in
(a) a1-f1 plane and (b) a5—f5 plane under a real 12.5% of ITSC in phase-a|
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Fig. 12 Experimental test: spectra based on CSA in
(a) a1-f1 plane and (b) a5—f5 plane for a healthy machine

- : di . ; . ;

vsi = Rsig) + LSld_f] + wamleﬂ —jl 1wq)ml]ei'/“e’ (23)
- _ p* d{SS . js0 - -j710

Vss = Reiss + Lss—q= + j50@se” = jTop,.e7", @4

where w = dg/dt, and the constant quantities ¢,,;, @s> @py» and
@, are given by

O = 201,€08(7), (25)
Pms = 2¢u508(57), (26)
Pz = 20,c08(77), (27)
@i = 2¢p1,c08(11y). (28)

In order to implement the FOC strategy, shown in Fig. 11, it is
useful to reformulate the machine voltage equations in the rotating
reference frames.

The equations regarding the components in the d}—¢; plane are
written in a reference frame rotating at an angular speed of w,
whereas the equations concerning the ds—¢g5 plane are written in a
reference frame rotating at an angular speed of Sw. The
transformation from the rotor reference frame to the stator
reference frame (and vice versa) can be expressed by

¥ =ye s (29)

¥i= yse_jsg (30)
where y; and y: are the variables in the new rotating reference
frames, y, and ys are the same variables in the stationary reference
frames. Considering (29) and (30), for (23) and (24), respectively,
leads to

- T dl_gl . Tr
Vs = Reis) + Lsi—— + jwLg,i
S1 SLS1 S1 T JWLgILS, 31)
+jw¢m] - ]1 1a)(pml]eijlzg

i . diss . . =
Vs = Rgiss + LS5d_ts + joLssi'ss (32)

+j5w§0m5 - _j7(0§0m7€_j]29

To ensure an effective current tracking, considering the disturbing
effects of the back-emfs and according to (31) and (32), eight
current regulators have been implemented in four different
reference frames. Pl and PIl,, are employed on the dj—q,
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reference frame rotating at an angular speed equal to w. Pls and
PIs5, are employed on the ds—gs reference frame rotating at an
angular speed equal to Sw. Finally, Pl 3, PI| 4 and Pls 3, Pls 4, are
employed in reference frames synchronous with the eleventh
harmonic and the seventh harmonic of the back-emfs, respectively.

Consequently, at a steady state, the expected spectrum of the
current space vector ig; should not contain the residual —11th
harmonic thanks to the short pitch stator windings design and
features of the current regulator implemented. In addition, the 5th
and the—7th harmonics should be zero in the spectrum of the
current space vector igs thanks to the features of the current
regulator implemented.

The reference current ig;, rer is obtained by the regulator PI, of
the outer speed loop. The reference voltage space vectors Vg ref,
and vg;s ¢ are calculated exploiting the outputs of the eight current
regulators, by means of proper coordinate transformations.

In order to track experimentally the stator CSA and VSA
introduced by the ITSC back-emf harmonic components at —f in
the a;—f; plane and +f, £3f in the as—f5 planes, an experimental
benchmark has been installed in the laboratory. The 6-PMSM was
now loaded by the same DC motor, with the same controlled
converter. A dSPACE® control board has been adopted for
implementing the control architecture of Fig. 11. The inverter
switching frequency was fixed to 8 kHz with a dead time of 2 ps.

The harmonic spectra were obtained by applying the FFT
algorithm to the SVs, evaluated in the a;—f and as—f5 planes, of
the monitored variables (both currents and voltages). For accurate
spectral analysis, a high sampling rate of 100 kHz was adopted for
all data acquisitions.

5 Results

As established in the previous section, based on specific harmonic
components in the stator back-emfs, a highly sensitive fault index
for stator ITSC detection can be established in no-load conditions.
The present section is dedicated to the assessment of the ITSC fault
signature, under closed-loop vector-controlled 6-PMSM
conditions, using CSA and VSA.

All the experimental tests have been conducted at a constant
speed of 500 rpm, with a load torque of 8 Nm.

Initially, the 6-PMSM was run in healthy conditions, then under
ITSC of phase aj, where 12.5% of the total number of turns per
phase was short circuited (Fig. 8).

5.1 Current signature analysis in the a—f3 planes

The reference spectra of the CSA corresponding to the healthy
machine evaluated in the a;—f; and as—f5 planes, are reported in

Figs. 12a and b, respectively. The obtained experimental spectrum
in healthy conditions, using CSA evaluated in the a;—f; (Fig. 12a)

corroborate to the spectral content of the back-emfs SV evaluated
in the same plane (Fig. 9a), leading to a clear diagnosis of the
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Fig. 14 Experimental test: spectra based on VSA in
(a) a1-f1 plane and (b) a5—f5 plane for a healthy machine

healthy conditions. Whereas the absence of the +5th and —7th
harmonics in the spectrum of the CSA in the as5—f5 plane, when
compared to the spectrum of Fig. 95, is mainly due to the adopted
current regulators of Fig. 11, which completely eliminates the
contribution of these two harmonic components.

The spectra based on CSA evaluated in the a;—fand as—f5
planes, for faulty conditions, are reported in Figs. 13a and b,
respectively. Comparing spectra of the CSA in the a;—f; plane,
from healthy (Fig. 12a) to faulty conditions (Fig. 13a), it is evident
that the introduced ITSC has caused a relevant magnitude variation
of the fault components —f, as it could be expected.

However, the corresponding spectra in the as—f5 plane, under
healthy conditions and 12.5% of ITSC in phase-a;, reported in
Figs. 12b and 135, respectively, show a clear amplitude variation of
the fault harmonic components £f and £3f, leading to a more
evident spectral mapping representative of the ITSC fault.

5.2 Voltage signature analysis in the a—f3 planes

The harmonic mapping under healthy conditions of vg, . and
Vssre 1S reported in Figs. 14a and b, respectively. Observing
Fig. 14a, it can be noted that the fundamental component is the
dominant frequency in the vy, ¢ spectrum. The spectrum of Vgs ref
in Fig. 14b is mainly composed of the 5th and the inverse 7th
harmonic components, which are generated by the current
regulators to compensate the corresponding back-emfs harmonic
components for keeping igs o equal to zero. The corresponding
spectra under ITSC condition, are reported in Figs. 15a and b,
respectively.

When comparing the resulting spectra based on VSA in the a;—
1 plane, from the healthy case (Fig. 14a) to faulty conditions
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(Fig. 15a), it is clearly evidenced that the stator ITSC has caused a
relevant magnitude variation of the fault component at —f.

As far as the variations of the fault components +f and +3f of
SVs tracked in the as—f5 plane are concerned, their amplitude
variations are clearly evidenced from healthy (Fig. 14b) to stator
ITSC conditions (Fig. 15b), leading to an other sensitive ITSC fault
signature in 6-PMSMs, similar to that evidenced for CSA.

6 Quantitative evaluations of the tracked ITSC
fault signatures

Once the machine state is qualitatively known using CSA or VSA,
the quantitative evaluation of the relationship between the fault
index value and the severity of stator ITSC is a necessary step to
decide about the operability of the machine.

Considering the proposed approaches based on CSA and VSA,
the contributions of the ITSC fault components +f and +3f, have
been evaluated in the a1—f; and as—f5 subspaces.

Based on CSA and VSA evaluated in the a;—f; plane, the
magnitude variations of the fault components —f and +3f, from
healthy to 12.5% of ITSC in phase a;, are reported in Fig. 16. It is
clearly evidenced that the fault harmonic components £3f, derived
from CSA or VSA in the a;—f; plane, have the same sensitivity to
the ITSC. However, the contribution of the fault component —f'is
more relevant using CSA than VSA for the same a;—f plane.

On the other hand, the amplitude variations from healthy to
12.5% of ITSC in phase a;, of the fault components £f and +3f
obtained by CSA and VSA in the as—f5 plane, are represented in
Fig. 17. The reported results show clearly that CSA and VSA have
the same sensitivity to the stator ITSC.
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25 T
+Hcsa
S-vsa
20 1
c
c
S
.‘3 15+
2
©
>
3
E 10 - 1
5
£
< 5 .
0 i L |
-3 -1 +3

Harmonic order
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Fig. 17 CSA4 and VSA evaluated in the as—f5 plane: magnitude variation
of the fault components from healthy to 12.5% of ITSC in phase-a;

Finally, considering the contributions of the fault harmonic
components evaluated in the two planes a;—f; and as—fs, it was
shown that the global fault signature derived from CSA is more
sensitive to the ITSC when compared to VSA.

7 Conclusions

In this paper, the experimental assessment of winding ITSC fault
signatures in 6-PMSM is presented. The spectral impact of the fault
on different variables of the machine is investigated.

The mathematical model presented in the paper is valid only for
healthy machines, being its development to include ITSC still
under progress. For three-phase machines, these models are already
available, but to the best of the author's knowledge, no papers have
been published yet for multiphase machines as it is a very
demanding problem.
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The presented model is anyhow useful because it shows that the
diagnosis of ITSC fault can be carried out not only in the plane a—

p1, bur more effectively in the plane as—fs.

It was demonstrated that the magnitude variations of fault
harmonic components at +f and £3f, obtained by CSA and VSA in
the as—f5 plane, can be considered a highly sensitive diagnostic

indicator for detecting an ITSC fault in 6-PMSM.

In addition, this fault signature can be achieved without
requiring supplementary hardware, but simply using the already
available control signals in as—f5 plane.

Based on the results achieved, the authors are now encouraged
to continue the development of the mathematical model for
including ITSC faults.
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