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Abstract: Multiple factors and consequences may lead to a stator winding fault in an external rotor
permanent magnet synchronous motor that can unleash a complete system shutdown and impair
performance and motor reliability. This type of fault causes disturbances in operation if it is not
recognized and detected in time, since it might lead to catastrophic consequences. In particular, an
external rotor permanent magnet synchronous motor has disadvantages in terms of fault tolerance.
Consequently, the distribution of the air-gap flux density will no longer be uniform, producing
fault harmonics. However, a crucial step of diagnosis and controlling the system condition is to
develop an accurate model of the machine with a lack of turns in the stator winding. This paper
presents an analytical model of the stator winding unbalance fault represented by lack of turns. Here,
mathematical approaches are used by introducing a stator winding parameter for the analytical
modeling of the faulty machine. This model can be employed to determine the various quantities of
the machine under different fault levels, including the magnetomotive force, the flux density in the
air-gap, the flux generated by the stator winding, the stator inductances, and the electromagnetic
torque. On this basis, a corresponding link between the fault level and its signature is established.
The feasibility and efficiency of the analytical approach are validated by finite element analysis and
experimental implementation.

Keywords: stator winding unbalance fault; external rotor permanent magnet synchronous motor;
fault harmonics; diagnosis; lack of turns; analytical approach; finite element analysis

1. Introduction

In recent years, external rotor permanent magnet synchronous motors (ER-PMSMs)
mounted directly in the wheels of vehicles has been one of the trends in drive systems
employed in hybrid and electrical vehicle (HEV) powertrains. The design of this type
of motor presents a challenge, as it must be characterized by high durability and energy
efficiency [1-3].

Interest in continually developing techniques for the diagnosis of faults in electrical
machines is related to several factors. Firstly, the overall number of embedded motors
that are employed in different applications, such as industrial systems, renewable energy
generating systems, and HEVs [4]. However, owing to the ageing of materials, manufactur-
ing faults, or sever conditions, various types of electrical, mechanical, and magnetic faults
can occur in the machine [5], for example: open phase faults, interturn short circuit faults,
lack of turns (LTs) faults in the stator winding, eccentricity, demagnetization, and magnetic
circuit faults [6]. Hence, the integration of detection strategies, diagnosis, and fault-tolerant
control becomes unavoidable. Moreover, during the real operation of the ER-PMSM, LTs
faults may emerge due to manufacturing tolerances or ageing issues. Therefore, once the
LTs fault appears, the stator current increases to generate enough torque, which leads to
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torque and speed ripples, and further exacerbates thermal problems. As a result, early diag-
nosis of the LTs fault is critical for preventing deterioration of ER-PMSM performance and
reducing eventual losses by implementing the most effective corrective measures. These
measures may consist of repairing the faulty machine or, in certain situations, appropriately
reconfiguring the control strategy [6].

Currently, several studies have been conducted on the diagnosis and localization of
stator winding faults in ER-PMSMs. Modeling and experiments have been used as the first
step in these studies, and research aims to extract electrical signals and quantities such
as voltage and currents, mechanical quantities such as speed, torque and vibration, and
magnetic field signals such as magnetic flux and density [7-9]. Secondly, appropriate signal
processing methods were employed to extract fault characteristics from various signals,
identify the mode, assess the severity, and classify the fault [10,11].

The lack of turns (LTs) faults can be detected via different approaches based on signals,
data, and models. The first technique aims to identify characteristic fault frequencies
in measured ER-PMSM signals [12,13], which are processed using time-frequency signal
analysis tools, such as the Fourier transform [14,15], wavelet transforms [16], and the
Hilbert-Huang transform [17]. Unlike the Fourier transform, the drawback of wavelets and
Hilbert-Huang transforms is their incompatibility with real-time analysis. Additionally, a
detection technique using an analysis of the external field, provided by sensors positioned
around the machine, using information fusion methods is proposed in [18-21], but these
methods require an accurate knowledge of the external stray flux.

Advanced machine learning method are also employed to detect ER-PMSM stator
faults. These methods are attractive due to their advanced data processing capabilities
combined with external machine signals, such as vibration, acoustic noise, and torque [22].
A one-dimensional convolutional neural network model, which analyzes torque and current
signals to diagnose the motor across a wide range of speeds, variable loads, and fault levels,
is proposed in [23]. These kinds of advanced algorithms are very efficient, but they require
a large amount of computation and historical data to form models and classify localized
defects, as well as extremely high hardware requirements.

This research focuses on the diagnosis of LTs faults in ER-PMSMs by examining and
analyzing the current and speed spectrum, allowing a simple and powerful implementation
of an online fault diagnosis approach. To better understand the influence and consequences
of the fault, an analytical approach and finite element model validation were employed.
The finite element analysis (FEA) offers the benefits of a well-established application
and high computational precision and accuracy. The analytical approach involves the
development of a mathematical model that replicates the behavior of the machine in the
presence of the fault. This model can be used to predict the impact of the fault on various
machine quantities, and can contribute to the development of effective fault diagnosis
methods. Overall, the combination of the analytical approach and FEA validation provides
comprehensive knowledge of the impact of the LTs fault on ER-PMSMs employed in electric
mobility.

The main contributions of this research are as follows: a novel technique and approach
for modeling LTs faults in ER-PMSMs. The suggested analytical model requires less
computational time and can subsequently provide an accurate reference for real-time fault
diagnosis, accuracy, and maintenance. Then, the experimental validation for an ER-PMSM
operating in the case of a motor is presented. Experimental measurements that must be
taken to ensure a reliable diagnosis are also presented.

The main structure of this paper is as follows: in Section 2, the healthy and faulty
analytical models are established to examine how the LTs fault impacts the various electrical
and mechanical quantities of the machine, and the FEA is used to verify the effectiveness
and accuracy of the proposed analytical model. The experimental setup is provided in
Section 3, and the experimental results are in Section 4. Finally, Section 5 summarizes the
conclusions and prospects of the presented work.



Energies 2023, 16, 3198

30f23

2. Exhaustive Analysis of LTs Fault

After evoking the secondary consequences at the origin of the stator winding unbal-
ance fault illustrated by LTs, this section aims to provide a global comprehension of the
machine in healthy and faulty conditions using an analytical approach and numerical
validation.

The development of a mathematical model enabling simulation of the behavior of the
ER-PMSM in the two healthy and faulty operating modes is indicated below. This model
is based on a 2D extension of the winding function approach to determine the different
inductances of the machine, taking into consideration all the space harmonics, the real
geometry of the ER-PMSM, as well as the distribution of the windings in the stator slots.
The model of the 24 slots and 22 poles of the ER-PMSM with concentric winding is shown
in Figure 1. The major specifications of the machine are listed in Table 1.

Figure 1. The model of the double-layer fractional-slot concentrated-wound ER-PMSM.

Table 1. ER-PMSM parameters.

Parameter Symbol Value Parameter Symbol Value
Rated power (kW) P 1.5 Inner rotor diameter (mm) - 183
Rated speed (rpm) w 600 Length (mm) Laxe 35
DC bus voltage (V) Ve 150 Air-gap length (mm) g 1.365
Rated current (Agms) In 11 Stator slot width (mm) I 10.37
Rated torque (Nm) I, 24 Stator tooth width (mm) 145 21.1431
Number of poles P 22 Stator fictive slot depth (mm) jad 2.0740
Number of phases m 3 Slot opening width (mm) 2
Number of slots N® 24 Magnet thickness (mm) I 3
Number of turns per coil Nt 22 Residual flux density of PM (T) B; 1.26
Outer stator diameter (mm) - 112 Magnet-arc to pole-pitch ratio (%) ap 85.55
Inner stator radius (mm) R; 88.6350 Permanent magnets - NdFeB N38SH
Outer rotor diameter (mm) - 186 Magnetic steel - M530-50A

The analytical model is developed based on the assumptions given throughout this
section, as follow [24]:

(1) Magnetic saturation is negligible;
(2) Ideal ferromagnetic steel and the magnetic energy is concentrated in the air-gap;
(3) Small air-gap relative to the internal diameter of the stator and radial magnetic field

(tangential magnetic fields are negligible);

(4) Neglected conductivity and eddy current effects.



Energies 2023, 16, 3198

4 0f 23

2.1. Analytical Approach
2.1.1. Distribution Function of the ER-PMSM

The distribution function of a coil placed in the magnetic circuit delivers information
about its position. Therefore, the objective is to apply the winding function approach
to compute the inductances of the 24 slots and 22 poles of a double-layer fractional-slot
concentrated-wound (FSCW) ER-PMSM (24/22) [24]. Their waveforms are shown in
Figure 2.
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Figure 2. Distribution function of ER-PMSM.
The Fourier decomposition of the distribution function can be given by:

E Py 2351 np, 2 hP.0 1
distribution = E o+ E Z E s 67 COS( e s) 1)
h=1

The total distribution function of a winding is the sum of the distribution functions
of a winding, and the sum of the distribution functions of the coils in a series of the same
phase per pair of poles of this winding.

9

Fdistribution,T (GS) = Z Fdistribution (95) (2)
i=1

where P, is the winding periodicity, O, is the coil opening angle, g is the coil number, and
05 is the angular position in relation to the stator reference axis.

2.1.2. Winding Function of the ER-PMSM

The winding function presents the magnetomotive force (MMF) of a single-turn
winding carrying a unit current. We may represent these functions as a series of harmonics
due to the winding’s periodicity and each phase coil’s function, which contains periodic
square pulses. In this analysis instance, the mean value of the distribution function is
null. However, Figure 2 illustrates the winding function, which is proportional to the
distribution function.

Fw (65) = Fdistribution,T (65) - <Fdistribution,T (65) > (3)

The spatial harmonic amplitudes of the winding function, obtained from Equation (3),
for a stator with concentrated winding around a double-layer tooth is illustrated in Figure 3.
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Evidently, the harmonic of rank & = 11 had the highest amplitude of 0.4396 for a machine

(24/22).
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Figure 3. Harmonic spectrum of the winding function.

2.1.3. Winding Factor of the ER-PMSM

The winding factor presents the efficiency of the coil arrangement to create a MMF
and determines the capacity of the electromagnetic torque production. We can write a
general presentation of the total winding factor Ky, of harmonic /, using the voltage phasor

diagram [25]:

Ky = Kde (4)
where K} is the distribution factor, K, is the pitch factor, a;, = p%r is the slot angle, m is the
number of phases, Q = 2gpm is the number of slots, 7, = % is the pole pitch, and D is the

diameter of the air-gap.

1= n2e 5)
gsin(h) qs1n(h2§;ppm> qsm(h%)
Ky = sin <h(’2c7;> 6)
p

According to Figure 4, the spectrum represents the spatial distribution of the winding
factor. The maximum torque of the machine generated in the air-gap will be created by
the h11 component, with a winding factor of 0.949. This component corresponds to the
fundamental, with a rank /& = p.



Energies 2023, 16, 3198

6 of 23

T T T
|
|

I
! X 11 :
P - Y 0.949469 - —-— - o .

‘ i

‘ i

| |

‘ i

i

|

Winding Factor

Harmonic Order

Figure 4. Harmonic spectrum of the winding factor.

2.1.4. Magnetomotive Force (MMF)
A. Healthy MMF of the ER-PMSM

The MMEF of a double-layer FSCW stator is rich in harmonics. However, this harmonic
content leads to torque ripples, unbalanced saturation, and iron losses [26,27]. For this
reason, the combination of slots and number of poles has specific features that must
be examined and studied before that the machine is designed. The harmonics of the
winding factor (Figure 4) are frequently employed as an indication of the properties of this
combination [28].

The spatial MMF distribution of a phase winding is obtained by superimposing the
MMF of all its coils. Due to the periodicity of the winding, the healthy MMF of each phase j
includes periodic square pulses, and can be represented by a Fourier series decomposition,

as follows:
ej»(t, 0s) = KwNTi]S-(t)Pw(f)s) 7)

where N7 is the turns number and i]? (t) = V2I ]S sin (wt + q)j) is the temporal expression of

sinusoidal current.
The total healthy MMF generated by the 22 pole, 24 slot FSCW stator is determined

using the following formula:

m
e(t,0) = Z(e;(t, 95)) ®)
j=1
. 1 e O
e(t,05) = gmlmaXNT ﬁKw sin hPET cos(hP.0; — (wt — ¢)) 9)
h=1

The distribution of the total healthy MMF of the three-phase stator winding is shown
in Figure 5 when it is supplied with a balanced three-phase current of f = 110 Hz. The
harmonic spectrum of the total MMF distribution in the healthy case is determined from
Equations (8) and (9), and illustrated in Figure 6. We notice that the harmonic of rank 11 is
the most dominating of ER-PMSM (24/22).
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B.  Faulty MMF of the ER-PMSM

When a stator winding unbalanced fault of LTs occurs in the machine, the stator
MMF will be impacted by the fault. The general analytic model of the faulty MMF is
obtained using the previously stated methodologies and is shown in Figure 5, which can
be represented by the following expressions:

S?/fﬂulty(t' 0s) = Kwa,fﬂulty(GS)NTi;(t) {10

27
Nt

N s
Fw,fuulty(gs) = JFw,u(gs) + Fu,p(6s) cos <Wt - 3> + Fu,c(0s) cos <Wt + 3) (11)

+00
€Sj'ftmlty(t’ 95) = Z eﬁ,fuulty(t' 93) (12)
j=1

The analytical modeling in the faulty state is performed for two fault levels: 25% and
50% LTs in phase A.
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Where Fyfyy is the winding function in the faulty state, and Ny is the number of
faulty stator turns.

A comparison between the harmonic content of the MMF is presented in Figure 6.
Evidently, when the machine is subjected to the LTs fault, all of the odd harmonics are
present in the spectrum, as well as the appearance of new harmonics that are due to the LTs
fault levels (Red arrows).

2.1.5. Air-Gap Flux Density

The permeance function is proportional to the inverse of the air-gap thickness, and
depends only on the average permeance of the air-gap and the form of the stator slots.

For determination of the air-gap permeance, a simplified geometry of the motor shown
in Figure 7 is considered, with a fictitious model for the slots resulting from the assumptions
for a nonsalient FSCW ER-PMSM, and with radial field lines.

+o0
p(0s) = P+ Y Pk, cos(KsN°6s) (13)
Ks=1
Mo ( Psrf'i)
Py = 1+ (14)
T gt g

p*  sin(Ksrym)
glg+p) K
where o = 4711077 is the permeability of a vacuum approximately equal to that of the

air, p* = I°5/5 is the stator fictive slot depth [18], ¥, is the stator toothing ratio, and Kj is the
permeance rank.

P, =2po (15)

Figure 7. Geometry adopted for the stator slots of the ER-PMSM.

The healthy and faulty air-gap flux density for a sinusoidal current system can be
written as the following expression:

b*(t,65) = p(65)e°(t, 65) (16)

b}uulty(tl GS) = p(esk?uulty(t' 95) (17)

Here, it is assumed that the magnetic field distribution would be affected in the fault
condition. Depending on the two levels of the LTs fault, there is a reduction in the flux
inside the stator core. Based on Figure 9, the magnitude of the flux density is considerably
impacted by the fault. The spectrum of the flux density harmonic in the air-gap is depicted
in Figure 10. The amplitude of the fundamental component in the healthy condition and
no-load case is 0.0652 T.

2.1.6. Inductances in Healthy and Faulty FSCW ER-PMSMs

To be able to determine the different parameters of the machine in healthy and dam-
aged modes for examining the structure of the ER-PMSM, it is crucial to calculate the
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values of the self and mutual inductances. In order to examine several configurations,
these calculations are performed using an analytical approach, as well as a numerical and
experimental validation model.

Inductances have a crucial role in this modeling technique since they account for the
many effects that might occur in the machine. Accurate modeling will lead to additional
information of the signals, and a good compromise in terms of model accuracy.

The inductances of the machine will be determined analytically using the previously
stated winding function.

A. Healthy Magnetic Flux

The magnetic flux produced by a phase i flowing through a phase j winding is provided
by the following equations:

@ji(t) = Nr [[ b (t,60,)dsj (18)
27
(Dji,h(t) = (NT)ZIi(t)RsLaxeKw/Fdistribution,j(QS)@(Gs)Fw,i(QS)des (19)
0

The self-magnetic flux of phase A is given by:

o o 2 221max = 1 2 Oc
aan(t) = ERSLLW(NT) 7p(65)2 ﬁKw sin hP67 cos(wt — @) (20)
h=1

The mutual magnetic flux between phase A and phase B can be expressed by:

Dy (t) = & ReLaye(N7)*Zmax ()
;g {%Kw sin (th%) (sin (hP‘,3 3%) —sin (hPE%» cos(wt — (p)}

(21)

where R; is the inner stator radius.
B.  Faulty Magnetic Flux
The self-magnetic flux of phase A in the faulty state is given by:

2 21 ©=r1 . (@)
(Dull,faulty(t) = FRsLaxe(fo%@(Gs) Z [thw sin’ <hP€2C) cos(wt — (P):| (22)
e h=1

cDalZ,faulty(t) = _P%RSLaxe(Nf)zﬂ%p(Gs)
;g {%K‘w sin (hPe%> (sin (hPe 3(23C> — sin (hPE%» cos(wt — (p)}

(23)

The total flux linkage of a phase winding is the sum of the aforementioned, as follows:

8
cpa,faulty(t) = Z q)an,faulty(t) (24)
n=1

A faulty mutual magnetic flux between phase A and phase b is given by:

q)alb&faulty(t) = p%RsLuxeNTNle%@(GS)

E {hlsz sin (hpé‘%) (sin(th 3(2)”) — Sin<th%>) cos(wt — (p)} (25)
q)a5b4,faulty(t) = p%RsLaxeNTNfZI%p(GS)
(26)

E {%Kw sin (hPe%) (sin(th 3‘235) _ sin(th%» cos(wt — (p)}
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Do, fautty(t) = Parps, fautty (t) + Paspa, fautry (1) (27)

Figure 11 depicts the magnetic flux produced by the three phases with a fault of 25%
and 50% of LTs of phase A.

C. Inductances in Healthy and Faulty States

The ER-PMSM inductances are calculated using the approach provided in [25,29],
which uses the winding function corresponding to the MMF produced by the stator winding.
Accordingly, the self or mutual inductances are determined from the following relation:

27
Lji,h = (NT)ZRsLaxeKw/ Fdistribution,j(GS)@(GS)Fw,i(BS)dGS (28)
0

According to the analytical modeling of the faulty magnetic flux proposed and calcu-
lated from Equations (25) and (28), the general form of the faulty self and mutual inductance
can be expressed as follows:

Dy fautty (1) Do, fauity (t)
Lo—a25%/50% = — 40— Ma—a25%/50%—b = —1.(5— (29)

where the faulty inductances depend on the severity of the LTs fault, and the number of
faulty stator turns Ny. The analytical calculation of self and mutual inductances is conducted
as an example to explain the complete procedure. The other inductances can be derived
similarly. Figure 12a—c exhibit, respectively, the healthy and faulty inductances according
to the two LTs fault levels. All of the results obtained for healthy and degraded operations
by the analytical and numerical approaches are close.

An AC immobilization test is employed for the experimental measurement (Figure 12).
In this method, an AC current flows in phase A, while the other two phases are in an open
circuit. The self-inductance is then obtained using the RMS voltage and current measured
at different rotor positions [30].

2.2. Numerical Validation: Finite Element Analysis

In order to evaluate and validate the analytical approach, a two-dimensional FEA-2D
model of the motor is tested and simulated (Figure 1). The analysis of the behavior for the
LTs fault, with consideration of the electrical and mechanical quantities of the machine in
operational mode, is performed in an open-loop system. All of the testing and analysis will
be focused on the intrinsic features of the LTs fault. The main structural parameters and
specifications are listed in Table 1. Figure 8 illustrates the study ER-PMSM machine with
faulted turns and the mesh of the FEA model.

The impact of the LTs fault is at first examined without the influence of the controllers
under two fault severities. The ER-PMSM with 24 slots and 22 poles is used for the fault
analysis. The following analyses are performed at a level of 25% and 50% of LTs in phase A
of the machine.
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Turns (Phase A)

Phase C

(b)

Figure 8. ER-PMSM with LTs in phase A. (a) ER-PMSM stator winding with LTs fault in phase A;
(b) the mesh of the ER-PMSM FEA analysis.

Performance Analysis of ER-PMSM with LTs Fault

Figure 9 illustrates the radial air-gap flux density at no load obtained by the analytical
model and the FEA model in the healthy and faulty states according to the two LT fault
levels. In the case of an unbalanced stator winding fault, the amplitudes of the no-load flux
density waveforms drop. However, all analyses are consistent with the analytical analyses.
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Figure 9. Air-gap flux density distribution in the healthy and faulty cases.

The harmonic spectrum is depicted in Figure 10. The flux density in healthy and faulty
circumstances is mainly composed of the fundamental and other harmonics, as well as
the appearance of new harmonics attributable to the faults (red arrows). In addition, the
amplitude of the fundamental suffers a diminution in the faulty cases compared to the
healthy condition.
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Figure 10. Spatial harmonic spectrum of the healthy and faulty air-gap flux density.

Figure 11 shows the total fluxes generated by the stator power supply in the two
situations of the LTs fault of 25% and 50% of phase A, developed theoretically using the
analytical model described previously, and the finite element method at a speed of 600 rpm.
Due to the change in the stator winding induced by the fault in phase A, an unbalance
arises depending on the level of the fault, which leads to torque ripples (Figure 13). This
analysis will be used to determine the inductance of the machine in the presence of the
fault. The inductances take a critical role in the modeling process, since they consider the
many phenomena that might appear within the machine. Accurate modeling will lead to
additional information of the signals and a good compromise in terms of the accuracy of
the model.

7777777 H 0.08 [—-—-—-—

Phase A (Analytical) ==@== Phase A (FEM)
Phase B (Analytical) ==@== Phase B (FEM)

Phase C (Analytical) ==@== Phase C (FEM) |—

0.06

Phase A (Analytical) ==@== Phase A (FEM)
Phase B (Analytical) ==@== Phase B (FEM)
Phase C (Analytical) ==@== Phase C (FEM)

Flux (Wb)

Figure 11. Total flux created by the stator winding, (a) Total flux with 25% of LTs fault; (b) total flux
with 50% of LTs fault.

The inductances of the ER-PMSM are reported in Figure 12. The values given for the
inductances, calculated using the winding function approach from the real distribution
of windings in the stator slots, are closer to those of the finite element analysis and the
experimental ones. On the other hand, a considerable discrepancy is noted between the
FEA and analytical findings for the analytically calculated inductance. This discrepancy
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can be associated with the inadequacy of the winding function to take into account the real
flux paths, geometry, and nonuniformly saturated iron in an FSCW ER-PMSM machine.
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Figure 12. Comparison between inductances derived by the analytical approach, FEA, and experi-
mental measurements. (a) Healthy inductances; (b) faulty inductances with 25% of LTs fault; (c) faulty
inductances with 50% of LTs fault.

In Figure 13, the ER-PMSM is operated at nominal load. The temporal representation
of the output torque of the machine by FEA for the three cases is provided. In the LTs fault
circumstances of 25% and 50% of phase A, the torque decreases accordingly concerning
the healthy state, according to the fault’s severity level. Moreover, due to the change of its
symmetry, torque ripples appear, which are due to the growth of harmonics. The evolution
of the faulty torque reveals torque ripples corresponding to the double of the frequency,
owing to the decrease of the resistance and the inductance of a phase, which makes the
bandwidth wider. The results concerning the torque are provided in Table 2. It can be
observed that the level of the torque ripples is related to the severity of the fault.
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Figure 13. Electromagnetic torque comparison.

Table 2. Summary of simulation results of electromagnetic torque.

State Torque Ripples (N-m)
Healthy ER-PMSM Temin = 24.5023
I'e—max = 24.8956

Faulty state: LTs of 25% e min = 20.7869
Te—max = 24.5755

Faulty state: LTs of 50% Te—min = 17.5335
Te—max = 24.4895

3. Experimental Setup

This section describes the configuration and experimental campaign of the test bench
devoted to the control and diagnosis of the LTs fault of the ER-PMSM, to validate and
verify the theoretical and numerical methodologies. The parameters of the faulty machine
are reported in Table 1. The test bench is illustrated in Figure 14a. The structure of the
stator winding of the machine has been designed in such a way as to offer the possibility of
achieving various levels of LTs and interturn short circuit ITSC defects (Figure 14b). The
architecture of the experimental platform is given in Figure 14c. The experimental bench
for control and diagnosis consists mainly of a three-phase ER-PMSM of 22 poles and a
power of 1.5 kW, coupled to a permanent magnet synchronous generator (PMSG). This
PMSG is equipped with an incremental encoder connected to the interface with a specific
cable to measure the rotation speed, as well as to capture the exact position of the rotor,
whose stator is connected to a three-phase resistive load. The torque is measured via a
T22/50 Nm torque meter connected to an MX440B universal amplifier module from HBM’s
QuantumX. The machine is driven in a closed-loop and the motor is fielded by a Semikron
three-phase IGBT inverter at 5 kHz. The control and signal acquisition are performed via a
dSpace-MicroLabBox 1202 platform. The DC bus voltage Vpc is maintained at 150 V by
the grid through the three-phase autotransformer and a diode bridge rectifier.
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Figure 14. Experimental setup. (a) Global view of the test bench setup for control and diagnosis
of the ER-PMSM,; (1) ER-PMSM 1.5 kW; (2) torque meter T22/50 Nm; (3) load PMSG; (4) encoder;
(5) MX440B module; (6) dSpace 1202 MicroLabBox; (7) MATLAB/Simulink ControlDesk platform;
(8) DC power supply; (9) Semikron 3® inverter; (10) power supply 3®/50 Hz; (11) current sensors;
(12) voltage sensor; (13) digital oscilloscope. (b) Structure of the stator winding of the ER-PMSM,;
(c) block diagram of the setup.

The faulty harmonics are aimed at kfs, with the values measured in decibels (dB). As a
result, for fault sensitivity, we consider the case of the LTs fault in half of an elementary
coil Apgy, of 25% and 50%, corresponding, respectively, to 11 turns, 44 turns, and 88 turns.
In reality, the 25% and 50% cases are rarely possible, and the fault is often apparent on



Energies 2023, 16, 3198

16 of 23

*

Id*=0

w
) Speed
+ Controller

- w

Logic and
* drive circuit
C 3 Current | Usa V.*
i Controller P S
La dq ™ ap : w Vsb= N ﬂ
. ap—e abe > M Vsc* n
I 4 >
Sql C 3 ) Current
+ Controller Usq*
11,
ee
Y
dq < ap
127 — abe

some turns. Nonetheless, these values, although large, provide a vision of the tendency to
monitor the machine with the fault and the evolution of these harmonics.

4. Experimental Results

Figure 14c depicts a synoptic diagram of the experimental implementation that indi-
cates the experimental validation of the ER-PMSM control results in the healthy condition
with an LTs fault of 25% and 50%. The experimental results are acquired by a digital
oscilloscope linked to the real-time interface. The choice of the sampling frequency sig-
nificantly impacts the quality of the signals, particularly the phase currents, speeds, and
electromagnetic torque, and whatever the control algorithm used. For each healthy /faulty
scenario, a load torque condition is tested: 8 Nm for a speed of 600 rpm. In this section,
we present the experimental results illustrating the behavior of the ER-PMSM impacted by
25% and 50% LTs fault in its stator winding. Figure 15 depicts the flow chart of the control
loop used in this paper with the LTs fault diagnosis.

L, L, L;

f7

Data
acquisition

Envelope spectrum
analysis

LT Fault Diagnosis

Angle,speed | (7 NN J//
Measurement

Figure 15. The flow chart of the proposed strategy.

4.1. Healthy State of the ER-PMSM

The following section examines the behavior of the machine in the healthy state.
Figure 16 depicts the electrical and mechanical quantities recorded in real-time. The
presentation of the experimental results will be restricted to the intersective PWM. We are
interested in the rotational speed and the waveform of the stator currents. Figure 16a shows
that the rotor speed follows its reference. The three-phase stator currents are shown in
Figure 16b and in the d-q rotating frame in Figure 16c. The spectral analysis of the signals
offers a way to diagnose this type of stator winding fault. We present the spectral analysis
of the rotational speed and the stator current, using the fast Fourier transform (FFT) in
steady state at rated load. We will show how this method makes it possible to determine
the frequency content of the rotational speed and the stator current, and thus to find the
lines associated with the LTs faults of 25% and 50%.
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Figure 16. Electrical and mechanical characteristics in the healthy state. (a) Rotor speed; (b) stator
phase currents; (c) direct and quadratic current component.

4.2. Faulty State of the ER-PMSM

The following section provides the experimental results of the machine with the LTs
fault. Figures 17 and 18 exhibit the results obtained from the control of the different
electrical and mechanical parameters of the machine with a fault in the stator winding. The
presence of the LTs fault in stator phase A, according to the severity level, shows:

- The rotor speed is not substantially influenced by the LTs fault because of the control
loop that hides and compensates for the effect of the fault;

- High ripples arise in the stator current of phase A, the direct current ij, and the
quadratic current i;. The influence of the fault generates an unbalance and a noticeable
variation in the current envelope.
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Figure 17. Electrical and mechanical characteristics in the faulty state with an LTs fault of 25%.

(a) Rotor speed; (b) stator phase currents; (c) zoom of the stator phase currents; (d) direct and

quadratic current component; (e) zoom of the direct and quadratic current component.
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Figure 18. Electrical and mechanical characteristics in the faulty state with an LTs fault of 50%.
(a) Rotor speed; (b) stator phase currents; (c) zoom of the stator phase currents; (d) direct and
quadratic current component; (e) zoom of the direct and quadratic current component.

4.2.1. Motor Speed Signature Analysis

The examination of the motor speed signature analysis (MSSA) may provide a non-
invasive method applied for the detection of stator winding faults. It is a nonparametric
approach devoted to the analysis of stationary phenomena [31,32]. Figure 19 illustrates the
spectrum analysis of the speed in the presence of an LTs fault of 25% to 50%. According to
this study, we notice the appearance or the presence of several components having a direct
relation with the defect according to the specified degree of severity. The appearance of the
lines is an indicator of the existence of the LTs fault.
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Figure 19. Experimental speed spectrum of the ER-PMSM at 8 Nm load and 600 rpm, in healthy and
faulty conditions. (a) LTs fault of 25%; (b) LTs fault of 50%.

4.2.2. Motor Current Signature Analysis

The next stage is to evaluate the application of the spectral analysis of the stator
phase current envelope signal to LTs detection. The steady-state stator phase current
envelope spectra for the motor operating with f; = 110 Hz at 8 Nm load for 25% LTs fault
level is illustrated in Figure 20. The examination of the motor current signature analysis
(MCSA) reveals the influence of the LTs fault in the appearance of harmonics around
the fundamental, which increases with the fault intensity. The influence of the fault is
manifested by the presence of new visible frequency components in the current spectrum
around the fundamental at 2f; and 3f;. Based on this analysis, it can be inferred that the rise
in amplitudes induced by the fault is significant. We can also highlight more typical criteria,
such as the occurrence of kf; frequency lines near the fundamental (k=1,2,3,4 ... ) on the
stator current spectrum. Table 3 illustrates the magnitudes and frequency of the ER-PMSM
stator current analysis fault.

Table 3. Experimental magnitude of current components generated by the ER-PMSM at 8 Nm load
and fs = 110 Hz.

Current (dB)
ER-PMSM Magnitude (dB)
fs =110 Hz 2f, = 220 Hz 3f, = 330 Hz 4f, = 440 Hz 5f, = 550 Hz
Healthy state 0 —43.361 —41.096 —55.616 —23.937
Faulty state: LTs of Ap,y¢ 0 —43.177 —35.001 —45.819 —22.828
Faulty state: LTs of 25% 0 —31.636 —20.759 —38.989 —21.159
Faulty state: LTs of 50% 0 —37.708 —20.689 —42.237 —31.881

According to Figure 20, we notice that after the presence of the fault at a level of 25%,
an appearance and increase of harmonics is reflected in the frequency domain. The presence
of the LTs fault causes torque and speed ripples, which leads to significant mechanical
vibrations in the machine, as well as an unbalance that manifests itself in the form of an
important increase in the current of the faulty phase and a less significant increase for the
other two phases. The spectral analysis of the MCSA indicates a visible rise in amplitude at
2fs, 3fs, and 4f; for both fault levels. However, the fifth harmonic of the spectrum (550 Hz)
will not be influenced by the 50% LTs fault. According to these results, we observe the
existence of proportionality between the severity level of the LTs fault and the amplitude of
the characteristic harmonic of the fault. Therefore, we can subsequently detect an incipient
fault, which is the main objective of the LTs fault diagnosis. All information acquired from
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the spectrum analysis can be employed in an automated fault detection process, while
analyzing the presence of new harmonics and setting detection thresholds using adaptive
observers for reconfiguration and fault isolation.
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Figure 20. (a—f) Experimental current spectrum of the ER-PMSM at 8 Nm load and 600 rpm, in
healthy and faulty conditions with an LTs fault of 25%.

The validity of the analytical model was proven by two approaches: FEA and exper-
imental measurement of inductances and electromotive forces of the healthy and faulty
machines. The occurrence of new harmonics can be attributed to several factors connected
to the LTs fault, including torque and speed ripples, system nonlinearity, and unbalance
of the ER-PMSM electromotive force. These factors can induce variations in the electri-
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cal and mechanical behavior of the machine, resulting in spectral alterations that can be
detected and analyzed to diagnose the fault. While validation of the analytical model by
FEA and experimental measurements is crucial, understanding the underlying reasons
for the spectrum changes is equally important for effective fault diagnosis in real-world
applications.

5. Conclusions

This paper presents a new approach for modeling lack of turns (LTs) faults in the
stator winding of external rotor permanent magnet synchronous motors (ER-PMSMs),
which are of major importance in permanent magnet (PM) electrical machines since, in
rotation, the induction effect generated by PMs aggravates the effects of these faults.
Different operating conditions of ER-PMSMs with LTs fault provide a reference for real-time
diagnosis, prediction, and maintenance planning. The suggested method has substantial
advantages, such as fast calculation, good precision, and explicit physical correlations
between different factors. For this purpose, theoretical operational performances of various
operating situations have been evaluated.

The paper also examines the problem of diagnosing LTs faults in ER-PMSMs at their
early stage by analyzing the spectral content of the speed and current signatures under
various operating situations. The provided results confirm the efficiency of the diagnosis
and the application of spectral analysis for the extraction of LTs fault indicators.

Future research will focus on the development and combination of adaptive fault-
tolerant control of LTs faults, advanced fault diagnosis methodologies for ER-PMSMs, and
the implementation of automated fault detection processes in automotive applications.
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