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The widespread use of electric vehicles (EVs) in several industries gives
rise to many significant safety and reliability-related issues. Thus, there is
a need for methods for identifying flaws in EV components. In this paper,
a state assessment of a dual star induction machine (DSIM) under short-
circuit faults is investigated. The DSIM is selected due to its widespread
use in high-power applications and its numerous advantages over other
conventional machine types. Our focus is particularly on its application in
the automotive industry, where its dual stator windings ensure reliable and
robust parallel operation, thereby enhancing its robustness and efficiency.
To improve this technology and ensure its proper functioning following
potential failures and during maintenance, appropriate diagnostic and
monitoring methods are essential. Our methodology combines two
techniques: the current space vector (CSV), utilized to prevent information
loss, and the wavelet packet decomposition energy, calculated from the
resulting CSV signals. This approach enables the detection of various stator
short-circuit faults, presenting different severities and occurring at different
locations. The outcomes of this study, which were verified through the use
of a Simulink model of a DSIM devoted to an EV, showcase the efficacy
of the suggested approach. Furthermore, this work underscores the
significance of this approach in maintaining the performance and reliability
of DSIM, particularly in demanding environments such as the automotive
industry.
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1. Introduction

The technological landscape has witnessed the emergence of a specialized machine known as
the dual star induction machine (DSIM) [1]-[3]. This machine, characterized by its multiphase design
comprising two stator windings and one rotor winding, exhibits distinct operational features. The
stator windings, arranged in two identical three-phase stars, are spatially offset from each other by
an angle a, ensuring balanced electrical distribution. This configuration enables enhanced
performance and operational versatility [4], [5].

Over the past four decades, the utilization of DSIMs has significantly surged across various
high-power applications, notably in industries such as railways, petrochemicals, pumping stations,
marine, aviation, aerospace, and particularly the automotive sector [6]-[8]. The adoption of DSIM
stems from its inherent advantages over conventional multiphase machines, including reliability,
robustness, efficiency, and exceptional performance compared to single-star configurations. Notably,
DSIM mitigates electromagnetic torque ripples, curtails current harmonics, improves power factor,
and facilitates half-speed operation. Moreover, its resilience in the face of phase failures or losses
ensures continued operation, albeit in a degraded mode, minimizing torque fluctuations, segmenting
power, enhancing efficiency, and exhibiting better tolerance to voltage and load imbalances [6]-[11].

Despite its merits, it is imperative to acknowledge the susceptibility of DSIM to faults,
necessitating the implementation of appropriate diagnostic and monitoring methodologies to
maintain operational integrity. However, the domain of DSIM fault diagnosis has received limited
attention, given the complexity inherent in diagnosing defects in such machines. Existing fault
diagnosis approaches in conventional IMs, as outlined in [12]-[17], underscore the intricate nature
of fault detection, often requiring a combination of techniques for reliable results.

This underscores the need for further research in DSIM fault detection and diagnosis,
particularly in the automotive sector, where high-power machines like DSIM play a critical role.
Enhancing understanding of potential defects, reliability, and maintenance strategies tailored to
DSIM is vital for optimizing efficiency and extending automobile operational life, especially in
electric vehicles (EVs) [18]-[20].

Given the significance of short circuit defects as a major electrical fault in EVs, this study aims
to develop a robust diagnostic method specifically tailored to DSIMs. Short circuit defects,
encompassing turn-to-turn, coil-to-coil, phase-to-phase, and phase-to-ground faults, stem from
various factors such as power imbalances, electrical overloads, stator core overheating, or rotor
winding misalignment [21]-[24].

The proposed method integrates two techniques: current space vector (CSV) analysis and
wavelet packet decomposition energy (WPDE) calculation, customized for DSIMs in EVs.
Validation of this method is performed using a DSIM Simulink model, ensuring its applicability and
accuracy in real-world applications.

2. Proposed Method Description
The methodology proposed in this paper consists of two main stages as seen in Fig. 1:
(a) Calculation of the CSV of the simulated six-phase current signals

Three sinusoidal waveforms, one for each phase of the system, show the currents in that system.
These three quantities are combined into a single vector by the SV representation (eq. (1)), which
offers a clear and effective means of expressing the state of the system [25], [26].

i) = %[il(t) + aiy(t) + a?iz(t)] ey

Where: a=e-j2/3r is the Fortescue operator.
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(b) Calculation of the energy parameters for the approximations and WPD coefficients details,

The energy is an effective indicator for fault classification. According to [27], each frequency
band's energy eigenvalue at a decomposition level j is defined as follows:

N
2
B = ) [0 @
n=1
Where: Xj(n) are the wavelet packet coefficients.
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Fig. 1. Block diagram of the proposed new method

3. DSIM Model Including Short-Circuit Fault

The DSIM schematic shows the position of the winding axes of the nine phases that make up
the machine as depicted in Fig. 2: six phases for the stator and three phases for the rotor. The
mathematical representation of the DSIM linked to the “dqg” axis system after applying the Park
transformation to the stator voltages is expressed by equation (1) [28]-[30].

[B][U] = [L][i] = os[DI[1] = o [C][1] + [R][I] @)

t
[U] = [Vas1,Vgs1r Vasar Vgsz» Vars Vgr| : Control vector
t
(1= [las1, Igs1 lasz » Igs2s lars Igr ] © State vector
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Fig. 2. Schematic representation of DSIM [31]
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Star 2: { Pas2 52' ds2 m(. ds1 . ds2 dr) (11)
Pgs2 = Lszlqsz + Lm(lqsl tlgs2 + lqr)
=Ligr + Ly (igey +igsp +10
Rotor: {‘pdr rtdr m( ds1 ds2 dr) (12)

@Qqr = Lyigr + Lm(iqsl + iq52+iqr)

Based on the predefined mathematical expressions (1)-(10) a simulated model of a DSIM
dedicated to an EV has been designed using the Simulink/ MATLAB tool to diagnose all the resulting
healthy and faulty signals as shown in Fig. 3. To simulate turn-to-turn short-circuit defects a set of
modifications has been considered. In the case of turn-to-turn short-circuit in phase A, these

modifications can be represented as follows [32], [33]:

. _ . (Pabcsl Fs1 .
Instar 1: Vape , = Isilape,, + M 0 |if
0
r
do s2
In star 2: Vape,, = Tslabe,, + % - p[ 0 ]if
0

Where: if the short circuit current in phase A and [ is the defect percentage.

Applying Park transformation can be expressed as:

| WOy, [ [0
In star 1: Vgqo,, = T's1igdos, + ©Pgq, + a3 Ms 51 i
/2
g cos0
; Pqdo 2 ; .
In star 2: Vqqo,, = I'sz2iqdog, T Oy 4, T % - \Elﬂ’sz 511;16 i
2

The parameters of the DSIM used for this study are summarized in Table 1.

O+ ]

(13)

(14)

(15)

(16)

Vas] Vas] Y To Workspace DSIM
Vsl
Vsl »{Vbs]
Tem
Vesl »{Vesl
source-l pleetars O »U Tasl —vm
parc-direct] ! 1Al
24
Vas2 |—{Vas2 sl 2
Vds2 Group 1 Phixd o
Vbs2 Vbs2 E s 2—l\ »
t
Ves2 »Ves2 cs.
Vgs2 Speed Tr—»Tr Phirq IC1
source-2 ¢$-—Piteta-s T
-direct2 E signal 2 —» Teta
pare-direct - =
Vir Var e BV Ibs2
teta-gl B2
100%pi F—»{Ws lesd n
teta-s
Constant Letacs IC2
park inv

Fig. 3. Model of DSIM in the MATLAB/Simulink
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Table 1. DSIM parameters

Parameter Value
Nominal power B,=100 kW
Nominal torque T,,=650 N.m
Nominal voltage V,,=220/380 V
Nominal current I,=90 A

Number of pole pairs p=2
Moment of inertia J=2.5 kg m?
Coefficient of friction k¢=0.04 Nms/rad

Rotor resistance R, =0.021 Q
Windingresistancestar 1 R¢1=0.071 Q
Windingresistancestar 2 Rs»;=0.071 Q

Leakage inductances of star 1 windings L¢1=0.0007 H
Leakage inductances of star 2 windings Ls,=0.0007 H
Rotor inductance L,=0.000335 H
Cyclicmutual inductance L,=0.0151 H

4. Dimensional Study of the Charge

This study is based on the detection of short-circuit faults in the DSIM, which powers the EV
as seen in Fig. 4. Therefore, the EV represents the charge. So, the various forces acting on the
investigated EV are as follows:

Resistant force (Fsiope): Fs1ope = mg sin(B) a7

Air penetration resistance force (Farw): Fyero = %pairAdeVez (18)
Rolling resistance force (Fire): Fiire = Mg fro cos(B) (19)
The total resistive force is: F. = Fyero + Frire + Fsiope (20)

Introducing the system of equations (17), (18) and (19) in equation (20).

With, the equation of motion: m d;i” =F —E, (21)
We get:
The mechanical power of an EV is: Py, = F.V, (22)
r
The motor torque EV is: T, = F,. A (23)
Group 1
T Signal 2 | >V
Tr—»(1)
pe— Tr
pee
9.8 g
Group 1
- , g Pev >
R Signal 2 TETA
—
Teta ve PeV

Fig. 4. Dimensional study of an EV in the MATLAB/Simulink
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5. Results and Discussion

For this study, six cases of defects, starting at t=1s, are considered: healthy DSIM, short-circuit
in phase A starl, short-circuit in phase A star2, short-circuit in phase A starl and phase A star2, phase
A and B starl, phase A and B star2; under several severities (30%, 40%, and 50%); in three cases, an
EV without load, with a speed variation between (50 km/h) and (100 km/h) with no slope, and a
slope variation of (30°) and (-30°) with a fixed speed of 80 km/h.

5.1. Simulated Data Acquisition
The signals are obtained by MATLAB/Simulink software with a sampling frequency of 1000 Hz.

5.1.1. EV Motor Without Load

Fig. 5 represents the module of CSV of simulated signals for the two stars in the healthy and
faulty state in case phases A and B turn to short-circuit of the first star with no load.
1000 | T | \

Healthy state
800 B  — | Defect of 30% | —
e Defect of 40%
600 [ Defect of 50%
400 L g ]
«
o 200 ‘ -
=2
=
= 0 —
<

-200 =

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 5. CSV module of simulated signals in the healthy and faulty state with no load

5.1.2. EV Motor With a Speed Variation

Fig. 6 represents the module of CSV of simulated signals for the two stars in the healthy and
faulty state in case of phases and B turn to turn to short-circuit of the first star with speed variation
and no slope.

5.1.3. EV Motor With a Slope Variation

Fig. 7 represents the module of CSV of simulated signals for the two stars in the healthy and
faulty state in case of phases and B turn to turn to short-circuit of the first star with slope variation
and fixed speed at 80km/h.

5.2. 5.2 Data Decomposition

To treat the state of the DSIM, the trasatory part of the signal was eliminated and only its
stationary part was considered for the treatment. The WPD of the CSV signal is done with Daubchies
'db44' mother wavelet and the decomposition level is calculated by the relation [34], [35]:

tog ()

N=int
™ Tog2)

(24)

With: fs: sampling frequency (fs=10000 Hz), fe: supply frequency (fe=50 Hz), and so N=9.
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5.2.1. EV Motor Without Load

Fig. 8 represents the energy values corresponding to the ninth-level WPD nodes for healthy and
defective states under severity of 50% for each case, for both star 1 and star 2, with no applied load.
These results make differences between the healthy state and the several studied defects; where, it is
outstanding that the energy values in star 2 are more important in comparison to star 1 due to the
phase shift between the two stars; we can notice also, that the highest energy value corresponds to
the defects related to the star where the defect is occurring and vice versa as explained in Table 2. It
also appeared that the energy concentration is around the 5 node so we have selected and compared
the energies of this node for the rest of the tests.

1000

Healthy state
ﬁ) 800 ——— Defect of 30%
Defect of 40%
600 — Defect of 30%
400
2
5 200
E
= 0
E
<
2200 4
400 .
-600 i
800 l | | 1 | | | | |
0 2 4 6 g 10 12 14 16 18 20
Time (s)
1000 ‘ |
b) Healthy state
800 Defect of 30%
Defect of 40%
600 Defect of 50%
400
<
o 200
=
=
T 0
E
<
-200
-400
-600
-800 |
0 5 10 15 20 25 0 5 10 15 20
Time (s)
Fig. 6. CSV module of simulated signals in the healthy faulty state under speed variation: a)50 km/h, b)100
Km/h

Table 2. Ascending order of energy values

Lowest Energy Values Highest Energy Values

Phase A S1 Phase A
Star 1 Phase AS2 Phase A and B S2 and S2 Healthy and B S1 Phase A S1

Phase A S1 Phase A
Star 2 Phase AS1 Phase Aand B S1 and S2 Healthy and B S2 Phase A S2
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Fig. 7. CSV module of simulated signals in the healthy faulty state under slope variation: a) -30°, b) 30°
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Fig. 8. Energy values of the WPD nodes: without load
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5.2.2. EV Motor With a Speed Variation

Fig. 9 and Fig. 10 represent the energy values corresponding to the fifth node of the ninth-level
WPD for the several obtained defect types at the different considered severities of 30%, 40%, and
50% of damage. Besides the remarks obtained from the first tests (part a), we can see that the energy
values increase with the increase of damage severity for the defects from the same star and decrease
for the defects from the opposite one when applying a speed of 50 km/h (low load) and vice versa
when applying a speed variation of 100 km/h (high load). Besides the influence of speed variation,
where the energy of the two stars becomes almost homogeneous when applying a speed of 100 km/h;
also, the energy values for the speed of 100 km/h represent nearly twice the value of those of 50 km/h
of speed.

%10* Starl Star2
10 | \ \

[ Healthy state

9 [ Defect of 30%
[ Defect of 40%
[ IDefect of 50%

8

Energy
©
I

o [
I T

| |
0
Healthy PhAS1 PhAS2 PhA&BS1 PhA&BS2 PhASI&A S2 Healthy PhAS1 PhAS2 PhA&BS1 PhA&BS2 PhASI&A S2

Fig. 9. Energy values corresponding to the fifth node of the ninth-level WPD: speed variation (50 km/h)

«10* Starl Star2
13 \ \ | \

[ Healthy state

[ Defect of 30%
[0 Defect of 40% |—
[_IDefect of 50%

|
Healthy PhAS1 PhAS2 PhA&BS 1 PhA&BS2 PhASI&A S2 Healthy PhAS1 PhAS2 PhA&BS 1 PhA&BS2 PhASI&A S2

Fig. 10. Energy values corresponding to the fifth node of the ninth-level WPD: speed variation (100 km/h)

5.2.3. EV Motor With a Slope Variation

Fig. 11 and Fig. 12 represent the energy values corresponding to the fifth node of the ninth-level
WPD for the several obtained defect types at the different considered severities of 30%, 40%, and
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50% of damage. We can note that the energies for both slopes of (30°) and (-30°) behave in the same
way as those at 50 km/h, however, it takes the highest values when comparing with tests without
load and with speed variations. To evaluate the efficacy of the suggested approach, Table 3 offers a
comparison with other research on inter-turn short circuit fault diagnosis of EV motors.

7 Starl Star2
4510 \ T T \

[ Healthy state

[ Defect of 30%
4= [ Defect of 40%
[IDefect of 50%

35—

25

Energy

0.5 —

| |
0
Healthy PhAS1 PhAS2 PhA&BS1 PhA&BS2 PhASI&A S2 Healthy PhAS1 PhAS2 PhA&BS1 PhA&BS2 PhASI&AS2

Fig. 11. Energy values corresponding to the fifth node of the ninth-level WPD: slope variation (30°)

5 107 Starl Star2
T | T T

I Healthy state

[ Defect of 30%
451~ | Defect of 40%
[ IDefect of 50%

| |
0
Healthy PhAS1 PhAS2 PhA&BS 1 PhA&BS2 PhASI&A S2 Healthy PhAS1 PhAS2 PhA&BS1 PhA&BS2 PhASI&AS2

Fig. 12. Energy values corresponding to the fifth node of the ninth-level WPD: slope variation (-30°)

Table 3. Comparative analysis of EV motors' ITSC fault detection.

Reference Motor type Method Remarks
permanent magnetic Deep Reinforcement o
[36] synchronous motor (PMSM) Learning Accuracy of 99.99%.
Combination of Park's
[37] PMSM vector + Multimodal Accuracy of 99.26%.
mobile net v2

High precision in detecting the defects

Fuzzy-Extended Kalman with a medium complexity of the

[38] PMSM

Filter ioati
proposed method application.
Present DSIM Current space vector and A good indication of defects under
paper WPD Energy different speed and slope conditions.
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6. Conclusions

The DSIM is a powerful machine with a reduced possibility of degradation compared to other
IMs, it is chosen for its reliability and its ability to continue the service in case of partial electrical
failures so it is used in this research for the motorization of an EV. In this paper, we have dealt with
inter-turn short circuit fault which represents the most relevant fault that occurs in IMs. A simple and
efficient approach was introduced in this paper for early detection and diagnosis of a stator short-
circuit defect in a DSIM using WPDE enhanced by CSV technique. The proposed method is
evaluated using simulated stator short-circuit defects obtained by MATLAB/Simulink environment
under several severities with variations of speed and slope. Switching the presented results, we can
conclude a set of important points:

» With a low load, the energy values of the second star are higher than the first star due to the
phase shift between the two stars.

» The highest energy value corresponds to the defects related to the star where the defect is
occurring.

» The energy values decrease with the increase of defect severity when the defect is considered a
minor defect with a minor load.

» The energy values increase with the increase of defect severity when the defect is considered a
minor defect with the major load.

»  The defects appear more clearly when changing slope than speed because EVs in the first case
need more power to move compared to a road without slope.
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List of Abbreviations and Notations

DSIM: Dual star induction machine

Va b, c1: Three-phase voltages of star 1

Va b c2: Three-phase voltages of star 2

Va b, c. Three-phase voltages of the rotor

Va4, q s1: Voltages of star 1 in Park reference frame “d, g”
Vd, q, s2: Voltages of star 2 in Park reference frame “d, q
Vd, q, r: Rotor voltages in Park reference frame “d, q «
la b, c1: Three-phase currents of star 1

la b, c2: Three-phase currents of star 2

lapr: Three-phase currents of the rotor

id,q,s1: Star 1 currents in the Park reference frame “d, q”
id,qs2: Star 2 currents in Park reference frame “d, q”
id,qr: Rotor currents in Park reference frame “d, q”
¢@d,qsl: Flux of star 1 in Park reference frame “d, g”
@d,qs2: Flux of star 2 in Park reference frame “d, q
@d,qr: Rotor fluxes in the Park reference frame “d, g
Rs1: Resistances of the first star phases

Rs2: Resistances of the second star phases
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Rr; Resistance of the rotor

Lm: Cyclic mutual inductance between star 1 and star 2
Lr Rotor inductance

Ls1: Stator inductance of star 1

Ls?2: Stator inductance of star 2

ws. Fundamental electrical pulse of the stator magnitudes
wgi: Fundamental electric pulse of the slip

g The gravity

B: The slope angle of the road

r: Wheel radius

G: Speed reducer

J: Total inertia of rotating parts

p: Number of pole pairs

g: Slip

F: Network Frequency

K: Stator-rotor magnetic coupling coefficient

¢@f: Flux imposed by the excitation current if

fro: The constant of the resistance force due to the displacement
Pair- The density of the air

Ay The frontal area of the vehicle

C4: The aerodynamic drag coefficient;

G: Speed reducer gain of the electric vehicle

m: The total mass of the vehicle

,,: The speed of the vehicle

P,,: The power of the electric vehicle

E. : The total resistive force
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