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Abstract— Nowadays, the electric machines used in urban
electric vehicles are, in most cases, three-phase electric machines
with or without a magnet in the rotor. Permanent Magnet
Synchronous Machine (PMSM) and Induction Machine (IM) are
the main components of drive trains of electric and hybrid
vehicles. These machines have very good performance in healthy
operation mode, but they are not redundant to ensure safety in
faulty operation mode. Faced with the continued growth in the
demand for electric vehicles in the automotive market, improving
the reliability of electric vehicles is necessary over the lifecycle of
the electric vehicle. Multiphase electric machines respond well to
this constraint because, on the one hand, they have better
robustness in the event of a breakdown (opening of a phase,
opening of an arm of the power stage, intern-turn short circuit)
and, on the other hand, better power density. In this work, a
diagnosis approach using a neural network for an open circuit
fault or more of a five-phase induction machine is developed.
Validation on the simulator of the vehicle drivetrain, at reduced
power, is carried out, creating one and more open circuit stator
phases showing the efficiency and the reliability of the new
approach to detect and to locate on-line one or more open phases
of a five-induction machine.

Keywords— Electric vehicle drivetrain, Multiphase Drives,
Induction Machine, Control, Open Circuit (OC) Fault Diagnosis,
Artificial Neural Network.

I. INTRODUCTION

Rotating electrical machines with a number of phases higher
than three (n > 3) are commonly referred to in the literature as
multiphase machines. These electrical machines fed by voltage
source inverters (VSI), in comparison with classical three phases
machines, gain more degrees of freedom for design and control
in healthy mode and in degraded mode where operational safety
is always guaranteed. Interest in multiphases machines for
variable speed electric traction application has only increased
significantly in recent decades. This is thanks to developments
in certain specific fields such as power electronics converters

Rabia SEHAB
ESTACA Engineering School
Laval, France
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Cristina MOREL
ESTACA Engineering School
Laval, France
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and digital signal processors. Another reason for this emergence
is that the development of in-depth theories on multiphase
machines have been considerably advanced [1]. Fig. 1 gives the
structure of an electric drivetrain in which a multiphase machine
with a number of phases n is supplied by an inverter with n-arms.

Based on the spatial displacement between two adjacent
phases, multiphases machines can be classified as symmetrical
(with a spatial phase shift angle of 2wnh) and asymmetric (with
several groupings of phases such as two groupings of three
phases for one machine six-phase) [2], [3].

VSI

IEEE

Be= e (
= N ;

n

N Q gn..a(’} EH@

Fig. 1 Architecture of a vehicle drivetrain using a multiphase machine supplied
by an inverter with n arms

n-phase
machine

If rotor construction is considered, there are three true types of
technologies: an induction machine, a permanent magnet
synchronous machine, and switched reluctance machine. The
asynchronous machine, often called induction machine, having
a squirrel cage rotor is attractive due to low-cost materials.
However, the permanent magnet synchronous machine allows,
thanks to the magnetic field created by the permanent magnets,
to generate a high power and torque density with a very high
efficiency compared to other technologies [4]. The switched
reluctance machine has a non-ferromagnetic rotor and robust
with significant salience. Like synchronous machines with
permanent magnets, it has a stator made of ferromagnetic
material comprising teeth on which coils are wound which
create the magnetic field. The absence of permanent magnets
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allows the rotor to be temperature independent and shock and
vibration resistant. By its rotor structure and the independence
between its phases, this machine is tolerant to intrinsic faults

[5].

In this paper, we will be interested in the multiphase induction
machine for electric vehicle applications, as the induction
machine remains the most suitable candidate. Indeed, the
induction machine in comparison with other technologies,
allows the obtaining of improved power distribution per phase,
decreasing the rated current through each phase as the number
of phases increases for a given rated power, allowing less
damage to converters, improved torque density and fault
tolerance capability. Indeed, an induction machine with n-
phases with one or more faulty phases can operate without
requiring external equipment as long as the number of faulty
phases is not greater than (n - 3) [6]. In this paper, a five-phase
induction machine is chosen in the drive train of an electric
vehicle, but in general case the choice of any phase number
depends essentially on the fault number that can be tolerated in
the system, power rate and degrees of freedom for the design
and control.

In comparison with conventional three-phase machines,
multiphase machines allow four main advantages to be satisfied
[7]-[10]:

¢ Low nominal power per phase for safe electric vehicles:
For electric vehicle applications, user safety is
important. In this case, a low voltage standard (<48 V)
can be a solution to guarantee electrical safety. Low
voltage multiphase machines can avoid high voltage
electric shock as well as complex and costly
requirements for circuit isolation and power electronic
devices. Therefore, the protection costs are reduced.

e Fault Tolerant: Fault tolerance is one of the main
advantages of multiphase machines, because their
redundant design allows them to have more degrees of
freedom (DoF) for control than conventional three-

phase machines. This functionality allows the
maintenance of persistent operation of multiphases
machines.

e Low torque ripples: With a multiphase machine, it is
possible to obtain a constant torque by imposing
constant d-q currents in different reference planes.
However, a three-phase machine requires the classical
constraint on sinusoidal electromagnetic  back
electromotive force and currents (in the case of PMSM).
Therefore, a multiphase machine leads to less design
constraints than a three-phase machine.

e More configuration possibilities for the stator winding:
When an inverter is defined with a given maximum
current and bus voltage, changes in the connection of the
machine windings allow the torque-speed characteristic
to be varied with a flux-weakening approach.

Fig. 2 shows the possibilities of stator winding configurations
for a 5-phase machine and their effect on the Torque-Speed
characteristic.

Torque

/ / 4,/"\: \, T
) " ) 4 N\ pentacle

a b c d

Fig. 2 Stator winding configurations for a machine with five phases:
star (a), pentagon (b), pentacle (c) and corresponding torque-speed
characteristics (d)

In the literature, research work concerning fault detection

and isolation (FDI) based on artificial intelligence techniques,
applied to multiphases machines, currently remain very limited,
as most of those works are oriented for classic three-phase
systems. For instance, reviews of FDI methods can be classified
as model-based methods [11], signal based methods [12], [13]
or data driven based methods [14], [15]. The first ones need an
accurate system model to achieve a robust algorithm. The
second ones require the measurement of inverter outputs
(currents or voltages). Methods based on voltage analysis have
a major drawback because extra hardware or sensors are usually
needed for real time implementation. Current-based methods
have been used for fault detection and localization for
conventional three-phase systems. However, these methods
remain incomplete, in particular as regards the transition to
multiphase systems [12].
Data driven based methods remain more interesting than the
other techniques and especially with the development of
Internet of Things, wireless communications, e-commerce, and
smart manufacturing, the amount of data collection has grown
in an exponential manner. Beyond technological developments,
these tools allow greater flexibility in relation to fault
processing, as well as obtaining faster detection time. It is the
reason why in this paper, we focused on artificial neural
network techniques for diagnosis of open phase fault in the
inverter side.

The algorithm proposed in this paper is based on the
analysis of currents on the stationary plane (a-f), by integrating
the Fourier transform to extract the characteristics that define
each operating mode, based on this processing we have built
database on which the neural networks was trained for the
detection and location of OC faults on any phase of the inverter.

In the first section, a five-phase induction machine model is
presented with a velocity control using indirect rotor field-
oriented control with star topology of the stator winding.
However, a simulator of the vehicle drive is developed, and a
validation is carried out in healthy operation mode using a
velocity mission profile. The second section is devoted to the
simulation of an open circuit fault and its effect on the dynamic
behavior of the vehicle drivetrain (electric and mechanical
variables). In the third section, a diagnosis is carried out and an
algorithm is developed using Multi-Layer Perceptron (MLP)
neural network for fault detection and location of an open
circuit phase or more. Finally, in the last section, a validation is
performed online by simulation to show the efficiency and the
reliability of the proposed algorithm for detecting and locating
an open circuit in any arm of the inverter.
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II. INDIRECT ROTOR FIELD ORIENTED CONTROL OF THE FIVE-
PHASE INDUCTION MACHINE

A. Structure of the Five-phase IM and the VSI

The considered multiphase system is composed by a five-
phase induction machine; with star topology in the stator
winding, a voltage source inverter (VSI); the control system
which includes the protection and diagnostic functionalities; and
an isolated DC-source. The VSI consists of the parallel
connection of five-leg inverter, each leg is composed of two
transistors (Ty, Tx4s, kK = 1,2,3,4,5). In the next parts, the
five-phase system model will be presented, as well as the control
technique based on the indirect field oriented control method.

/ Five-Leg Voltage Source Inverter

e
’4;1_ ﬁq ’-’45}

Speed Sensor

Currents
Measurements

Fig. 3 Structure of the 5-phase electric drive

B. Model of the five-phase induction machine

The mathematical model of the 5-phase symmetric
induction machine can be modeled by the following set of
differential equations, obtained by analyzing the magnetic
coupling of the stator and rotor circuits, observed from the stator
side [16]:

1

(01 = (R[] L)) + S Ly O] [

[l = (R[] + 4

dt

d
(o] = [R] [ir] +

—[R][i 4+l T 2
2] = (R i)+ [ 5 i) + 2 (s @) ) @)

dt
t
- 3
6 J; wydt

In these equations v, i and A denote the voltage, current and
flux variables respectively, while the subscripts sandr
respectively identify the stator and rotor variables. The
instantaneous position of the rotor with respect to the stator is

represented by 8, while w,. is the electrical pulsation of the rotor.
The voltage, current and flux vectors are defined in (4-9), being
the variables corresponding to each phase represented by the
indices a, b, ¢, d and e where we can note that the phase voltages
of the rotor are zero because we consider the case of an induction
squirrel cage machine.

[VS] B [Vsa Usp VUsc VUsda Vse]T (4)
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e (larke decoupled model

The transformation matrix applied to the model based on the
phase variables is presented in Equation (10), obtaining the new
variables in the stationary frame in Equations (11-14) [16]:
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In this frame, the electromagnetic torque expression is given
by:
(15)

5 S
Tem=p'§'Lm'(lra'lsﬁ_lrﬁ'lsa)

The variables in the x — y subspace, as well as in the z
component, are not present in the torque equation, showing that
the useful transformation of energy only occurs in the subspace
a-f.

e Model in the d- q reference frame

By applying the Park transformation to obtain the model in
the rotating frame of reference d — q defined in Equations (16-
17), the stator and rotor variables in the new rotating reference
frame are given by Equations (18-21) [16]:
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Thus, the electromagnetic torque generated is defined by the
following expression:

(22)

n . . . .
Temzp'E'Lm'(lrd'lsq_qu'lsd)

C. Indirect Rotor Field Oriented Control

The control by orientation of the rotor field consists in
achieving a decoupling between the magnitudes generating the
electromagnetic torque and the rotor field. In this case, the rotor
field component is aligned with the d axis, so the rotor flux in
the q axis is zero [17], [18]:

. . . 1 .
Mg = Ly tipg + Lo isq T dpq = L_,(Ard D) (23)
. , ) A
qu =0=Lyirqg+ Ly i - lbra = _L_r. lsd (24)
dirg _ 0 (25)

dt
By substituting (23)-(25) in rotor voltage Equation (19) and
in torque Equation (22), we obtain:

di

b 26)
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T

L
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Where 1, represents the rotor time constant. The
electromagnetic torque represented by (28) shows that it can be
controlled by changing the stator reference current ig, and
keeping the rotor field 1,4 constant below synchronism. By
analyzing (26), we can affirm that the rotor field is independent
of the current i, responsible for the torque production, and that
the value of the rotor flux is determined only by the stator
current ig.

The block diagram of the indirect rotor field-oriented
control (IRFOC) for a five-phase induction machine with
distributed windings is shown in Fig. 4. The technique is based
on three independent control loops for speed, rotor field and
torque. The use of proportional-integral (PI) controllers gives
the controller robustness against the main drawback of this
method of control, which is the need to know the parameters of
the machine in order to obtain orientation.
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Fig. 4 Block diagram of IRFOC for the 5-phase IM

The validation of the vehicle drivetrain operation in healthy
mode is carried out at a reduced power using a load torque of
10 N -mattime t = 0.07 s, and a velocity profile as shown in
Fig. 5. Indeed, the velocity machine followed well the velocity
profile before or after applying the load torque.
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Fig. 5 Velocity response of 5-phase IM

In addition, Fig. 6 shows that the electromagnetic torque
provided by the five-phase induction machine follows well the
applied load torque in the steady state of the velocity mission
profile.
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Fig. 6 Torque response of 5-phase IM

As shown in Fig. 7, we notice that the phase current’s evolution
is image of the velocity profile given in Fig. 5. Indeed, the phase

currents are shifted by 9 = 27T/ 5, Which corresponds to shift
between each two stator phases.
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Fig. 7 Stator currents response of 5-phase IM
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III. MULTIPHASE SYSTEM ANALYSIS UNDER VSI OPEN PHASE
FAULT AND DIAGNOSTIC VARIABLES SELECTION’S

A. Open phase fault creation scenarios

For a five-phase induction machine, the total number of
faults, of an open arm type on the inverter side, that it can
tolerate during operation is two faults. Thus, we can distinguish
two scenarios of fault occurrence:

e The first scenario consists of creating one open-circuit

per arm at each time. In this case, there are six classes,
where one is dedicated to the healthy operation mode
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and the others for the remaining open-circuit arm related
to the other phases of the five-phase induction machine.

e In the second scenario, two open-circuit faults are

created simultaneously. In this case, there are 15 classes,
where one class for healthy operation mode, five for a
single open circuit fault at each time; and the others for
two open-circuit faults at each time.

In this paper, we will focus only on the first scenario to
create a single fault-circuit per arm at each time. In addition, a
fault diagnosis will be carried out in order to develop a Faut
Detection and Isolation algorithm using Neural Network
approach.

B. Selection of diagnostic variables

To illustrate the effect of the OC fault on the dynamic
behavior of the vehicle drivetrain, we have created the
following OC faults based on first scenario: OC Arm:
fromt=1sto t=1.5s, OC Arm,: fromt =15s to t =
25,0CArms:from t =2s tot = 2.55,0C Arm,: fromt =
25sto t =35;0C Arms: fromt =3sto t =3.5s5.

We noticed the open circuit has affected the velocity
response (Fig. 8) creating a short velocity drop with oscillations
around the steady value. Similarly, the motor torque response
(Fig. 9) shows the effect of the same open circuit where we
notice high oscillations around the steady state value. For
current responses (Fig. 10), we noticed that the waveforms are
deformed differently depending on the location of the faults.
Finally, the diagnosis we will focus only on the variables that
describe the state of the arms of the inverter. Indeed, the fault
impact in currents is more significant comparing to the other
variables.
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Fig. 8 Velocity response under OC faults
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Fig. 9 Torque response under OC faults
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Fig. 10 Stator currents response under OC faults

The variables that are used for the diagnosis are the currents
of the stator phases because they make it possible to detect and
locate the open circuit faults of the inverter arms. In addition,
as the current measurements are available for the control part,
we can finally use them for diagnosis without adding other
Sensors.

C. Establishment of the I, — lg characteristics

The output current data measured from the induction
machine 1, I, I, I; and I, are transformed from the original 5-
phase plane to a two-phase I, and I plane using the Concordia
transformation. This transformation is performed for the
evaluation of the stator current patterns of the machine when
OC faults occur.

The matrix which makes it possible to perform this
transformation is given by:

Copp = _[ ct')s(ﬂ) C'OS(219) C'OS(319) C'OS(4-19) (30)
510 sin(¥) sin(29) sin(3Y) sin(49)

With 9§ = 27T/ 5 is the angle between the phases of the machine.
Under healthy operating mode, the characteristic of the currents
Iy — Ig, obtained from the Concordia transformation describes
a circle, whereas, in the event of faults, this characteristic of the
currents I, — Ip is deformed in two directions, because each
inverter arm is linked to a power stage which consists of two
transistors. Fig. 11 gives the characteristic I, — Iz in healthy
mode and faulty mode for each scenario.
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Fig. 11 Characteristic I, — Ig for each operating mode

IV. PROPOSED REAL-TIME FDI ALGORITHM

A. Structure of the proposed Real-time FDI algorithm

The structure of the proposed algorithm for the detection
and localization of faults is composed of the five-phase
induction machine, the control part, the fault generation, the
extraction system and the MLP neural network. The extraction
system feeds the MLP network with significant characteristics
that allow it to make the decision on the presence of an OC fault
as well as its location. The extraction system part and the MLP
network will be detailed in the following sections. Fig. 12 gives
a simplified structure of the diagnosis system.

B. Feature extraction

For a better classification, an extractor of the characteristics
remains mandatory. The accuracy and speed of the MLP neural
network depends on the ability of the extractor system to
provide meaningful detail across all possible classes.

w,

ref Win
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+ DM : Induction Machine

Sph
m

Vd‘ E

Fig. 12 Diagnosis system structure

The feature extraction system must meet the following
properties:

e To provide the neural network with details to quickly
detect the fault.

e To locate of each model class between the limits defined
by a threshold.

e To make the characteristic extractor universal for
different reference speeds by standardized functions.

According to the literature, many signal-processing
methods have been applied for pre-processing for fault
recognition, including time-domain analysis, frequency-
domain analysis, time—frequency analysis [19]. In this paper,
the Fourier transform (FT) is used to extract the main
characteristics provided by the currents I, — .

Figure 13 shows that the stator currents period remains the same
before and after the occurring of the fault.
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o — = -

1 time (s)
(a):OC Arms
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— ey |
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382 354 356 358 36 3e2 364
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(b) Healthy Mode
Fig. 13 Stator currents period

This period T is given by:
1

=-=27 31
h=7="% G

Where n and p are velocity machine and number of pole pairs
respectively.

Fourier transform applied to the currents I, et I is given
by:

Io(F) = TF(1,() = f ::olg,(t) -2ty (32)
Is(f) =TF (Iﬁ(t)) = f:’ﬁ(f) < e-iznft gy (33)
These transforms around the+£requency fi1 are given by:
) = TF(0) = | 1(0)- e 2mhikar (34)
(35)

Ig(f) =TF (Iﬁ(t)) = j +m1ﬁ(t) < e JZTAL gy
By using the Euler’s formula for real number x given by:

e/* = cos(x) +j + sin(x). (36)
We obtain:
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I,(f1) = f+m I,(t) - cos2nfit) -dt —j - f+m1,1(t) -sin(2nfit) - dt 37

+00 +00
Ig(fy) = J-_ I1g(t) - cos(2mfit) - dt — j J- Ig(t) - sin(2rfit) - dt (38)

For each quantity, we calculate the magnitudes 4, et Ag:

(39)

Aulf) = J(] 1o -cos@ref,))? + ([ 1a(0)-sin(nfy)?

po= po (40)
a5 = ([ 1@ -cos@nfion?+ ([ 10 -sinCenpo)?

These magnitudes are used to feed the perceptron multilayer
neural network to detect and locate OC faults on the inverter
side.

Figure 14 shows different classes that will be used to train
the MLP system. Also, the same figure gives these magnitudes
around the frequencies 3 * f; and 5 * f;. We can notice that the
information given by these two curves is less significant

compared to that given by the Fourier transform at f .
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Fig. 14 Magnitudes A and Ag

C. Multi-Layer Perceptron Neural Network Structure

The Multilayer Perceptron MLP network is used for the
detection and location of a single open circuit faults on VSI
side.

In order to improve the algorithm accuracy and to avoid the

overfitting, the MLP structure is optimized via an empirical
approach, based on simulation, starting with a first structure of
one hidden layer with 10 neurons, and ending with an optimal
structure of 4 layers, as shown in figure 15. The 3 hidden layers
are respectively consisted by 70, 90 and 80 neurons; while the
output layer is consisted of two neurons, where the first neuron
describes the operating mode (1: Healthy mode, and 0: Faulty
mode), and the second one locates the fault, by giving the phase
number from 1 to 5. The MLP input consists of two neurons
which correspond to A, and 4g.
The training process of the MLP network was carried out
offline using Matlab code. First, for each created single fault on
the VSI arms of the drivetrain simulator, a set of data was
collected. Then, the optimization of the MLP network is
performed, choosing the number of hidden layers and the
number of neurons on each layer. Finally, the optimized MLP
network is integrated online in the simulator, in order to test its
robustness and its accuracy in the detection and localization of
OC faults on the VSI arms.

Hidden Layer 1 Hidden Layer 2 Hidden Layer 3 Qutput Layer

Fig. 15 MLP neural network structure

V. PERFORMANCES EVALUATION OF FDI ALGORITHM

The validation is carried out, using an arbitrary scenario,
with the following OC faults occurrence on the inverter side:
OC_Arm3 > OC_Arm5 > OC_ Arm 1; each fault is created
in steady state for a duration of 0.4 s at 1500 rpm and a load
torque of 25 Nm. Stator currents response to OC fault scenario
are given in figure 16. In the first step, these currents are used
to compute the magnitudes A, and Ag using Fourier transform
at the fundamental frequency f;. Then the MLP neural network
is fed using these magnitudes.

Figure 17 and figure 18 show the detection and location
response of the MLP network. We can observe that the OC fault
on the VSI side is promptly detected and located thanks to the
robustness and accuracy of the proposed approach. Indeed,
figure 19 shows the confusion matrix of the MLP network
performance where the global accuracy reaches 97.4 %. The
peaks that appear on the responses of the MLP network are due
to the transition time from scenario to scenario, where the
magnitudes A, and Ag are not fixed (figure 14).
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Fig. 16 Stator currents response under OC faults
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OC=aNWRNON®OD
T T

OC Arm5

OC Arm3

| Healthy mode "‘ |

OC Arm1

Location out-put

-10"
o

02 04 0.6 08 1 1.2 14 16 18
time(s)

Fig. 18 Fault location response of the neural network
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VI. CONCLUSION

In this paper, an automatic fault detection and location
approach for any open phase fault in the VSI, feeding a 5-phase
induction machine used in an electric vehicle drivetrain is
developed and validated by simulation. This algorithm is
developed using a MLP neural network and a feature extractor
based on Fourier transform.

The advantages of this approach comparing to conventional
FDI methods resides in its high fidelity to detect and to locate
any OC fault in any arm of the VSI using only stator currents of
the five phase induction machine. In addition, the accuracy to
detect and to locate any OC fault is very high and the computing
time of the algorithm is very fast to provide the results. Some
perspectives to extend this approach consist to validate it for
any operating point from the velocity operation range of the five
phase induction machine and to validate it on a test bench to
setup in our laboratory. Further work after the validation of the
FDI consists to develop and to validate a fault tolerant control
strategy in order to keep good performance in faulty operation
mode and to ensure safety of the electric vehicle and the driver.

APPENDIX
TABLE L PARAMETERS OF THE FIVE PASE IM
Symbol Quantity Value
n number of phases 5
R, stator resistance 12.850Q
R, rotor resistance 4.8Q
L, rotor leakage 79.93 mH
inductance
Ly st'ator leakage 79.93 mH
inductance
M mutual inductance 681.7 mH
p Number of pole pairs 1
Jm inertia 0.02 kg/m?
B, v1scousfgo§fﬁ01ent of 0,001 N.m.s /rad
riction
Ve DC bus voltage 650 V
I, rated current 15A
Wref rated speed 1500 rpm
Tnax maximum torque 50 N.m
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