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Abstract

Multiphase induction machines have revolutionized the propulsion and traction sector, thanks to their fault tolerance. This paper is
focused on the analysis of electrical faults in the squirrel cage Seven-Phase Induction Machine (SPIM). This study provides a solid basis
for diagnosing various faults by analyzing their distinct signatures for the electric faults that can affect this machine. To this end, a
transient finite element model is elaborated to study these several electrical faults in SPIM. This paper will be devoted to the study of
opening faults in various stator phases (one phase, two adjacent phases, two non-adjacent phases and two far phases), and short-

circuiting between turns of stator phases (5%, 10%, 15% of the first phase). An analysis of electromagnetic torque ripple, joule loss and

efficiency is undertaken in this paper.
Keywords

multiphase induction machine, finite element method, electrical faults, torque ripples, fault tolerance

1 Introduction

Induction machines are one of the mainstays of modern
electromechanical systems. Their robustness, simplicity
of design and low maintenance costs make them the pre-
ferred choice for a multitude of industrial applications,
from motorized drives and pumping systems to elec-
tric vehicles, and renewable energies [1-7]. Traditionally,
three-phase induction machines have dominated the mar-
ket due to their technological maturity and compatibility
with existing electrical infrastructures. However, changing
industrial needs and recent technological advances have
highlighted the limitations of these machines, particularly
in terms of reliability, performance under variable load and
fault tolerance. Multiphase induction machines, particu-
larly those with seven phases, are emerging as a promising
alternative [3, 4]. These machines offer significant advan-
tages over their three-phase counterparts, such as a reduc-
tion in current harmonics, a better distribution of losses
[8—11], and an increased ability to continue operating even
in the presence of faults. These characteristics make them
particularly suitable for applications where continuity of
service is essential [12—17], such as in the transport sectors
(land, air, marine and special). However, the complexity
of multiphase systems requires an in-depth understanding

of their dynamic behavior, particularly under degraded
conditions. Faults in induction machines can occur at sev-
eral levels short-circuits between turns or phases in the
stator [14], stator phase opening, and breakage of bars or
rings in the rotor, or supply imbalances. These faults can
lead to degraded machine performance, increased energy
losses, mechanical vibrations and, in the most severe cases,
unplanned system shutdowns. Therefore, the behavioral
analysis of multiphase induction machines under different
types of faults is crucial to ensure their reliability and dura-
bility [15—-18]. This paper proposes to study in detail the
behavior of a seven-phase induction machine subjected to
various fault scenarios. The main objective is to understand
the impact of these faults on the dynamic performance of
the machine, as well as to evaluate its ability to operate in
degraded mode. To this end, physical finite element simu-
lations are carried out to analyze the temporal responses of
the machine under different fault conditions. The results of
this study highlight faults specific to seven-phase induc-
tion machines and provide valuable data for the design
of diagnostic and fault tolerance strategies. For example,
the analysis of current harmonics and electromagnetic
torque ripples makes it possible to identify characteristic
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signatures for each type of fault, paving the way for meth-
ods of early detection and dynamic reconfiguration of the
system. In addition, the study explores the operational lim-
its of the machine in degraded mode, providing recom-
mendations for optimizing its design and control in critical
environments. In short, this research is contributing to a
better understanding of seven-phase induction machines.
Advances in this field are essential to meet the growing
demands of modern electrical systems, where perfor-
mance, safety and durability are top priorities. This paper
is divided into five sections; after a brief introduction, the
modeling of the seven-phase induction machine using the
finite element method is presented in Section 2. Section 3
deals with the analysis of the various stator phase electrical
faults. The results obtained are summarized and interpreted
by overview in Section 4, before ending with a conclusion.

2 Modeling of the SPIM using the finite element
method

As shown in Fig. 1 the stator windings of the SPIM are
shifted by 51.4°. To analyze different performances devel-
oped in the studied seven-phase induction machine (SPIM)
under healthy and fault operating conditions, a tran-
sient finite element model is constructed using Maxwell
Electronics software [19]. The model is based on a two-di-
mensional analysis; therefore, end effects and rotor skew
are neglected. Table 1 lists the geometrical and electrical
parameters of the machine.

e

Fig. 1 Spatial repartition of SPIM stator winding

Table 1 Geometric parameter of the SPIM

Parameter Values
Power 4.5 kW
Rated voltage 160 V
Rated current 45A
Rated speed 1425 rmp
Rated slip 5%
Pole pairs 2
Frequency 50 Hz
Efficiency 94%
Outer stator diameter 110 mm
Inner stator diameter 74 mm
Number of phases 7
Number of stator slots 28
Number of spires per phase 120
Air gap length 0.5 mm
Outer rotor diameter 73.5 mm
Inner rotor diameter 50 mm
Number of rotor bars 38

After defining the geometrical parameters and construct-
ing the 2-D model, the following procedures are applied to
adapt the model to the case study presented in this paper:

* Rotor Motion: The rotor is set into rotational motion

at the rated speed of the machine Q =1425.

* Stator Winding Distribution: The stator windings are

distributed in the stator slots so that the s2c—:7\r/en phases
are mechanically shifted by an angle of P where p
is the number of pole pairs, as shown in Fig. 2.
» Joltage Supply: The phase windings are fed by a bal-
anced seven-phase voltage system:
v, =21, sin(wr)

m

V,= \/EVW sin [a)t 7277[]

v, = \/EVm sin(wtflziﬂ)

Where V is the rated voltage and  is the angular

frequency.
The transient field-circuit coupling is described by Eq. (2):
vx(leAzj:Js-a% @
u ot

where u is the magnetic permeability, 4, is the z-compo-
nent of the magnetic vector potential, J is the stator cur-
rent density, and o is the rotor bar conductivity.

The stator current density J is derived from the induced
stator current, calculated via the circuit equation:
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where V , R, @ , and i are the source voltage, source volt-
age resistance, magnetic flux linkage, and phase current of
the n'* phase, respectively.

After meshing the study domain (Fig. 2), the transient
magnetic field equations are solved iteratively. The torque
is computed using the Maxwell stress tensor method. It
should be noted that a transient simulation is required to
allow rotor currents to reach steady-state values under
dynamic conditions.

* Open-phase Faults: Open-phase faults in one or two
phases are simulated by assigning an infinite source
voltage resistance (i.e., R, = 1MQ) to the corresponding
phases, thereby enforcing zero current in those phases.

* Partial Short-circuit Faults: Partial short-circuit
conditions in a phase are simulated by reducing the
number of turns in the affected phase while keeping
the number of turns constant for the other phases
(e.g., for a 5% short-circuit in phase A, the number
of turns is reduced to N;h = 114 spires).
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Fig. 2 Flux Density, induced current, and mesh distribution in the
healthy condition at rated speed
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Fig. 3 Stator current of SPIM in healthy condition
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Figs. 2-3 show the preliminary results of the SPIM
in the healthy state, i.e. the distribution of the magnetic
induction, the current density and the temporal evolution
of the phase currents.

3 Analysis of electrical phase faults in the stator of
SPIM

The seven-phase induction machine offers continuity of ser-
vice during stator phase faults, something that is not possi-
ble with the three-phase machine. This section discusses the
various phase faults that can occur in a seven-phase induc-
tion machine with nominal torque load (7, = 30 N m) several
scenarios have been developed for this purpose.

3.1 Open phase scenarios
Fig. 4 summarizes the different open phase scenarios as
like:
* Opening of stator phase A,
* Opening of two stator phases A and B (Adjacent
phase),
* Opening of two stator phases A and C (non- adjacent
phases),
* Opening of two stator phases A and D (two far phase).

Figs. 5—8 show the stator currents of the SPIM under dif-
ferent stator phase opening faults, with an imbalance in the
amplitudes of the currents of the healthy phases. The RMS
value of the G phase current I, is highest when the A phase

Fig. 4 Different cases of open stator phase in SPIM: (a) phase A — one

phase open, (b) phase B — two adjacent phase open, (c) phase C — two
non-adjacent phases open, (d) phase D — two far phase open
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Fig. 5 Stator currents with phase A opened
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Fig. 6 Stator currents with phase A and B opened
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Fig. 7 Stator currents with phase A and C opened
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Fig. 8 Stator currents with phase A and D opened

is open. With regard to the opening of two adjacent phases
(A and B), Fig. 6 shows that the current of phase F i, has the
greatest amplitude and that Iy has the greatest RMS value.
The highest RMS value of current is noted when the two
phases A and D are opened at phase B i, , with an increase of
40% in RMS value compared with normal operation.

Fig. 9 shows the ripples in the electromagnetic torque
under the different types of phase opening. The faulty
opening of the two phases (A and D) generates the high-
est value ("peak to peak") with an 85% increase compared
with the nominal electromagnetic torque. This leads to
significant mechanical vibrations.

3.2 Short-circuit between stator phase windings
Short-circuiting is one of the most dangerous faults the SPIM
can suffer. For this purpose, a short circuit between turns (5%,
10%, 15%) of the stator winding A is analyzed as follows.
Figs. 10-12 show the currents during a short cir-
cuit between turns of phase A, the currents of the other
phases lose their stability when the number of short-cir-
cuited turns increases (5%, 10% and 15%), this imbalance
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Fig. 9 Electromagnetic torque ripples for healthy and different stator

open phase faults
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Fig. 10 Stator currents with short-circuit of 5% between turns of phase A
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Fig. 11 Stator currents with short-circuit of 10% between turns of phase A
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Fig. 12 Stator currents with short-circuit of 15% between turns of phase A
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Fig. 13 Electromagnetic torque ripples under several short-circuits

between turns of phase A

generates significant electromagnetic torque ripples in the
machine, see Fig. 13.

4 Analysis and discussion of results
After processing the results, i.e. calculating the electro-

magnetic torque ripple ratio

T, . (peak to peak
l—‘ripples (%) = = ( ) (4)

nominal

the ratio of stator joule losses
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z R ( rms. )2
X
P (%) = 2\l ) ®)
nominal
where n = a,b,...,g and s is referred to the stator.
And the efficiency given by the software [19] using:

=7 ©)

ab

where P is the useful power and P , is the absorbed electric
power.

The results are summarized in Table 2. All the SPIM
electrical fault results are summarized in this section see
Figs. 14 and 15. Fig. 15 shows a summary of the electro-
magnetic torque ripples, the opening fault of two far phases
(A and D), generates 85.1% ripple compared with healthy
operation, which explains the lower efficiency during this
fault 90.85% see Table 2. It should also be noted that open-
ing phase A generates more ripple than opening phases A
and C (two non-adjacent phases), which gives an idea of
how to reconfigure the machine when one or more phases

Table 2 Summary of the performance of the seven-phase induction
machine under various electrical faults

Torque ripples Joule losses . o
Case [%] (%] Efficiency [%)]
Healthy case 18.47 3.87 94.12
Phase A opened 45.73 3.89 92.79
Phase A and B 58.9 4.09 90.92
opened
Phase A and C 28.8 3.62 90.95
opened
Phase A and D 85.1 3.65 90.85
opened
Short-circuit of
Phase A 5% 25.74 413 93.97
Short-circuit of
Phase A 10% 18.47 4.65 93.51
Short-cireuit of 53.64 5.62 92.55

Phase A 15%
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Fig. 14 Summary of the RMS stator currents of the SPIM under various
electrical faults
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Fig. 15 Electromagnetic torque ripples of all electrical faults

are opened. Phase A is offset by an angle of 102.84° with
respect to phase C, so the two phases are almost perpen-
dicular. A reconfiguration for operation at 1/4 of the rated
power is conceivable for the opening fault of a single phase
with low ripple of the electromagnetic torque. As a perspec-
tive, this theory of physical reconfiguration of the machine
windings can be envisaged for each type of phase open-
ing fault. Fig. 14 summarizes the RMS value of the sta-
tor currents for all the electrical faults. The loss of a phase
leads to an unbalance of all the machine currents, unlike
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