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1. INTRODUCTION

During the last two decades, power electronics has experienced a great technological development.
This allowed restarting work on the variable reluctance machine (VRM). The name of the VRM includes
machines of different structures whose common property is the substantial variation in the shape of the gap
during rotation.

In general, the performance of the VRM can be comparable to that of synchronous machines with
permanent magnets. This machine has many advantages such as robustness, simple construction, low cost,
high performance in extreme environments, and ability to operate in degraded mode with a fault in one of its
phases [1]. On the other hand, its major drawbacks are the fluctuations of the couple and the acoustic noise
that they produce[2].

This machine presents an alternative in a multitude of applications. It occupies an important place
especially for applications with variable drives and specific applications such as small tractions, with very
satisfactory performance and powers of up to several tens of kilowatts, medical equipment, household
appliances, electric vehicles and aerospace field [3, 4].

The VRM is an electromagnetic system involving electrical, magnetic and mechanical quantities.
The methods used for the construction of the VRM were formerly empirical; it was necessary to build
the machine, to make tests and measurements and to eliminate one by one the various problems and faults
encountered. That way is unfortunately expensive and it takes a lot of time to do it. With the development of
computing, design and modeling tools, the cost and time of completion have been greatly reduced. Among
these modeling methods, one can mention, the analytical methods, solving the Maxwell equations, the semi-
numerical methods such as the NVR method, the permeance network method [5] and the numerical methods
such as the method of FE, boundary elements and finite differences. The choice of the method depends on
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the needs and constraints of the application. The authors [6], presented an FE- boundary element coupled
electromagnetic model for calculating parameters such as the flux, the inductance and the static torque of
a8/6 VRM.

Despite its robustness and high reliability, the VRM is subject to several faults that can affect
the mechanical, electrical and control parts or possibly combined faults[7, 8]. The VRM is exposed to various
and varied faults such as: static and dynamic eccentricity [9], short-circuit fault between turns and short-
circuit between phases, bearing faults, etc. These major faults are due to a variety of causes that are
associated with design, manufacture or use. A statistical study depicts that the stator and bearing faults
account for nearly 80% of the total faults found in a VRM. For machines with lower power, stator faults are
less frequent, while the bearing faults and rotor faults are preponderant for high-speed machines. Figure 1
illustrates the various faults that can occur in a VRM [10].

41% rolling
bearing

37 % stator

Figure 1. Distribution of faults in a VRM

Several studies have been devoted to the diagnosis of faults in the VRM. The author in [11]
presented a new algorithm for the real-time diagnosis of power converter faults in VRM. The presented
technique uses only the measured phase currents. In [12], the authors described a 2D FE analysis of a VRM
with the static eccentricity. They show the influence of the eccentricity on the static characteristics of
the motor and they explain how to obtain the flux lines and the angular position of the rotor according to
the healthy and faulty states of the VRM. The research work published in [13], presented a new method of
diagnosis of eccentricity in a VRM. The method uses 2D FE analysis to calculate mutual fluxes and induced
voltages in an 8/6 VRM. The authors in reference [14] described a study on the effects of the rotor
eccentricity on torque in a 4-phase 8/6 VRM.

Different time-frequency methods such as the Wigner-Ville distribution (WVD) and the short-term
Fourier transform (STFT) are used in [15] for fault detection. A study presented in [16], consists of studying
various electrical faults such as short-circuit and open-circuit in the VRM. The paper in [17] describes
the artificial neural network (ANN) combined with the genetic approach (GA) for the detection of faults
related to the winding of the stator of the VRM. The same authors developed another diagnostic method, for
the detection and classification of stator faults of a VRM [18].

Real-time monitoring of electrical machines is recommended to detect faults and overloads in
machines, especially those of electricity generation and those of high power drives. The measured signals
containing the significant information due to the fault are usually voltages, currents, speed, vibrations and
noise emissions. The development of modern diagnostic methods is increasing due to advances in
microelectronics (microprocessor) and signal processing. The technique of spectral analysis of the stator
current is the most used because it allows not only the detection of other types of defects but also to
overcome accessibility problems [19].

The proposed work presented in this paper, describes the spectral analysis of the stator current
applied to the diagnosis of the ITSC fault of the VRM. As a first step, a simulation of the nonlinear model of
the VRM based on the reluctance network modeling associated with the method of tooth contours for
the calculation of the magnetic field in the gap is presented. A second model based on the FE method has
also been developed and proposed. The simulation results of this latter model validate the proposed model
based on the NVR method. Next, the focus will be on the study and analysis of the ITSC fault by the spectral
analysis of the stator current, using the Fast Fourier Transform (FFT). Finally, the simulation results obtained
of the VRM nonlinear model in the healthy state and the faulty ITSC state are presented.
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2. MODELING OF VRM BY NVR METHOD
2.1. The VRM 6/4 geometry studied

In this paper, our choice is focused on a VRM with six stator teeth and four rotor teeth, because of
the simplicity of its geometry and its power supply. The stator consists of the stacked magnetic sheets having
six (6) poles around which are arranged the concentric windings. The windings of two diametrically opposed
poles are connected in series and form a phase, so we will have three phases for this VRM. The rotor has no
active coil or permanent magnet; it also consists of stacked magnetic sheets with four (4) salient poles
Figure 1. Two reference positions are determined for each phase. The opposition position (0 °) which is
the position of misalignment of the axis of the rotor tooth (the tooth Number 1) relative to the axis of
the active stator tooth, and the position of conjunction (30 °) ) which is the alignment position of the rotor
tooth Number 1 with the active stator tooth Figure 2. Successive supply of the stator phases causes
a continuous movement of the rotor.

Figure 2. The VRM 6/4 geometry studied

The converter delivers a voltage across each phase having the following equation bellow depending
on the position of the rotor; V The constant voltage delivered by the converter, 6,, the voltage application
duration angle, 8¢ the supply end angle and 6., the angle when the current is equal to zero.

+V si Gon <6< Hoff
V(e) - {—V Si Goff <6< Gext (1)

A constant voltage V is delivered by the converter as a function of the position 6; with: 6,,
the voltage application duration angle, 6,¢ the supply end angle and 6., the angle when the current is equal
to zero. The inversion of the voltage is necessary in order to reduce or even cancel the braking torque when
the next coil attracts the rotor. In order to study the VRM dynamic behavior, the system of (2) has non-linear
and interdependent elements.

Ay (iy, iy, 0
UL(8) = R.i,(8) + . 1210 12.9)

U5(6) = R.1,(0) + . 228220 @)

Uy0) = R.ix(6) + . 22210

de
Where U, (8), U,(0) and U;(0)are the voltages applied to phases 1, 2, 3 respectively. R is
the resistance of the winding. i,, i, and iz are the phase currents. ¢4, @,, @5 are the main fluxes in the stator
poles, w is the rotor speed considered constant and 6 is the position of the rotor.

The resolution of such a system requires an elaborate method that will not only determine
the electric current, but also the magnetic flux and position. The NVR method is based on the discretization
of the domain to be studied in magnetic zones. The flux tubes cross these zones, and the reluctance of
the flux tube thus becomes a quantity, which depends on the geometry of the magnetic circuit and its
permeability [20, 21]. The study of the VRM by the NVR makes it possible to represent each zone by a
single magnetic reluctance Figure 3. This method is known as the unidirectional reluctance networks method.
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Figure 3. Equivalent reluctances of different magnetic parts of the VRM

The magnetic circuit of the VRM consists of the teeth, the stator and rotor yokes and the stator and
rotor slots. For each part having a length L, a height I, and a thickness h, and taking into account
the expansion coefficient k¢ due to the laminating of the magnetic sheet, the reluctance can be written as:

: 3)

R =
mag - kephlL

The difficulty of this method is in modeling the air-gap, which takes into consideration
the movement. For this, the method of the teeth contours permeances, is then used for its adaptability
with the NVR.

2.2. Formation of the network variable reluctance of the 6/4 VRM
The reluctances of all the magnetic parts thus calculated, the network of reluctances of the 6/4 VRM
is hence obtained as illustrated Figure 4.

Figure 4. Equivalent reluctance circuit

In our case, we opted for the teeth contour permeances method for the calculation of the reluctances
of the airgap for its adaptability to the method of the equivalent reluctance networks. The calculation of these
permeances is done according to the following steps:

[F] = [R].[¢] @

Where [F] is the matrix of magneto-motive force, [R] is the matrix of the reluctances of
the magnetic circuit and [¢] is the matrix of fluxes flowing in the meshes. The previous system of (4) is a
linear algebraic system. For its resolution, several methods are available among which, the method of Euler.
It is a simple method, easy to implement, having a fast convergence and a good precision.
The resolution of this system makes it possible to calculate the main flux necessary for the resolution of
the differential equation of the VRM and the determination of the current of each phase. In the following,
the overall calculation algorithm is depicted by the following Figure 5.
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Figure 5. Resolution flowchart of the system of equations representing the VRM

3. VRM MODELING USING THE FE METHOD

The FE method in electromagnetism makes it possible to divide the structure of the studied machine
into a large number of finite dimensional elements in order to solve the Maxwell equations, with boundary
conditions. The combination of all these calculation elements then makes it possible to know the magnetic
state of the complete structure and to perform flux, torque, inductance and other physical quantities
calculations. The mesh may consist of triangles or quadrilaterals for 2D domains and tetrahedrons or
hexahedrons for 3D domains respectively. Among the advantages that have made the FE method very
popular in engineering, one can mention the flexibility that is one of its most important assets. The elements
can have many shapes and can therefore easily adapt to any complex geometry. This method also takes into
account the inhomogeneous and non-linear properties of the materials. In addition, it takes into account
the complexity of the geometry and the variations due to the movement.

The study will be done through computer-aided design (CAD). The tools (that is the software) based
on the CAD, can increase the productivity of designers and improve the quality of designs resulting in
a reduction of time and cost. Nowadays, there are very good software such as: Ansoft Maxwell, Flux2D or
3D... etc [22], which are all based on the FE method and make it very accessible and applicable to many
physical problems. The analysis of the VRM will be done in our case with the Ansoft-Maxwell tool.

Practically, it is enough for a healthy machine to consider a single pole due to the electrical and
magnetic symmetry of the machine relative to its axis of rotation, but this is not the case for a faulty machine
(with a fault) where symmetry is no longer valid. It is thus necessary to realize the complete geometry of
the machine to study its behavior with fault [23].
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3.1. VRM analysis by FE method in 2D

The 2D study is done for the magnetodynamic case and in the steady state; however in this case it is
necessary to take into account the movement of the rotor. During the movement of the rotor, two reference
frames are used; one is linked to the fixed part and the other to the moving part. The mesh of the movable
part can be done in three different ways, namely: the remeshing, the mesh deformation and the sliding line.
The steady state consists in imposing a constant speed on the rotor (the value of 1500tr/min). The distribution
of the flux lines and the distribution of the induction positions 45°, 75° successive are shown Figure 6
and Figure 7. For the supply of the VRM, in the case of the modeling with the FE method, an unbalanced
half-bridge inverter is considered, as illustrated by the following Figure 8.
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Figure 8. Asymmetric half-bridge inverter

4. INTEGRATION OF SHORT CIRCUIT FAULT BETWEEN TURNS

The modeling and simulation of the VRM with ITSC are important steps for the detection of this
type of fault and its diagnosis, because it is difficult, even theoretically, to include all the imperfections that
exist in the machine in the presence of a fault. In the case of an ITSC fault, one starts with the stator current
in the faulty phase because this quantity provides information accessible externally from the machine.
A short-circuit between turns of the same phase is a common fault. This fault originates from one or more
insulation failures in the winding concerned. It causes a stator current increase in the affected phase.

In a non-linear ITSC fault, the number of turns must be reduced and consequently the stator slot
reluctance is reduced. In the healthy state the number of turns N of the VRM studied is 100 turns.
At the instant of the application of a 10% short-circuit fault, the number of turns reduces to 90 turns in
the faulty phase. It is to note that the expressions of the magneto-motive force, the torque and the flux are all
given as a function of N.

Use of stator current in detection of the ITSC fault

The faults that can occur in electrical machines have a direct impact on the frequency content of
the stator or rotor currents [24, 25]. The extraction of the information contained in the discrete signals
concerning the fault requires the passage from the time domain towards the frequency domain. The FFT is
one of the tools used in the case of stationary signals (steady-state operating electrical machines, faults
affecting constant frequency components over time).

The spectral analysis monitoring of the VRM therefore consists in performing a FFT of
the quantities affected by the fault, and in displaying the characteristic frequencies constituting the fault
signature fault in the VRM. The quantities chosen are electrical (more particularly the stator current).
This technique allows a quick and inexpensive monitoring because it requires a simple current sensor placed
on or away from the machine.
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5. SIMULATION RESULTS AND DISCUSSION

The VRM used in this work has the dimensions mentioned in Table 1. The simulation work is
conducted on a VRN model using the Matlab software for numerical simulation, and by the FE method using
Ansoft Maxwell software.

Table 1. SRM geometrical caracteristics

Dimensions(mm) Stator Rotor
Inner diameter 47 5
Outer diameter 81 46

Teeth height 10 10
Teeth width 10 16
Yoke thickness 10 9
number xof poles 6 4
length 150 150
airgap 0.5

The results of the simulations presented in this paper, represent the following operating cases:
— Healthy VRM operation (without fault) as a reference case.
— Faulty VRM operation (with ITSC fault).

For each operating case, the simulation of the NVR model and the FE model are performed.
The processed quantity used in the simulation work is the stator current. In order to assess the impact of
the fault on the stator current signature, a spectral analysis of the current is required. For each operating case,
the stator current waveform is therefore shown in both the temporal and the spectral domains. All simulations
are performed at the constant imposed speed of 1500 rpm and a voltage of 60 volts. The simulation
parameters chosen are respectively; a simulation time of 0.1 second and a sampling frequency of 10 KHz.
Under these conditions, the resolution frequency is equal to 0.5 Hz.

5.1. Simulation of the NVR model
5.1.1. Operation of the healthy VRM

The Figure 9(a) and Figure 9(b) respectively, depict the stator current in both temporal and spectral
domains in the case of a healthy VRM by using the NVR model. The current increases to a maximum of
8.172 A, then decreases and vanishes and then increases again. The spectrum of the stator current contains
the fundamental harmonic 100 Hz and its multiples.
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Figure 9. Stator current in the healthy operating case, (a) time domain, (b) spectral domain, (NVR model)

5.1.2. Machine Operation of the faulty VRM (ITSC fault)

The ITSC considered in these simulations has a severity of 10%. The Figure 10a and Figure 10b
respectively show the stator current in both temporal and spectral domains in the case of a faulty ITSC fault
VRM by using the VRN model. In the event of short-circuit of 10%, when comparing the current of
the faulty phase with the healthy case, one can observe that the current increases from 8.172 A to 11.63 A.
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It is found that in the case of an ITSC fault, no new harmonics are produced but just an increase in the current
amplitude is observed. On the other hand, one can notice a clear increase in the amplitude of the multiple
harmonics of the fundamental one. The amplitude variation is larger and visibly clear for the frequencies:
100 Hz, 200Hz and 300 Hz.
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Figure 10. Stator current in the faulty operating case (ITSC fault),
(a) time domain, (b) spectral domain, (NVR model)

5.2. Simulation of the FE model
5.2.1. Operation of the healthy VRM

The Figure 11(a) and Figure 11(b) respectively, show the stator current in both the temporal and
spectral domains in the case of a healthy VRM by using the FE model.
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Figure 11 (a). Stator current in the healthy operating case: time domain
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5.2.2. Machine Operation of the faulty VRM (ITSC fault)

The Figure 12(a) and Figure 12(b) respectively, show the stator current in both the temporal and

spectral domains in the case of a faulty VRM (ITSC fault) by using the FE model. In the same

way as

the results obtained by the first NVR model, it can be noticed a significant increase in the multiple harmonics

of the fundamental.
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Figure 12(a). Stator current in the faulty operating case (ITSC fault): time domain
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CONCLUSION
In this paper, a proposed model of the VRM using the NVR method is first developed and then

validated by the FE method. The work is carried out in both the healthy and the faulty (ITSC fault) operating
cases in order to verify the proposed models use in the diagnostic field. A stator ITSC fault is incorporated
into our models. The diagnosis of the ITSC fault of the VRM is carried out by the use of the spectral analysis
of the stator current technique. This technique has shown that the ITSC fault manifests itself by the amplitude
increase of the multiple harmonics of the fundamental. The results obtained illustrate the interest and
the efficiency of the NVR model when using the stator current technique for the ITSC fault diagnosis.
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