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ABSTRACT

In recent years, with the development of micro and power electronics, the switched re-
luctance machine has been gaining popularity. This type of machine is attractive because
it has a cheap and easy construction, having absence of rotor windings and permanent
magnets. It has also an inherent fault tolerance ability.

Due to this fault tolerance it has gained the attention of industries and applications
that require safe and reliable operation. However, the machine is only fault tolerant to
a point and, with the aim of improving its already high fault tolerance, multiple studies
were conducted on the subject.

In this dissertation a new passive fault tolerant method, comprising on simple modi-
fications in the windings, converter and control method will be presented. Worth notice
that one of the modifications is already discussed in the cited literature. This method is
aimed principally at open circuit faults in the windings with the machine working as a
motor in the low speed zone.

The effectiveness of this method will be studied by comparison of a regular SRM
with one with the solution through simulation of winding fault conditions, namely open
and short circuits faults. In order to do this, first finite element analysis was performed,
with the software Flux2D®, in order to obtain the magnetic and torque characteristics of
the machines. This was followed by dynamic simulations in Matlab-simulink®. It will be
shown that the method is very effective for open circuit faults but will only have negligible

improvements in case of winding short circuits.

Keywords: Switched reluctance motor, SRM, fault tolerance, finite element analysis,

winding open circuit fault.
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REsumMmo

Em anos recentes, com o desenvolvimento da microeletronica e da eletronica de poténcia,
a maquina de relutancia comutada tem ganho popularidade. Este tipo de maquina é
atrativo porque tem uma construgao barata e facil, nao tendo enrolamentos no rotor nem
magnetos permanentes. Outra das razoes importantes é devido a ter uma tolerancia a
falhas caracteristica.

Devido a esta tolerancia a falhas ganhou a atencao de industrias e aplicagoes que
requerem operacoes seguras e fiaveis. No entanto, a maquina é tolerante a falhas apenas
até um certo ponto e, com o intuito de aprimorar esta caracteristica, varios estudos foram
desenvolvidos sobre este assunto.

Com esta dissertacao pretende-se introduzir um método tolerante falhas envolvendo
pequenas modifica¢des a nivel da sua arquitetura, conversor e controlo. Importante referir
que uma destas modificagOes ja se encontra presente na literatura citada. Este método é
apontado diretamente a falhas de circuito aberto nos enrolamentos da maquina com esta
a funcionar na zona de velocidade baixa.

A eficacia deste método vai ser estudada por comparacao, através de simulacao, de
uma maquina normal com a maquina com a solugao em caso de falhas nos enrolementos,
nomeadamente curto circuito e circuito aberto. Para isto foram primeiro obtidas as carac-
teristicas magnéticas e de binario através do Método dos Elementos Finitos das maquinas,
com recurso ao software Flux2D®, procedendo-se depois a sua simulacao dinamica em
ambiente Matlab-Simulink®. Vai ser mostrado que a maquina com solugao é eficaz em
casos de circuito aberto, mas em curto-circuito de enrolamentos as melhoras sao quase

inexistentes.

Palavras-chave: Motor de relutancia comutada, SRM, tolerancia a falhas, método dos

elementos finitos, circuito aberto nos enrolamentos.
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CHAPTER

INTRODUCTION

1.1 Motivation

The switched reluctance machine is known for its inherent fault tolerance, cheap con-
struction, absence of winding in the rotor and absence of permanent magnets[1][2].

Due to this characteristics and the crescent development and better availability of
microprocessors and power electronics drives, in recent years it has been attracting for
itself a large investigation in distinct fields[3][4]. It also makes the machine a fine choice
for a wide range of applications that require safe and highly reliable operation, such as a
aircraft operation, automobile applications and many others [5].

Such requirements justify the investigation done in the field of improving its already
high fault tolerant abilities in order to make it even more reliable in the presence of faults.

The investigation on the SRM is a great deal done for its control and behavior in
the presence of faults. There is already a wide range of investigation done on fault
modeling, fault detection and construction techniques to improve the machine fault
tolerance. However it is never to much to add new findings to increase the database of

possible methods and constructions.

1.2 Objectives

In this dissertation it is pretended to introduce a new fault tolerant method for the SRM
and analyze it for winding faults. The method consists in a modification of the windings,
converter and control of the machine, being the winding modification already presented
in literature.

The evaluation will be done by simulation. The machine will be modeled for the

normal and proposed solution constructions and simulated in winding fault conditions.



CHAPTER 1. INTRODUCTION

The results will be discussed and compared.

The modeling will be first in Flux2D® for magneto-static simulations. Their purpose
will be to obtain the flux and torque characteristics of the machine through finite element
analysis. This characteristics will then be used in a simulink® model in order to perform

dynamic simulations.

1.3 Structure of the document

This dissertation is divided in six chapters being the first chapter this introduction.

The second chapter consists in the state of the art about the SRM. It will first introduce
the concepts of the machine followed by an introduction to the common faults, in wind-
ings and converter. Finally the most interesting fault tolerant approaches in literature
will be presented in the final section of the chapter.

In the third chapter the normal machine, i.e. the machine without the solution, will
be presented and its modeling will be shown and explained. Finally it will be simulated
in a start condition and in a steady state condition.

The fourth chapter will firstly present the normal machine in winding fault conditions.
This will be followed by the proposed solution and its modeling. The chapter will finish
with the presentation of the simulation results of the solution machine in a start and
steady state conditions, comparing them with the ones from the normal machine.

In the fifth chapter the simulation results for the proposed solution in faulty cases
will be presented, analyzed and compared with the faulty ones from the normal machine.

In chapter six the final conclusions and future possible work will be discussed.



CHAPTER

INTRODUCTION TO THE MACHINE AND STATE OF

THE ART

2.1 Ideal characteristics of the machine

2.1.1 The switched reluctance machine

The switched reluctance machine is probably the simplest type of electrical machine [6].
It is formed of a stator with magnetization poles and a salient pole rotor with no windings.
In figure 2.1 it is represented a cross section of the machine with 8/6 pole configuration
(8 in the stator, 6 in the rotor).

This type of machine started to become popular with the power and micro electronic
revolutions, necessary for its control[6].

Its operation resides in the principles of electromechanic energy transformation. Be-
ing the rotor free to rotate and existing a magnetization source, the magnetic circuit of
the machine will tend to get to the position of least reluctance and higher inductance.

This can be described mathematically starting by expression 2.1:

MWonag _ MWiag
20 26

(2.1)

Where T, is the torque supplied from the system to the rotor and W,,,, is the magnetic

a
co-energy present in the coils. It is important to note that the first deriiation should be
done at constant flux and the second at constant current.

In the SRM the inductance of each one of the coils will vary between a lower value,
when the stator pole is completely unaligned with a rotor pole, and a higher value when
it is completely aligned[6]. This means that the inductance of a phase will depend on the

rotor position 6 in relation to it. With this dependence in mind, in the case of figure 2.1,

3



CHAPTER 2. INTRODUCTION TO THE MACHINE AND STATE OF THE ART

Figure 2.1: Drawing of a cross section of a switched reluctance machine.

and assuming a linear magnetic material, the magnetic co-energy can be expressed as:

ZMij(e)iiij (2.2)

4 4
=1 ]:]

4
1 .
Wiag = > § L;i(0)i% +
i=1

1

Applying to 2.2 the expression 2.1 the following relationship is obtained:

4 4 4
1 dLi(0) ., Z Z dM;;(0) . .
I‘r = 5 E 10 1 + L Tlﬂj (23)

In the SRM it is also possible to do an approximation and neglect the mutual induc-

tances coefficients [6]. So 2.3 can be simplified to:

:lizdLn(@)+li2dL22(9)+lizdL33(9)+li2dL44(9)
T2 doe 22 do 23 do 2% do

In figure 2.2 the ideal desired curves of the inductance and torque are represented

(2.4)

for an 8/6 machine with stator pole angle of 18° and rotor pole angle of 22°. Although
the curves were obtained for an ideal machine, they serve to illustrate its functioning.
Because torque depends on the square of the current its sign only takes into account the
derivative of the inductance and not on the current sign. This can be observed in figure
2.2 and in equation 2.4.

The curves in figure 2.2 were obtained at constant current, however, during the oper-
ation the current should, ideally, only be constant at the intervals that suit its work. This
means that for motoring the current should ideally be constant (and # 0) in the increasing

inductance zone[6] [7]. On the other hand, the machine in order to work as a generator

4



2.1. IDEAL CHARACTERISTICS OF THE MACHINE

Inductance of one phase in function of the rotor position
T T T

Inductance(H)

-30 -20 -10 0 10 20 30
Rotor position(°)

(a) Inductance of one phase of one switched reluctance machine.

Torque of one phase in fuction of rotor postion for a current of 2A
T T T T

1 T

0.5 4

Torque(N.m)
o

-0.5 1

1 1 1 1 1 1
-30 -20 -10 0 10 20 30

Rotor position(°)

(b) Torque characteristic of one phase in function of rotor position.

Figure 2.2: Torque and inductance curves for one phase of a SRM.

the opposite would be wanted since, as in all electrical machines, the switched reluctance
generator is the dual of the motor [8] [9].

2.1.2 Converter

In the SRM various possible converter circuits exist. While some can be used with most
loads, a large part are better suited only for specific niche applications but being most cost
effective in that niche [10]. However, for the studied machine a traditional asymmetric
bridge converter was chosen. The converter is represented in figure 2.3. The reasons
for choosing this converter were its simplicity and because it is often found in the cited

literature.

This converter has a simple working principle. When the switches are turned on the
load will be supplied by the source. If the load is inductive when the switches turn off

the current still present in the inductor will be sent to the source by the diodes.

A functionality of the half-bridge converter which is important to the SRM is the
ability (with the proper switch control) to perform current hysteresis control. If, during
conduction time, one of the switches turns on and off when the current value passes
trough certain values (I, + Hysterisis threshold) it will keep an average value equal to

the one desired.
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3 077N

\Vdc Coil
00—

T A

Figure 2.3: Asymmetric bridge converter.

2.2 Faults

The study of faults, fault detection and implementation of new fault tolerant methods in
the SRM has been a topic of interest for many investigators.

According with [4], the faults of the machine can be subdivided in two main groups:
internal and external. The internal faults include all that occur in elements of the machine.
Some examples include a broken winding, partial and total short-circuits, phase to phase
faults and eccentricities of the rotor. The external faults include all that do not occur in
elements of the machine. Some examples include converter faults, voltage supply faults
and load faults.

2.2.1 Open circuit fault on a coil

The first fault that will be studied is the open circuit on a coil. This type of fault will
provoke a loss on the average torque, typically proportional to the number of phases that
got disconnected [11], [12].

If the machine has each pole connected separatly (i.e. each stator pole is a phase) in
case of a fault unbalanced forces will appear on the rotor (due to flux imbalances) [13],
potentially being dangerous to the machine.

It is reported in [14] that either with the machine with no load or with its nominal
load that it can continue working with its nominal speed. However it will have larger
currents in the healthy phases and an increase on velocity and torque ripples. This effects

are more accentuated the closer to the nominal load.

2.2.2 Coil short circuit

In the coil faults we still have the short-circuits. This faults include partial short-circuits

(some turns), total short-circuits(whole coil), phase to phase and phase to ground.

6



2.2. FAULTS

The case of a partial short-circuit is studied in [15] with machine already in its steady
state. Is shown by simulation and by experiments that if the machine is in current hys-
teresis control, the controller will keep the current with its nominal value but a reduction
of the torque supplied by the faulty phase will happen. It is shown in the same article
that in voltage control mode, current spikes will appear in the beginning and end of each
conduction period. The latter are smaller the higher the speed of the machine.

It is shown in [13] that a partial short circuit can induce unbalanced lateral forces in

the machine.

It is also shown in [12], that in a partial short-circuit it is still possible to salvage some
torque of the affected phase but with less efficiency. Nevertheless, according to the author,

can be justifiable in certain cases.

The case for a total coil short-circuit is presented in [13] during the acceleration of
the machine. It is shown that when a total short-circuit occurs that the phase is isolated
from the demagnetizing voltage. If it occurs when the coil is conducting non controlled
pulses will appear in the shorted phase due to it entering the generation region and not
be able to demagnetize itself. This pulses will continue until there is no energy left in
the phase and will tend to zero in some revolutions. In [12] is shown that for a complete
short-circuit no torque can be salvaged from the phase.

2.2.3 Short circuit between two phases

Phase to phase faults occur when two conductors of adjacent phases come into contact.
This fault is studied will great detail in [2]. Besides the article not being dedicated to the
fault a detailed mathematical model is presented with an explanation for a large number
of possible outcomes. According to [11], this fault will provoke over-currents and an

increase on the vibration of the machine but will not cause significant loss in torque.

2.2.4 Phase to ground fault

The phase to ground faults occur when a conductor has a conduction path to neutral.
This case is studied in [12]. When this fault happens the path that is shorted will barely
conduct while the short will bypass any diodes and switches. In the short path a current
will appear because of the varying flux in the turns. If the short does not occur in the
upper half (i.e. it does not bypass the transistor and diode connected to the source) still

some torque can be produced by the phase [12].

In [11]is pointed that if the current sensing is done outside the short-circuit path (the
bypassed zone), a wrong current reading will be done. This can potentially provoke a

large over-current with possible devastating effects.

7
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2.2.5 Rotor Eccentricities

Eccentricities in the rotor are also a topic of interest. According to [16] there are three
types of eccentricities: Static eccentricity(SE), Dynamic eccentricity(DE), and Mixed ec-
centricity(ME).

The static eccentricity is a translation of the rotation axis in which the axis remains
static but the air gap is reduced in the faulty pole[16].

In the dynamic eccentricity the center of the rotor is not the rotation axis. This will
make the minimal air gap to rotate with the rotor [17].

In the mixed eccentricity, as the name indicates, the effect provoked in the air gap will
be a junction of the previous two [16].

The way eccentricities affect the machine depend on its geometry. In some cases a
small increase in torque is reported [18] while in others no noticeable changes were found
regarding the torque [19]. However, eccentricities always induce unbalanced forces in
the rotor [18] [19]. In [19] is reported a pulsating force that generally has the direction of

the least air gap. A similar result had been previously reported in [18].

2.2.6 Short-circuit in a switch

A short circuit in a switch is a fault that will provoke a current with excessive amplitude
that can even disconnect the affected phase if it has over-current protection. If this is the
case then the fault will do the same effect as an open-circuit fault since it is disconnected
from the source [20].

During the transient of the speed, an short-circuit in the converter can be dangerous

because of the rapid variations of the torque [20].

2.2.7 Open circuit in a switch

In the case of an open circuit in a switch the effect will be the same as if it was an open
circuit in a winding [11]. If the converter is the asymmetric bridge it does not matter
which of the transistors has the fault since with only one the phase is not able to magnetize
itself [21].

This fault will provoke a loss in speed due to the reduction of the average torque but
this can be compensated by the healthy phases. The effect is involuntary if the machine

is in voltage control mode [20].

2.2.8 Voltage source faults

The voltage source faults were analyzed in [14]. In the article the first case studied is
a drop of 33% on the DC link voltage. This could be provoked by a fault in a rectifier
bridge. It is demonstrated that this will not affect the velocity if it is below its nominal
load. If it higher it will settle in progressive smaller speed values. As the voltage gets

lower the machine compensates this by increasing the current.
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Still in [14] it is studied a second case where the voltage supply is temporarily turned
off. In the exact moment of turning it off the DC link voltage as an exponential decay
until zero. When is turn on again, the DC link will have an exponential increase until it
reaches the source voltage. During both transients, the speed will have a drop during the
turned off phase and will rise again when it is again turned on. The current and torque
will also have a drop during the source turned off but will have spikes the moment when

it is turned on. After both transients the machine continues to work normally.

2.3 Fault tolerant methods

Before fault tolerance be discussed, a mention should be made to fault detection. Fault
detection, although not always required, it is essential to some fault tolerant methods. In
[11] it is presented three of the first fault detection methods consisting in a differential
current detector, differential flux detector and rise time detector. In [21] a converter
fault detection method is proposed based on the difference between the expected and
supplied current from source. In [16] a fault detection method based on differential high
frequency current pulses signatures is presented for eccentricity detection. In [22] a new
a new machine architecture is presented with inherent fault detection abilities.

In terms of fault tolerance, practically all literature cited mentions that the machine
has this characteristic intrinsically. The first methods of fault tolerance were based on
disconnecting the faulty phases and let the other phases compensate the lost torque. This
could done with control schemes based on PID controllers as stated by Stephens in [11] or
with Fuzzy Logic based controllers as stated in [23]. However this is true only to a certain
point and even with just one faulty phase the performance lowers. In order to help the
machine to have a higher degree of tolerance to faults, several investigators proposed
numerous modifications to the machine itself and its converter, as well its control scheme.
In this section some of this modifications and methods are mentioned.

Several fault tolerant methods consist solely on modifications of the converter. In [24]
several mechanic switches are introduced to the Half-Bridge converter connecting two
different phases. The purpose is to supply the affected phase by a healthy one who does
not share the same conduction time. In [25] is presented a converter based in Neutral
Point Clamping Inverters, where the normal destructive states are used in this case to
bypass faulty switches. Still for fault tolerance in converters, in [26] it is proposed a Full
Bridge Inverter divided in four parts, each one connected to a relay. The fault tolerance
resides, for open circuit faults, in the possibility for bidirectional currents, which will let,
in a case of a open circuit, to use the opposite side of conduction to secure the machine’s
operation. For the case of short-circuits, the relay of the affected part will open the
connection with the voltage source. This combined with a special control strategy for
short-circuit faults will secure the machine’s operation.

Solutions based on the modification of the machine are also possible. In [13] several

rearrangements of the machine windings with different fault tolerance capabilities are

9
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presented. Worth to notice that one of them is used, in combination with other methods,
as a part of this dissertation solution. In [27] is presented a double redundancy switched
reluctance machine where each phase is composed by two coils which can be controlled
separately. In [28] it is proposed a fault tolerant construction based on short flux paths
by having higher number of rotor poles than stator poles.

There are also alternative solutions that can mix various type of machine changes.
In [2] a fault tolerant method exclusively for phase to phase faults is presented. This
method consists in a special fault detection method with a triple closed loop control
scheme designed exclusively to mitigate currents between phases. In [3] modular machine
with redundant power converter and bio inspired control is presented to increase fault

tolerance in the machine, power converter and control scheme alike.
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CHAPTER

MODELING OF THE MACHINE

3.1 Proposed machine and characteristics obtainment

The machine studied is also of the 8/6 type. Its dimensions are found described in table
3.1. The machine dimensions were based on the ones presented in [29], having as the

main difference the number of turns per phase.

Table 3.1: Dimensions of the studied machine.

Aspect Value Unit
Number of rotor poles 8 -

Number of stator poles 6 -

External stator diameter 190 mm
Internal stator diameter 166 mm
Internal rotor diammeter 60 mm
Shaft diameter 30 mm
Stator pole height 32.7 mm
Rotor pole height 19.8 mm
Rotor pole arc 22 mm
Stator pole arc 18 mm
Air Gap 0.5 mm

Number of turns per phase 300  turns

To obtain the parameters of the machine it was used the software Flux2D® to perform
magneto-static simulations. In table 3.2 the properties of the magnetic material for the
machine yoke are presented. The B— H curve of the material (figure 3.1) was obtained by
the arc whose tangent model and no hysteresis losses were considered.

After the construction of the Flux2D® project, it was made a parametric simulation

varying the current and rotor position to obtain the characteristics of the machine. The

11
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Properties Value  Unit

Density 7874  kg/m?

Relative magnetic permeability 1200
Saturation Induction Field 1.5

T

Table 3.2: Properties of the material used in the Flux2D® simulations.

Induction Field (T)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
Magnetic Field (A/m)

0.6 0.8 1
x10°

Figure 3.1: B-H curve of the chosen magnetic material.

current varied from -10 A to 10 A with increments of 1 A. The rotor position varied from

—30° to 30° with increments of 1°.

The obtained parameters were flux surfaces W(i, 0) (figure 3.2a) and the torque I'(i, 0)
(figure 3.2b) for one of the phases. For the remaining phases, in both flux and torque

surfaces, a translation in the rotor position axis should be made.

Linkage Flux(Wb)
Torque(N.m)

Coil current (A) B -30 -10

Rotor Position(°) Coil current (A)

-30 Rotor Position(°)

(a) Flux surface of phase 1. (b) Torque surface of phase 1.

Figure 3.2: Flux and torque surfaces of a machine phase.

However, since it was necessary to simulate short-circuits to analyze the machine,

another set of surfaces had to be obtained. The reason for this is the necessity to simulate

the winding as two separate ones so that one can be short-circuited in simulink®.
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Coil 1 Coil 2 Coil 1
000 000 T 0000 —

Figure 3.3: Schematic representation of the introduction of the short-circuit fault.

For this the winding was divided in Flux2D® as shown in figure 3.3. In the image coil 1
and coil 1’ represent one coil and coil 2 represent a second coil, with both having the same
number of turns. After the flux project was altered to accommodate this changes new
magnetic simulations were performed. Now this simulations will variate two currents
(coil 1 current i1 and coil 2 current i2) and the rotor position 0. Each current and the
rotor position will variate with same step of the previous simulation.

With this changes two flux linkages were obtained, coil 1 flux W1(iy,1,,60) and coil 2
flux W2(iy,1,,0). Together with torque I'(ij, i, 0) they now depend on three variables.

In figures 3.4a and 3.4b the surfaces of the flux linkage, of coil 1 and coil 2 respectively,
are represented for constant and unaligned rotor positions. In figures 3.5a and 3.5b the
surfaces of the flux linkage, of coil 1 and coil 2 respectively, are represented for constant
and aligned rotor positions. Important to notice that the characteristics are not exactly
equal due to the machine construction. In figures 3.6a and 3.6b surfaces of the torque are

represented, in function of 7; and 6, for different coil 2 currents (0 and 10A respectively).

0.2

0.1

Linkage flux coil 1 (Wb)
Linkage flux coil 2 (Wb)

0

0

Current coil 2 (A) 10 -10 Current coil 1 (A) Current coil 2 (A) 10 -10 Current coil 1 (A)

(a) Linkage flux of coil 1. (b) Linkage flux of coil 2.

Figure 3.4: Linkage fluxes of coils 1 and 2 for unaligned position.

3.2 simulink® implementation

For the dynamic simulations, the machine was implemented in simulink®. In figure 3.7

the main simulink® diagram of the project is represented.
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Linkage flux coil 1 (Wb)
Linkage flux coil 2 (Wb)

Current coil 2 (A) -10 -10 Current coil 1 (A) Current coil 2 (A) -10  -10 Current coil 1 (A)

(a) Linkage flux of coil 1 for aligned position. (b) Linkage flux of coil 2 for aligned position.

Figure 3.5: Linkage fluxes of coils 1 and 2 for aligned position.
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Current coil 2 (A) -10 30 Rotor Position (%) Current coil 2 (A) -10 30 Rotor Position (%)
(a) Torque of the full coil with i, = 0A. (b) Torque of the full coil with i, = 10A.

Figure 3.6: Torque of the full coil for different currents.

3.2.1 Coil and converter implementation

The implementation of the machine in Simulink® was first based on [30]. In the previous
article, the machine coils are modulated as current controlled sources, and their current is
given by equation 3.1, where V is the voltage at the terminals of the coil, R the resistance

of the coil, i; is the current and L; is the inductance of fase i.

[(V =Rij(t))dt

i(t) = T

(3.1)

However, since coils will be connected in series, a new approach was used since
current sources should not be connected in series. The approach consists of modeling the
coils as voltage sources instead of current sources, as shown in equation 3.2. This method
as also the advantage that the inductance and mutual inductance coefficients do not need
to be obtained since we have the flux and torque characteristics.

i1,1,0)

d
emf = i T (3.2)
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machineTorque
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Vol(age Measurement Phase4

Figure 3.7: Simulink® model of the drive.

In the implementation, the package simscape - power systems was used for the electrical
and electronic simulations. Flux and torque for each phase are implemented by look up
tables (two for the fluxes and one for the torque) with the second set of values obtained
from Flux2D®. In figure 3.8 it is represented the implementation of the electrical model
for a phase with fault mechanisms. In the image is seen a series switch at the beginning
of the phase. This is to implement an open circuit fault. There is also a parallel switch

with the bottom voltage source to implement the winding short-circuit fault.

It should be mentioned that just phase 1 will have the fault mechanisms and the
remaining will be normal phases. This phases were implemented with simulation perfor-
mance in mind. Since they will not have any faults, the flux of the normal phases will only
be dependent of one current (equation 3.3). The implementation of this type of phase is
represented in figure 3.9. Notice that only one look-up table was used to represent the
flux. In this case the first set of values from Flux2D® were used.

dlsz)

emf = (3.3)

In figure 3.10 the implementation of the half bridge converter is represented. The
phase circuits are supplied by the DC source presented in figure 3.7 with a voltage of
800V. The phase resistance was set at 2.6 Q.

Faults will be studied in the next chapter.
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Figure 3.8: Simulink® model of the phase with faults.
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Figure 3.9: Phase implementation on simulink®.
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Figure 3.10: Converter implementation on simulink®.

3.2.2 Mechanical Implementation

The mechanical modulation is based on the traditional Newton’s second law for rolling
objects, equation 3.4. Its simulink® implementation is represented in figure 3.11. This
corresponds to the block mechanical present on top of figure 3.7.

The moment of inertia was calculated recurring to numerical integration and its value
is J = 0.80 kg/m?. The dynamic rotation friction coefficient was set to be equal to the one
used in [30] with a value of k = 0.0183 N.s/m.

]‘2—‘: =T —kw (3.4)

N Ll
angularVelocity

Gain1 angularVelocity

-k/Jj«

Gain

Figure 3.11: Mechanical model implementation.

17



CHAPTER 3. MODELING OF THE MACHINE

3.2.3 Control

Two controllers were implemented, a current controller (one for each phase) and a torque

controller.

3.2.3.1 Current control

As mentioned before, with the machine working as a motor the coil excitation should
be performed when the rotor position is in the increasing interval of the inductance.
For that a turn on angle of 6,, = —23.8° was chosen. This is before the rotor being
in the increasing inductance interval but gives time for the phase to magnetize before
torque production. The turn off angle was chosen to be 6,77 = —8.6°. This angle is before
negative torque production but is needed to give time for the phase to demagnetize before
the decreasing inductance region. However, since was not in the scope of this work, it
should be mentioned that this angles are not optimized and therefore the torque ripple
will present high values.

A current hysteresis controller(CHC) was also implemented together with the on/off
control. The hysteresis controller will keep the current between a band of 300 mA around
the output of the reference current (Iref £ 150 mA). The implementation of both is

represented in figure 3.12.

»
»

<=

N

:
el

Ihist Relational
Operator

s o—(D)

Logical LK

v > Operator5 R Q >
\ I >=
—O 3D

- - S-R
Relational Logical-ogical Flip-Flop
Operator1 OperatBigerator2
(2) » >= controler.hist.ton
theta Compare
To Constant2
E— ) S G
J Logical T2
P <= controler.hist.toff Operator1
Compare

To Constant3

Figure 3.12: Simulink® implementation of the current controller.

The bottom part is responsible to detect if the rotor position is in the conducting
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interval. If the input position is higher than 6,, and lower that 6, the signal of the
bottom will be true and enable conduction.

The top part is responsible for the hysteresis. It has two inputs, the top one is the
current of the phase and the other is the input reference current. It will check if the
current is in the hysteresis band. If true and the phase is in the conduction zone it will
keep or change the flip flop state to true. If not, the opposite will be done. Important to
note that the flip flop only controls the CHC switch.

3.2.3.2 Torque control

The motor control was implemented with a PI controller in which the control variable
is the average torque. This average value is calculated for periods of 50 ms. The output
of the controller is a current reference value for the current hysteresis controller. The
proportional gain of the PI is P = 2 and the integral gain is I = 0.5. The PI controller
together with the average calculator and reference are represented in figure 3.13. This

corresponds to the block ‘controler’ in figure 3.7.

—| T_mean N\

error| Iref
Phase1

Mean PID Controller1

D

-C- Phase2

° » control
ref

LL'"

T_ref To Workspace2

Figure 3.13: Simulink® implementation of the motor controller.

3.2.4 Simulation of the motor starting

For demonstration it was performed a simulation of the motor starting until it reached
steady state, for a reference torque of 3 N.m. In figure 3.14 it is represented the speed
during the entire interval. It can be seen that the motor has a rise time (of the speed) of

about 3 s. In figure 3.15 the average torque can be seen.

3.2.5 Simulation of a steady state

In this section a steady state of the normal motor is presented with an average torque of
3 N.m and average speed of 1560 RPM. It will serve for comparison purposes with the
faulty cases and the proposed machine solution. In figures 3.16 and 3.17 is represented
the machine speed and average torque, respectively.

In figure 3.18 and 3.19 the torque and currents are presented in a smaller time interval.

In its center is the time where the faults presented in the next subsections will occur.

19



CHAPTER 3. MODELING OF THE MACHINE
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Figure 3.14: Speed of the normal machine during start.
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Figure 3.15: Average torque of the normal machine during start.
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Figure 3.16: Speed of the normal machine in a steady state.
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Figure 3.17: Average torque of the normal machine in a steady state.

w

Torque (N.m)
N
T

0 1 1

|

|

1 1 1

0.275 0.28

0.285

0.29
Time (s)

0.295 0.3 0.305 0.31

Figure 3.18: Torque of the normal machine in a steady state.
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Besides the waveforms another results are important for comparisons. They are the
input electrical power P, and torque ripple I} ,,. They are given by equations 3.5 and
3.6 respectively.

1T
Pace=1 | ooyt (3.5
I‘max _rmin

This numerical results for the steady state are presented in table 3.3.

Aspect Value Units

Torque Ripple 69.7 %
Average Electrical Power 511.5 W

Table 3.3: Results for the steady state of the normal machine.
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CHAPTER

NORMAL MACHINE UNDER FAULT CONDITIONS AND

PROPOSED SOLUTION

4.1 Normal machine under faults

Before the presentation of the proposed solution, the normal machine under faults will
be simulated for comparison purposes. To study the motor faults two simulations will be
conducted on the normal machine, one under a open circuit and one under a short-circuit.
Both faults will be in phase 1 and will be presented with the machine starting in steady

state with and average speed of 1565 RPM and a average torque of 3 N.m.

4.1.1 Open Circuit

In this subsection an open circuit fault on the normal machine is presented and analyzed.
The fault will occur at the time t = 0.29 s. In figures 4.1 and 4.2 the speed and average
torque of the machine are presented respectively.

It can be seen that there is a small drop in the speed and average torque, however they
will rise back to the in initial values further in time. The drop can be explained by figures
4.3a and 4.3b. In them it can be seen that after the moment of the fault the torque and
current pulses from phase 1, the faulty phase, cease to exist.

This will decrease the mean torque by about 25%, however, as already stated in chap-
ter 2, the machine will be able to compensate the torque loss by producing more torque
with the healthy phases. This is due to the closed loop torque control where the PI con-
troller will rise the reference current for the current hysteresis to compensate the lost
torque. This effect can be visualized in figures 4.3 and 4.4 where it can be noticed that
the amplitude of the currents and torque increased further in time after the fault.

Another important detail to mention is the existence of torque dead zones. As seen
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Speed (RPM)

Current (A)

T T T T T T T T T
1500 r i
1000 1
500 - -
0 1 1 1 1 1 1 1 1 1
0 05 1 15 2 25 3 35 4 4.5 5
Time (s)
Figure 4.1: Speed of the machine with an open circuit fault.
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Figure 4.2: Average torque of the machine with an open circuit fault.
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Figure 4.3: Current and torque at the time of the open circuit fault.
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Figure 4.4: Current and torque after the machine stabilized from the open circuit fault.
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this does not affect the machine at steady state to severely. However, it can be a problem
at the start since if the rotor is at the position where the faulty phase should conduct it
will not have the torque to move out of this position.

In table 4.1 the numerical results of the machine are represented. It can be seen
that the ripple got considerably higher due to the fact that one torque pulse disappeared.

However the electrical power got actually slightly lower, around 0.4 %.

Aspect Value Units

Torque Ripple 192.6 %
Average Electrical Power 509.5 W

Table 4.1: Results for an open circuit fault of the normal machine.

4.1.2 Short-circuit

In this subsection a short circuit in phase 1 of the machine will be presented and analyzed.
As already mentioned in the previous chapter, this short-circuit will comprise of the one
hundred and fifty most centered turns of the coil.

In figures 4.5 and 4.6 the speed and torque of the machine are presented respectively.
It can be seen that the curves are similar with the ones from the open circuit case, where
drops in the speed and average torque are observed but the machine being able to com-

pensate them further in time.
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Figure 4.5: Speed of the machine with a short circuit fault.

In figures 4.7a and 4.7b the torque and currents measured are represented at the time
of the fault. It can be seen that, despite of the current measured from the coil 1 does not
suffer a great difference, the torque goes to near zero values.

This occurs because in the shorted turns a back emf will appear due to the variations

of the flux in the healthy turns. This back emf will induce an opposite signed current
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Figure 4.7: Torque and currents at the time of the short-circuit fault.
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Figure 4.9: Torque and currents after the machine stabilized from the short-circuit fault.
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in the shorted turns that will resist flux change. The healthy and short turns current
are represented in figure 4.8. Due to the currents having opposite signs, the flux in the
machine will be smaller and by that diminishing the torque supplied by the faulty phase.

Due to having less torque available the machine will make a compensation, like in
the open circuit fault case, where the PI controller will rise the reference current for the
hysteresis controller in order to rise the mean torque. This compensation in current and
torque can be observed in figures 4.9a and 4.9b.

In table 4.2 the numerical results of the machine can be observed. As with the open
circuit fault case, it can be noticed that the ripple increased dramatically. It can be seen

that the electrical power in this case has risen slightly.

Aspect Value Units

Average Electrical Power 512.1 \W
Torque Ripple 191.7 %

Table 4.2: Results for a short circuit fault of the normal machine.

4.2 Proposed Solution

The proposed alteration to the machine studied in Chapter 3 consists in a tweak in its
coils and a semi new current control method. The coil tweak is basically dividing the coil
in two halves with the same number of turns. This construction proposal is shown in
figure 4.10.

Lol 7/

Figure 4.10: Schematic representation of the proposed coil solution.

29



CHAPTER 4. NORMAL MACHINE UNDER FAULT CONDITIONS AND
PROPOSED SOLUTION

Jr

Currenft Sensor

» Lol

Vdc A

Vg o

Figure 4.11: Converter for the machine solution.

It should be mentioned that this coil arrangement idea was already proposed by Miller
in [13], however in the presented article no study was made and it was only mentioned
what results could be expected from it.

Were, nonetheless, found similar solutions. In [31] it is described a situation, for a
double channel machine, in which each pole is a coil controlled separately.

About the converter, a change had to be made for it to work with this arrangement
of the coils. If the converter used was the normal asymmetric bridge with the two coils
in parallel, the coils would make a close path and conduct to each other instead of the
diodes.

The converter used is represented in figure 4.11. However, if it was used a full con-

verter for each half coil of the machine it would also work.

4.2.1 simulink® implementation

For the implementation of this solution changes had to be made to the simulink® model.
No changes were need in Flux2D® since in chapter 3 were already obtained the flux

characteristics in function of both coils current W;(iy, i, 0).

4.2.1.1 Coil and converter

However the simulink® changes made were only to the coil and converter. In figure 4.12
it is represented the inside of a phase block. It can be seen that it its very similar with the
one from the normal machine with a bit more complexity.

In figure 4.13 it is shown the implementation the coil block in the proposed solution
machine. Inside it there are two blocks with the implementation of each coil.

Inside coill and coil2 blocks it is implemented the equivalent circuit for each coil. They
are represented in figures 4.14a and 4.14b, respectively. Both diagrams are very similar,
however they differ in the look up table implementation. Another aspect that should be

mentioned is the switches in series and parallel with the coils, they serve to provoke open
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Figure 4.13: The coil block implementation.

circuit and short-circuit faults respectively. The switches signals are independent of each
other.

It should also be noticed that the coils resistance is divided in two. This is to in the
case of a short circuit the voltage source does not get directly shorted to the neutral or
the simulation would throw an error. The resistance on the right side of the switched is
1.17 Q) and the one on the left is 0.13 Q.

Regarding the converter, its implementation is represented in figure 4.15. It can be

seen that its implementation is concordant with the diagram presented in 4.11.

It should also be mentioned that the voltage supply was changed to 400 V.
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4.2.1.2 Control

The motor with this strategy continues to be controlled by the same PI controller, with
the average torque as the control variable and a reference current as the output signal.
However, having now two coils to control, changes were needed. The CHC now
controls the sum of the two currents, as in figure 4.15 shows that the sum of the two
currents is now the output measure from the sensor. For this reason the hysteresis band
was changed to 600 mA. As it will be seen forward, this small change will allow that as
soon as an open circuit fault occurs in one coil, the other one will be able to compensate

it immediately.

4.2.2 Starting simulation

For demonstration purposes, it was also performed a simulation of the proposed solution
motor starting until it reached steady state, for a reference torque of 3 N.m. The speed
and average torque during start are represented in figures 4.16 and 4.17, respectively. It
can be noticed that the curves obtained with this solution are similar to the ones obtained
for the normal machine, indicating that in normal conditions the mechanical operation
should not be too much affected. However, a more detailed analysis will be done in the

steady state case.
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Figure 4.16: Speed of the solution machine during start.

4.2.3 Steady State

As it was done with the normal machine, a steady state was simulated for the proposed
solution. The speed and average torque are represented in figures 4.18 and 4.19. As in
the case of the start, not much difference is observed in this curves.

In figure 4.20 the total torque is presented for a shorter interval of time. As with the
normal machine, the middle of the interval is the time at which faults will occur in the

fault simulations. This image will also serve for comparison with the faulty cases.
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Figure 4.17: Average torque of the solution machine during start.
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Figure 4.18: Speed of the solution machine in steady state.
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Figure 4.19: Average torque of the solution machine in steady state.
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Figure 4.22: Measured currents from all phases in steady state.
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In figure 4.21 the currents for both coils of phase 1 are represented. In figure 4.22 it
is represented the control current measured for all phases. Comparing its the value with
the one from normal machine it can be seen the value is about the double, as should be
expected. It should be mentioned that the sum of both currents in figure 4.21 is equal
to the total measured current of phase 1 represented in figure 4.22. This is part of the
mechanism behind the fault tolerance of the method.

It should also be noticed that the currents from figure 4.21 present differences in
amplitude and form despite the coils having the same number of turns. This can be
explained by the flux characteristics of both coils not being exactly equal, as already
stated in chapter 3. This difference will allow a coil to dominate the dynamics of the
system.

In table 4.3 the numerical results of this steady state are presented. It can be seen
a that this method consumes around 1.6% more electrical power and has a ripple 6%
higher compared with the normal machine in non fault conditions. However in the next

chapter it will be shown the advantages of this construction.

Aspect Value Units

Average Electrical Power 519.8 W
Torque Ripple 74.2 %

Table 4.3: Numerical results for the steady state of the proposed solution machine.
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CHAPTER

RESULTS FROM THE SOLUTION MOTOR FAULTY

CASES

In this section the results from the motor with solution will be shown and analyzed. The
results from fault cases will be shown and discussed by comparing them with the normal
motor fault cases. The cases studied: an open circuit in coil 1, an open circuit in coil 2, a
short-circuit in coil 1. All cases will start with the machine in steady state with an average
torque of 3 N.m and an average speed of 1565 RPM.

5.1 Coil 1 of phase 1 in open circuit

During the simulation, at time ¢ = 0.29 s, an open circuit fault was introduced to the coil
1 of phase 1. The speed and average torque are represented in figures 5.1 and 5.2. In
figure 5.3 the total torque at the time of the fault is represented. Comparing the previous
figures with the equivalent from the steady state 4.18, 4.19 and 4.20, it can be seen that
this type of fault does not affect significantly the mechanical output of the machine.

In figure 5.4 currents of coil 1 and coil 2 are represented at the time of the fault. It
can be seen that when coil 1 gets faulty it stops conducting and the loss of its current will
be compensated by coil 2.

The fastness of the compensation is possible because the reference current will force
a current with its value on the healthy coil 2. In figure 5.5 this effect can be visualized.
In the next current pulse after the fault occurrence the current from coil 2 is equal to the
total current controlled.

The analytic results for the machine are presented in table 5.1. It can be seen that
the electric power increases around 0.6%, however the torque ripple maintained its value
instead of increasing significantly as in the case with the normal machine. This can be

seen as a good improvement from the open circuit case in the normal machine.
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Speed (RPM)
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Figure 5.1: Speed with an open circuit fault on coil 1.
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Figure 5.3: Torque with an open circuit fault on coil 1.
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Figure 5.4: Currents of both coils of phase 1 with an open circuit fault on coil 1.
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Figure 5.5: Measured and coil 2 currents of phase 1 with an open circuit fault on coil 1.

Aspect Value Units
Torque Ripple 74.2 %
Average Electrical Power 522.8 W

Table 5.1: Results for the proposed solution machine with an open circuit fault in coil 1.

5.2 Coil 2 of phase 1 in open circuit

During the simulation, at time t = 0.29 s an open circuit fault was introduced to the coil 1
of phase 2. In figures 5.6 and 5.7 the rotor speed and average torque can be observed. In

figure 5.8 it is represented the total torque in a narrower time interval around the time

of the fault. In can be seen, similarly to a open circuit fault in coil 1, that the mechanical
output of the machine is almost unaffected.

In figure 5.9 currents from both coils of phase 1 are represented. It can be seen that

at the time of the fault coil 2 stops conducting and a compensation in coil 1 will occur,
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Figure 5.6: Speed with an open circuit fault on coil 2.
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Figure 5.7: Average torque with an open circuit fault on coil 2.
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Figure 5.8: Torque with an open circuit fault on coil 2

40



5.2. COIL 2 OF PHASE 1 IN OPEN CIRCUIT

Current (A)

ﬂ

f\

—-—-Coil 2 current

Coil 1 current ||

|

1 I I I I I
0.28 0.285 0.29 0.295

Time (s)

0.305

0.31

Figure 5.9: Currents of both coils of phase 1 with an open circuit fault in coil 2.
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Figure 5.10: Measured and coil 1 currents of phase 1 with an open circuit fault on coil 1.

similar to the previous case.

This compensation is possible because of the same mechanism described in the previ-

ous fault since it’s the same type of fault.

The numerical results for the machine are presented in table 5.2. In this case the

ripple actually increased however still much less than the normal machine open circuit.

The electrical power as risen the same as the previous case. With this two cases having

good results it can be said that the method is effective for open circuit faults in windings.

Aspect Value Units
Torque Ripple 84.6 %
Average Electrical Power 522.8 W

Table 5.2: Results for the proposed solution machine with an open circuit fault in coil 2.
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5.3 Coil 1 of phase 1 in short circuit

During the simulation, at time ¢t = 0.29 s a short circuit fault was introduced to the coil 1
of phase 1. In figures 5.11 and 5.12 the rotor speed and average torque can be observed.
It can be seen, like in the case of the normal machine with a short circuit, that the speed
and average torque will have a drop at the time of the fault but will again rise to their

normal values.
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Figure 5.11: Speed with a short circuit fault on coil 1.
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Figure 5.12: Average torque with a short circuit fault on coil 1.

In figures 5.13a and 5.13b the torque and total measured currents are represented at
the moment of the fault. It can be seen that the current maintains but the torque goes to
near zero values, like in the normal machine short circuit case.

This is because, like in the shorted case of the normal machine, a back emf will be
induced in coil 2, since the coil is completely shorted, and a current with the opposite
signal will appear in coil 2, this is represented in figure 5.14. This will reduce the flux

and by that reduce the torque supplied from the phase.
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Figure 5.15: Currents and torque after the machine stabilized from the short circuit fault.

However, just like in normal machine faulty cases, a compensation by the other phases
will occur further in time by the mechanisms already discussed in the normal machine.
This can be seen in figures 5.15a and 5.15b.

In table 5.3 the numerical results can be seen for the short-circuit in coil 1. It can
be seen that the electrical power rises even more that the open circuit cases (2.6%). The
ripple also greatly increases comparing to the non faulty and open circuit cases, however
it still got lesser than the short circuit case in the normal machine.

Aspect Value Units

Torque Ripple 178.8 %
Average Electrical Power 533.2 W

Table 5.3: Results for the proposed solution machine with a short circuit fault in coil 1.

44



CHAPTER

CONCLUSIONS AND FUTURE WORKS

6.1 Final conclusions

In this dissertation it was presented a new passive method, consisting in some tweaks
in the coils, converter and control, for dealing with open circuit faults in windings. It
were performed finite element analysis to obtain the magnetic and torque characteristics
using the software Flux2D®. This was followed by dynamic simulations in the software
simulink® to compare a normal machine with a machine with the proposed solution, both
with normal functioning and under fault conditions.

It was seen that the machine with the solution, although with a slight worse perfor-
mance with no faults, performed better in open circuit faults comparatively to the normal
machine. Short circuit faults were also presented however without achieving the good
results that the open circuit cases offered.

It also should be noticed that the short-circuit cases were very specific as one should
take into account that the performance of the machine under short-circuit will greatly
depend on the number of shorted turns.

The results of this dissertation gave origin to a paper entitled "A novel spilt-winding
fault-tolerant approach for a Switched Reluctance Motor" on the same subject. This paper
was presented in IEEE/IES IECON conference in October 2019.

6.2 Future works

To complete the work started by this dissertation some future work is required. The
most imperative being the construction of a physical prototype of the machine to confirm
experimentally if the method has the results it shown in simulation.

Another important work that should be performed is the analysis of the machine with
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the proposed method with different short circuit cases with less shorted turns. Associated
with this should be done an investigation to modify the method to try to accommodate
the short-circuit faults.

Finally, another study could be conducted in order to try to adapt the method to

different and more complex control schemes such as neural networks or fuzzy logic.
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