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Abstract

In this thesis, a sliding mode speed controller along with the particle swarm opti-
mization algorithm and discrete commutation logic of switched reluctance motor is
presented. The switched reluctance motor has several interesting advantages. For
instance, the switched reluctance motor has high starting torque, a wide speed range,
heat-tolerant capability, and a simple braking mechanism, which make it attractive
for electric vehicles (EVs) traction applications. The switched reluctance motor has
high torque ripples which affect the performance of the motor, and it is a highly

nonlinear plant due to the doubly salient structure.

A performance comparison of conventional proportional integral speed controller
with sliding mode speed controller is presented for the 10/8 Switched Reluctance
Motors. A robust controller is advised for high-performance control of switched
reluctance motors. The effectiveness of the sliding mode controller for the SRM is
confirmed by simulation results. The proposed controller guarantees that the actual
motor speed tracks the reference speed slightly faster than the proportional-integral
controller. The speed difference between the actual and the reference for a PI speed
controller is 0.18% while for the SMC is 0.0002% which implies the PI has larger
steady state error. The robustness of the proposed controller to sudden disturbances
is also validated through simulation studies. The sliding mode speed controller pa-
rameters are obtained with the help of the Particle Swarm Optimization (PSO)

algorithm while the PI speed controller gains are obtained using trial and error.

The performance of the loaded Switched Reluctance Motor (SRM) is tested and eval-
uated with the help of simulation. The vehicle is modeled in MATLAB/SIMULINK
and developing the torque-speed characteristics that represent the vehicle load type.
The SRM reached its steady-state velocity of 570.74RPM in 13sec and also it took

4.5sec to stop the vehicle from running at a steady-state speed.

Key Words : Switched Reluctance Motor, Electric vehicle, PSO, Sliding Mode

Controller.
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Chapter 1

Introduction

1.1 Background of Study

Electric vehicles (EVs) are automobiles that use the electric machine for their trac-
tion. Electric vehicles are becoming increasingly important not only do they reducing
noise and pollution, but also they can be used to reduce the dependence of transport
on oil and to reduce carbon emissions [1]. Electric vehicles are normally accompa-
nying with benefits to the environment and saving energy. These benefits comprise
reducing local pollution from the vehicles themselves, reducing dependency on oil
and other fossil fuels, and reduction of carbon emissions to the atmosphere. The
electric vehicle consists of a power supply unit for energizing the motor, an electric
motor for traction of the vehicle, and a controller. The controller will normally
control the power supplied to the motor, and hence the vehicle speed, in forward

and reverse direction.

The most widely used electric motor for EV traction application is the permanent
magnet synchronous motors (PMSMs), and an induction motor. This is because
of the reality that a permanent magnet and an induction motor have a quality to
achieve high torque densities, wide speed range, and high starting torque which
makes those machines attractive for EV traction. On the other hand, the inclusion
of a magnet in permanent magnets and is very costly and the heat contributing
winding in an induction motor limits somehow the effectiveness of those motors for

EV traction application [2].

Electric machines without rare earth materials show an expanding interest to reach
and accomplish comparable performance of the other machines. Among the dis-
tinguishing existing magnet-free machines, there is much interest in the switched

reluctance motors for the propulsion of electric vehicles due to simple mechanical
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construction and simple design with the capability to operate in a hazard-free envi-

ronment at very high speed [3], [4].

In recent years, an exceptional interest in using switched reluctance machines due
to their several advantages over other electrical machines. The rotor of switched
reluctance motor (SRM) has no winding, which gives more preference to the ma-
chine, including smaller size, lowest costs, higher speeds, high power density, high
starting torque, wide speed range, and fault-tolerant capability [5]. Double saliency
structure, inherent magnetic saturation, and time variation of parameters induce
nonlinear complexity, high uncertainties in the dynamics, and torque ripple in the
SRM [6].

The switched reluctance motor has a highly non-linear dynamic system due to its
double saliency. In this thesis, a simple non-linear controller named sliding mode
control is used to adapt the motor for EV application and an optimization algorithm
is incorporated to tune the controller gains that replace the complex mathematical
analysis. The torque ripple minimization is done by adjusting the commutation

system.

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 2



PSO Tuned Sliding Mode Control of Switched Reluctance Motor for EV Application

1.2 Statement of The Problem

For the time being, one major concern of the world is about the environment which
is affected by many factors. One such factor is the internal combustion engine vehi-
cles which emit carbon dioxide to the environment. The internal combustion engine
vehicles also require high maintenance. Thus, by considering the above factors in
mind it is essentially replacing the internal combustion engine vehicles with an elec-
tric vehicle. However, the replacement of ICE with an electric motor should consider
parameters like; the speed of the vehicle, weight, cost, comfort, reliability, and com-

pactness.

In recent years electric vehicles are popular, but they use an induction motor,
PMSM, and DC as a propulsion section. In this thesis switched reluctance mo-
tor is used for electric vehicle traction application which overcomes the deficiencies
in other electrical motors. The benefits gained from the SRM are; wider speed range,
higher power density, low cost, fault-tolerant, high starting torque, a simple braking
system, and cheaper power converter circuit. The SRM is a highly non-linear system
and it has high torque ripple due to a double sailency. The torque ripple affects the
overall performance of the drive system. Thus, it is required a simple non-linear
controller to control the SRM drive used for variable speed drive application and
further to reduce the torque ripples. Such a controller is a sliding mode control

tuned with a particle swarm optimization algorithm along with the commutation.

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 3
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1.3 Objectives of The Study
1.3.1 General Objective

The main objective of this thesis is to design the sliding mode control for switched

reluctance motor and tuning using a particle swarm optimization algorithm to adapt

for EV drive application.

1.3.2 Specific Objectives

e To design a sliding mode speed controller for switched reluctance motor.
e To tune sliding mode controller parameters using the PSO algorithm.

e To model and simulate a 200 kg vehicle on a flat ground in MATLAB® /SIMULINK® .

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 4
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1.4  Significance of the Research

One of the main challenges in the control of the switched reluctance motors is de-
signing a stable controller taking into account the system nonlinearity. The design
of stable and robust nonlinear controllers is one of the significant problems on which
scholars have been focused. The sliding mode control is verified to have a capability
to preserve the control stability in various systems that exposes to the disturbances

and parameter variations in the system.

In recent years, different classes of the control method have been found in the lit-
erature, in the implementation toward the difficulties in the control of switched
reluctance motor. The raised numbers of works conducted with the control of the
switched reluctance motor have been proposed extended from linear control to non-
linear control strategies. One of the simple nonlinear control structure is the sliding
mode controller, which is suitable for regulating the SRM drive to find the applica-

tion in EV traction.

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 5
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1.5 Thesis Organization

The thesis is organized into six chapters including this introduction. The rest of the

thesis is organized as follows.

Chapter 2 Introduce general definition and electrical circuit of a typical switched
reluctance motor and also describe the basic principle of its operation. In addition,
the converter circuit, PSO, theory of the sliding mode controller and related works

are presented in this chapter.

Chapter 3 Deals with the design of discrete commutation system and the design of

the proposed controller along with the optimization method.
Chapter 4 describes vehicle design and its characteristics.
Chapter 5 Presents the simulation results obtained and analysis on those results.

Chapter 6 concludes the whole thesis adding recommendation and future works to

be done.

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 6



Chapter 2

Literature survey

2.1 Introduction

In this chapter, principles of operation, torque generation, the theoretical back-
ground about the distinguishing features of SRM to other conventional machines
along the converter used to supply the designated motor are discussed. In addi-
tion, the theory of the proposed controller, particle swarm optimization, and related

works are also involved in this chapter.

2.2 Switched reluctance motor

The switched reluctance motor is a type of electromagnetic rotary machine during
which, the torque is produced due to the tendency of its movable part to move to
a position where the inductance of the energized phase winding is maximized (or
a position to a minimum reluctance). Switched reluctance motor manufacturers
privilege better performance and reliability, higher efficiency, and lower cost than
conventional induction or other variable speed motors. In SRM both the torque
produced and the inductance depend on the stator current i, and rotor position
6, this makes the designated motor highly nonlinear and difficult to control. The
switched reluctance motor is gaining much attention in industrial applications such
as wind energy systems and electric vehicles due to its rugged and simple construc-
tion, wide-speed range operation capability, insensitivity to high temperature, and
fault tolerance [7],[3].

2.2.1 Switched Reluctance Motor Construction

The switched reluctance motor is simple and rugged. It is a doubly salient type of

motor. A Five-phase switched reluctance motor has 10 poles on the stator side and
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8 poles on the rotor side. However, the rotor has no windings or Permanent magnet
it only consists of steel. The stator poles consist of a concentrated winding around
them and each pair of diametrically located opposite coils form one phase of the
motor. The construction feature of a typical 10/8 poles switched reluctance motor

is shown in the figure below.

Figure (2.1) Cross-section of Five phase 10/8 pole SRM [§]

2.2.2 Operation Principles of Switched Reluctance Motor

The working principle of the switched reluctance motor is pretty simple. let us tak-
ing an iron piece, If we keep that in a magnetic field, the iron piece will be aligned to
the minimum reluctance position and get locked magnetically [9]. A similar principle
is followed in a switched reluctance motor. As the name indicates, a switching power
converter is needed for the operation of the switched reluctance motor. It works on
the principle of variable reluctance, meaning, the rotor always tries to align along
with the minimal reluctance pathway. The minimum reluctance(or maximum induc-
tance) portion of the rotor attempts to align itself with the stator magnetic field.
Hence, the reluctance torque is established in the rotor. This motor utilizes the fact
that the forces from a magnetic field on the iron in the rotor can be up to ten times

bigger than the magnetic forces on the current-carrying conductors [10].

A switched reluctance motor operates by exciting the stator windings in response to
a change in the magnetic circuit formed by the rotor and stator parts. The stator of
a switched reluctance motor contains windings, similar to other electric motors, but
the rotor is simply made of steel that is shaped into salient poles, with no windings

or magnets either [11].

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 8
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2.2.3 Equivalent Circuit of Switched Reluctance Motor

Like other electrical machines switched reluctance motor is also represented as an
R-L circuit as shown in the figure 2.2 [10].

R L
—— AN
—

ae @

Figure (2.2) Single phase equivalent circuit of SRM

The voltage across the terminals of a single phase of an SRM winding is associated
to the flux linked in the winding by Faraday’s law as,
dy (6, i)

V=ixRy+ ——+= 2.1
7 % + & (2.1)

Where R is per phase resistance,i) is per phase flux linked by the winding and i is
the motor current.

As a consequence of the double salient construction of the SRM (both the rotor and
the stator have salient poles) and because of magnetic saturation effects, as a whole,
the flux linked in an SRM phase winding varies as a function of rotor position,d,
and the motor current 7.

Thus, the second term on the right side of equation (2.1) can be expressed as;

dy(0,i) _ 00 di 0y do

dt 90 dt 09 dt (2.2)
Substituting the expression in equation (2.2) in to equation (2.1) becomes;
o di 9y dd
_ op A oy df 2.
Vv Rs*z—i—ai*dt—i—ae*dt (2.3)

Where 9¥/a; is the incremental inductance, 9¢/a¢ is the back EMF coefficient, and

d9/4¢ is the speed w.

2.3 Principles of Torque Generation in SRM

Equation (2.3) governs the transfer of electrical energy into the SRM’s magnetic

field. In this section, the equations which describe the conversion of the field’s

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 9
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energy into mechanical energy is developed.
Multiplying each side of (2.1) by the electrical current, i, gives an expression for the
instantaneous input power of an SRM,
dy (6,1
pi:i2*Rs+i*M (2.4)
dt
Where p; is the input power to the motor, i*R, is the copper loss in the winding
and i * 4909 /4 represents the sum of output powers stored in the field and the
mechanical power.
Thus,
dy(0,i) AWy  dW,,
) % = 2.5
ST & (2:5)

Where 9Wt /a: is the power stored in the field and dWm /4t represents the instantaneous

mechanical power. Inserting the expression for co-energy in to the torque equation

gives as;
dW., 2
T = = butlW, = %L(@) (2.6)

Then the simplified expression for the developed torque by the motor is as follows.see

A 2 dL
7
'=5*%

From the simplified torque equation, it is clear that the direction of torque developed

(2.7)

by the motor depends on the gradient of inductance with respect to rotor position.
This torque expression of the SRM makes the braking techniques easier than other

conventional AC or DC machines.

2.4 Power Converters

Power converter is the one components of derive system and its function is to deliver
appropriate power to the motor from battery or DC source. The motor torque in
switched reluctance motors is proportional to the square of the current so that the
converter has to supply the motor with a unidirectional current. Hence, converters
feeding the SRM are of the unipolar type and they generally use two switch per
phase[12].

The value of actual conduction angles a, is always higher than the stroke angle s as
a result of current rise and decline in the phase winding and, hence, in the operation
of the SRM motor, there are periods when 2 or even 3 phase windings are in con-
ducting (‘ON’) state. Since the goal is to gain high values of average electromagnetic
torque, the period of conduction is extended in the range of strong attraction of the

rotor tooth by the electromagnet made up in a pair of stator teeth. Therefore, the

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 10
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switch off-angle only slightly goes before the aligned position. Consequently, the
process of current decay within a given phase is faster as much as possible to avoid
negative torque (generating torque) values. This happens after the rotor reaches the
position determined by the angle " — OF F, as a result of energizing this winding
with the reverse voltage —V, which supplies the phase and, thus, causing the energy
to return to the source. Such capability has to be held through the commutation

system of the phases of the SRM motor.

The basic system of the power supply and commutation of a single-phase winding of
SRM involves an asymmetric transistor/diode H bridge shown in Figure 2.3. Since
SRM is a reluctance motor type and the direction of the torque is not depending on
the direction of the current flow through the phase winding, so, the converter does
not need to facilitate the current flow through the phase winding in both directions
and it is enough to apply two power transistors and two diodes to guarantee energy
supply and energy return back to the source. Over the period when winding is in
supply state from the source both the transistors S; and S, are in the ON state

which is called hard switching mode.

Gat | _
- D

vin C_) PhA

i sz

Figure (2.3) Converter Topology for a single phase

2.5 Particle Swarm Optimization

Particle swarm optimization is a method that optimizes a problem by iteratively
trying to improve a problem solution about a given measure of value. It solves
a given problem by having a population of candidate solutions, named particles,
and moving these particles around in the search-space (possible solution areas) ac-

cording to simple mathematical formula over the particle’s position and its velocity.

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 11
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The particle’s movement is manipulated by its local best-known position but is also
directed towards the best-known positions in the entire search space, which are up-
dated as better positions are found by other particles. This is expected to move the

population toward the best solutions[13].

Particle swarm optimization (PSO) is a type of the evolutionary computations meth-
ods. Similar to the other evolutionary computation methods, PSO is a population-
based search algorithm and it is initialized with a population of a random solution,
so-called particles. Unlike in the other evolutionary computation methods, each
particle in a PSO is also associated with the velocity of each particle [14]. Particles
fly through the search space with velocities that are dynamically attuned according
to their historical behaviors. Thus, the particles tend to fly towards the best search

area over the entire course of the search process [15].

The PSO algorithm is discovered through a simplified social model. It is related
to bird flocking, fish schooling, and swarm (population) theory. The PSO was first
designed to simulate birds looking for food which is defined as a “cornfield vector.”
The bird would find food through social cooperation with other neighborhood birds
around it. It was then extended to a multidimensional search [16]. The PSO algo-

rithm is described as below;

Figure (2.4) Particle’s Iteration Scheme

Via = crrand()(pia — ©ia) + caRand()(pga — Tia) (2.8)
Tid = Vi + Tid (2.9)

where ¢; and ¢y are positive constants, and rand() and Rand() are two random func-

tions in the range between [0,1]; ; = (41, T40, ..., 2;p) represents the i particle;

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 12
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P, = (pi1, pi2, ----, ip) represents the best previous of the it" particle; the symbol ¢
represents the index of the best particle among all the particles in the population
(global best); V; = (vi1, vz, ...., v;p) represents the velocity for particle i. Equa-
tion (2.8) and equation (2.9) are the equations describing the flying trajectory of
a population of particles. Equation (2.8) describes how the velocity is dynamically
updated and Equation (2.9) the position update of the flying particles. Equation
(2.8) consists of three parts. The first part is the momentum part. The velocity
can’t be changed suddenly but, it is changed from the current velocity. The second
part is the cognitive part which represents private thinking of self-learning from its
own flying experience. The third part is the social part which represents the collab-

oration among particles learning from group flying experience [15].

In Equation (2.8), if the sum of the three parts on the right side goes beyond a
constant value specified by the user, then the velocity on that dimension is assigned
to be +V,,.., that is, particles’ velocities on each dimension is held to a maximum
velocity Viee, which is an important parameter, and originally is the only parameter
required to be adjusted by users. Big V,,., has particles that have the potential to fly
far past a good solution area while a small V,,,,, has particles that have the potential
to be trapped into local minima, therefore unable to fly into better solution areas.
Usually, a fixed constant value is used as the V4., but a well-designed dynamically

changing V..., might get better the PSO’s performance [17].

The PSO algorithm is quite simple in concept, easy to implement, and computa-

tionally effective. The technique for implementing the PSO algorithm is as follows:

1 Initialize a swarm of particles with random positions and velocities in arbitrary

dimensions D in the problem space.

2 For each particle (solution), evaluate the favorite optimization fitness function

in D variables.

3 Compare particle’s fitness function evaluation with its previous best ppes . If
the current value is better than the pp.s, then set pys: equal to the current

value, and P; equals to the current location x; in D -dimensional space.

4 Detect the particle in the neighborhood with the best success so far, and assign

its index to the variable g .

5 Adjust the velocity and position of the particle according to Equations (2.8)
and (2.9).

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 13
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6 Loop to step 2 until a criterion is satisfied, mostly a sufficiently good fitness

or a maximum number of iterations.

Unlike the other evolutionary algorithms, in PSO, each particle flies through the
solution space, can remember its previous best position, survives from generation to
generation [17]. Additionally, compared with the other evolutionary algorithms, e.g.,
evolutionary programming, the original version of PSO is faster in initial convergence

while slower fine-tuning [14].
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2.6 Sliding Mode Control

The sliding mode control is a kind of nonlinear control that has been developed
mainly for the control of variable structure systems. To be precise, it consists of a
time-varying state-feedback discontinuous control law that switches at a high fre-
quency from one continuous structure to another according to the present position
of the state variables in the state space, the objective is to force the dynamics of

the system in control to follow exactly the desired reference path.

The main advantage of a system with sliding mode control characteristics is that
it has guaranteed stability and robustness against parameter uncertainties . Fur-
thermore, being a control method that has a high degree of flexibility in its design
choices, the sliding mode control technique is comparatively easy to implement as
compared to other nonlinear control methods. Such properties make the sliding
mode control greatly suitable for applications in nonlinear systems, accounting for
their extensive utilization in industrial applications, e.g., electrical drivers, automo-

tive control, etc.. [18].

For any given system, if a sliding regime occurs and the sliding manifold ¢ = 0 holds
a stable equilibrium point P when operated in sliding mode, the feedback tracking
trajectory S, regardless of its location, will be driven toward the sliding manifold,
and upon reaching the manifold, it will bring the control of the system to switch on
and off between two or more discrete control functions at an infinite frequency, such
that the system’s trajectory will be kept exactly on the sliding manifold such that
S = ( =0, and the trajectory will be directed to the desired equilibrium point P.

The whole sliding mode operation can be classified into two phases. In the first
phase (named reaching phase), irrespective of the initial position of the controlled
trajectory S, the SMC will force the trajectory toward the sliding manifold. This
is possible through conditions, called hitting conditions which guarantee that, irre-
spective of the initial condition, the controlled trajectory of the system will always
be directed toward the sliding manifold [19], [18].

When the trajectory touches the sliding manifold, the system enters the second
phase (named sliding phase) of the control process and is also said to be in SM
operation. The system will then be controlled by a series of infinite switching of
its control functions such that the trajectory is kept on the sliding manifold and is
simultaneously directed toward the desired equilibrium point P and finally settling

at P for all future time. More importantly, by having a control process that reacts
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only to the way the trajectory behaves, the trajectory will be unaffected by the
effects of the parametric variations and external disturbances. In other words, the
control process uses the sliding manifold as a reference path, on which the controlled
trajectory will track and ultimately converge to the origin to reach a steady state

without any consideration of the system’s parameters and operating conditions [19].

2.6.1 Equivalent Control

The ideal sliding mode control operation is assumed to operate the system at an
infinite switching frequency such that the trajectory moves precisely on the sliding
manifold. However, practical limitations of devices and components in the system
will alter the actual behavior of the sliding motion and induce a low-amplitude high-
frequency oscillation (chattering) within the surrounding area of the sliding surface
as moving toward the origin [20]. The movement of the trajectory is a consequence
of the switching action w(t) [21].

2.7 Electric Motors for EV Application

Electric motors are key elements in electric vehicles. The selection of traction motors
for electric propulsion systems is a very important step that requires special atten-
tion and it should be carried out at the system level. From the industrial application
point of view, the most common motors used in the hybrid electric vehicles (HEV)
and pure electric vehicles (EV) are: DC motors, induction motors (IMs), permanent
magnet synchronous, switched reluctance , and brushless DC motors. The auto-
motive industry is still seeking the most appropriate electric-propulsion system for
hybrid electric vehicles (HEVs) and even for EVs [22]-[23].

The major performance requirements of EVs electric propulsion, as mentioned in
past works of literature [22] [2], [1], [24] are summarized as high instant power and a
high power density, high torque at low speeds for starting and climbing, as well as a
high power at high speed for cruising, a very wide speed range, including constant-
torque and constant-power regions, a fast torque response, a high efficiency over the
wide speed and torque ranges, a high efficiency for regenerative braking, high reli-
ability and robustness for various vehicle operating conditions, controllability, and
a reasonable cost. Based on these requirements let’s evaluate the traction motors

employed for EV application.
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According to [22] DC motors have been important in electric propulsion because
their torque-speed characteristics suit the traction requirement well, and their speed
controls are simple. However, DC motor drives have complex construction, lower
efficiency, low reliability, and high maintenance requirement, mainly due to the
presence of mechanical commutator (brushes), even if interesting progress has been
made with slippery contacts. [22] also says about the induction motors, squirrel cage
induction motors are recognized as the most important candidates for propulsion
of EVs, owning to their reliability, ruggedness, low cost, and ability to operate in
intimidating environments. Drawbacks of the induction motor drives are high loss,
low efficiency, low power factor, and low inverter usage factor, which is more serious
for the high speed, large power motor. Even if the drawbacks of IM drives are to
be considered during design steps, Permanent Magnet (PM) brushless synchronous
motors have a number of advantages over IM, including (1) overall weight and vol-
ume are significantly reduced for given power output (high power density). (2) they
have higher efficiency. (3) heat is efficiently dissipated to the surrounding. Still,
PM brushless synchronous motors have a short constant power region due to their

limited field weakening capability, resulting from the presence of PM field [24].

Several kinds of brushless synchronous motors have been used including the perma-
nent magnet type and reluctance type synchronous motors. However, their capacity
is limited by both demagnetization in an overload condition and the poor power
factor [25]. Interior PM synchronous machines (IPMSMs) have emerged as the
brightest candidates, which have been widely used for EV (or hybrid EV) traction.
These electric motors may be designed with different rotor typologies, where a rare-
earth magnet is often employed to achieve high-performance. However, the material
cost of a rare-earth magnet is high and supply is controlled by a few countries
owning the mineral resources. Some EVs adopt propulsion solutions without rare
earth permanent magnet, which uses copper rotor IMs. However, in addition to the
drawbacks of IMs mentioned above the starting current of IMs can be high which
is disadvantageous for battery duration and the Vector controlled induction motors
allow independent control on torque and flux, but the performances are sensitive
to the motor parameter variation since the motor flux is estimated using the motor

parameters [2].

The switched reluctance motor has several interesting characteristics that are suit-
able for electric vehicle drive. A switched reluctance motor operates by exciting
the stator windings in response to a change in the magnetic circuit formed by the
rotor and stator parts. The stator of a switched reluctance motor contains windings,

similar to other electric motors, but the rotor is simply made of steel that is shaped
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into salient poles, with no windings or magnets either. In a switched reluctance
motor, both stator and rotor have salient poles, the stator winding consists of a set
of coils, each wound on a pole, the rotor is only made with steel lamination stacked
onto the shaft. This is the main difference with induction motors which have rotor
wingdings or permanent magnets. Unlike an induction motor, there are no rotor
bars and consequently no torque-producing current flowing in the rotor of SRMs.
Switched reluctance motors can provide an effective alternative to induction motors
or permanent magnet synchronous motors in many situations where the operating
conditions do not suit them. One of the main drawbacks of the SRM is its high
torque ripple.

Advantages of switched reluctance motor over other electric motor being used in

electric vehicle propulsion are:
e Heat tolerant capability because of no winding on the rotor side.

e The rotor does not have winding since therefore no need to keep the carbon

brush and slip ring assembly.

e In the absence of a permanent magnet, such motors are available at a cheaper

price.
e The direction of the motor can be reversed by changing the phase sequence.

e Very high starting torque and wider speed range since it does not require field

weakening technique.
e High fault tolerance capability.

e Simple braking mechanism.

2.8 Related Works

In recent years, different classes of the control approach have been found in the
literature, in the control of switched reluctance motor. The raised numbers of works
conducted with the control of the switched reluctance motor have been proposed
starting from linear control to nonlinear control strategies such as PI control, sliding

mode control (SMC) [26], Feedback linearization [12], and an intelligent approach.

The Author [26], proposed the speed control of switched reluctance motor based on
feedback linearizing and sliding mode control by including the mutual inductance
effect in the model. In this paper, simulation results using sliding mode control and

feedback linearizing control are compared against the conventional PI control. The
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comparison shows that the sliding mode controller and feedback linearizing con-
troller have superior performance than that of the conventional PI controller. The
sliding mode control parameters were selected arbitrarily based on the intuition of
switched reluctance motor operation. From the simulation result of this paper, the
robustness against disturbance and parameter variations of the sliding mode con-
troller was not achieved. In addition, the responses obtained by implementing the

proposed controller exhibit a speed ripple which is not practical.

The performance of the switched reluctance motor drives for electric vehicles was
proposed in [27]. From the simulation results, the switched reluctance motor pos-
sesses a good dynamic response and has the fault-tolerant capability. Fortunately,
this paper lacks the methodology used for designing a controller structure and it

was only focused on the fault-tolerant capability of the motor.

In the paper [28], the sliding mode controller is designed and optimized using a par-
ticle swarm algorithm however, it focused on an electro-hydraulic actuator (EHA)

system.

The paper in [29] proposed robust adaptive sliding mode control (RASMC) for speed
control of SRM with high accuracy robust tracking performance under disturbances
and parameters variation. The proposed structure can reject any external applied
time-varying disturbances. The effectiveness of the proposed controller has been
demonstrated by simulation and through the experiment. The simulation results
verify that the proposed technique has better performance than the conventional
adaptive sliding mode controller (CASMC) approach. In this paper, the adaptation
parameters were selected arbitrarily and it will raise the instability of the system.

The simulation results in this paper were limited to speed tracking performance only.

In this thesis, a simple structure of sliding mode control (SMC) tuned with particle
swarm optimization for SRM is proposed for EV applications. It can offer the
requirements of EVs such as wide speed range, high dynamic performance, minimum
torque ripple and high starting torque. The torque ripple is minimized by adjusting

the firing angles of the commutation system.
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Chapter 3

System Modeling and Controller
Design

3.1 Introduction

This chapter covers the key approaches to design a controller along with an op-
timization algorithm for the switched reluctance motor drive system. Section 3.2
describes the development discrete commutation pulse generation system. Section
3.3 elaborates on the design of PI current control. The design of the sliding mode
speed controller is described in section 3.4 while the PSO implementation technique
and torque ripple minimization are described in section 3.5 and 3.6 respectively.
Moreover, the braking mechanism of an SRM is also discussed in this chapter. The
controller is tested in the simulations with MATLAB® /SIMULINK® | and the sim-

ulation results are presented in chapter five.

3.2 Commutation Pulse Generation

The commutation strategy eventually regulates the performance of the SRM. Torque-
speed range, machine efficiency, and torque ripples, all depend, a little, on the
commutation system. For an SRM control, commutation can be described as the
conversion of the desired net motor torque into a set of desired phase currents. In
this thesis, a discrete type of commutation pulse generation is developed from the
rotor position information. The developed commutation system is even more flexible
which results in a wider speed operating range for the SRM, permits the turn-on

and dwell angles to vary.

In an SRM Commutation pulse generation is a control mechanism by switching the
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power converter to appropriately energize the corresponding phase winding. The ro-
tor position is available in the model. Thus, developing gate pulses for phase A up
to phase FE is possible in synchronization with the rotor position # . The switching
signal is periodic over every 45°. The designated motor has Five phases with 10/8
poles so the rotor will move 45 mechanical degrees for one complete electrical cycle.
Continuous rotor position is available then it is possible to develop the commutation
system that will generate the gate pulses for the converter in synchronization with

rotor position.

Angular Parameters of Switched Reluctance Motor

In SRM the angular parameters are very important for controlling purposes. The
following are some angular parameters used to design a discrete type of commuta-
tion for the proper excitation of SRM phase windings.

Turn-on angle: a rotor angle at the instant when a certain phase is excited.
Turn-off angle: a rotor angle at the instant when a certain conducting phase is
turned off.

Dwell angle: a period in angular form in which each phase remains energized. In
other words it is the difference between the turn-off angle and turn-on angle.
Advance angle: an angle that is important for the operation of the switched re-

luctance motor.

For the designated motor the stroke angle s = 360°/5.8 = 9% which means each phase
winding of the SRM conducts for 9° But,the actual value of the conduction angles
6., is always larger than the stroke angle s as a result of the processes of current rise
and decline in the phase winding and, hence, during the operation of the SRM motor
there are periods when 2 or more phase winding are in conducting state.For the case
where the T'— OF F and T'— ON angles are advanced by 5° and 8° respectively now
the conduction angle for each phase winding will changed to 12°. The range of on

time for switching phase A winding will then between 40° and 28°.

Since usually the aim is to gain high values of electromagnetic torque, the conduc-
tion period is extended within the range of strong attraction of the rotors tooth by
the electromagnet made up by a pair of stator teeth so that the switch off angle
slightly precedes the aligned position. For this reason, the process of current decay
in a given phase is accelerated as much as possible to avoid negative torque values.
This occurs after the rotor reaches the position determined by the angle T'— OF F

as a result of energizing this winding with reverse voltage V' that supplies the phase
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and thus, causing the energy return to the source. Such a capability has to be held

through the commutation system of the phases for the SRM.

Phase excitation sequence

Table (3.1) Commutation sequence

Phases Conduction period in degrees

Phase B 0°—9°
Phase C 9° —18°
Phase D 182 —27°
Phase E 27° — 36°
Phase A 367 — 45°

Since only a single coil set is activated at any one time to generate a moving field,
So the sequence of the activated phases are B, C, D, E, and A for motoring mode
in the model available in MATLAB. An SRM is a doubly salient type of motor,
so it requires information of rotor position to energize appropriate phase which is
capable of generating a torque. Hence phase A is in fully alignment position used
as a reference and phase B is the next phase to be energize to generate a motoring
torque. So, the commutation pulse generation system was developed in the manner
shown in the table 3.1.

3.3 Control Techniques

The analytic model of switched reluctance motor can be represented by differential
equations which includes voltage equations,motion equation and electromagnetic
torque equation. The equivalent circuit of the motor represents voltage balance
equation of the phase which consists of R-L elements. Typically,in switched reluc-
tance motor the effect of leakage flux and mutual inductance are negligible so,they
are neglected in the developed motor model. The states for the SRM are the rotor
speed 'w’ and the motor current 7> which are to be regulated by the control action.
The PI and SMC are selected for controlling the states of the plant.
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3.3.1 PI Speed Control for SRM

The PI speed controller is required to compare the actual speed with the reference
speed and it will generate a quantity and adjust a quantity in the output which is
responsible for speed control.In feedback control of SRM, the speed error is processed
through the controller to regulate the magnitude of the reference current. The higher
the reference current, the higher the actual current, and hence the higher the output
motor torque refer equation (2.7). Therefore, a PI controller is designed in such a way
that it provides necessarily a large reference current in the presence of large speed
error. However, the state equations of an SRM is a highly nonlinear, conventional
method for the linearized model at one operating point is not suitable in obtaining
the PI gains.Thus, in this thesis the PI gains are selected by trial and error but it

is impractical.
¢
Lep(t) = Kpe(t) + Ki/ e(t) dt (3.1)
0

Where K,,, K;, and e(t) are the proportional gain, integral gain, and speed error
respectively. But the speed error can be defined as e = wyef — wy,. Hence,w,er is
the reference speed and wy,, is the actual motor speed. The output for the speed PI

controller is the command current and it can be expressed also as;

t
Lup(t) = K (res — ) + K / (rop — o) dt (3.2)
0

In a closed-loop, speed controlled SRM drive the speed error is processed through a
proportional plus integral (PI) controller to yield the current command, The current
command is also processed through another proportional plus integral (PI) controller
to obtain duty cycle for the PWM controlled voltage converter. The currents are
injected into a particular winding based on their position information obtained from

an encoder or position estimator.

3.3.2 Design of PI Current Control for SRM

The design of a PI current controller requires a linearized model of SRM. The lin-
earized model of SRM is developed using an ac small signal model techniques see
(B.1).
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Mechanical
System
Electrical System Tl
Vin
e 1 1 w
‘ (Reg+SL) (JS+B)
eb

Iy

Kb
Figure (3.1) Linearized SRM model.

As shown in the figure (3.2) it is difficult to implement the current controller be-
cause,the current feedback and the back emf feedback signals are cross-coupled each
other.So simplification of the above block diagram is necessary to implement a PI

current controller.

I ref Pl 1 i o Te 1 W
Controller (Req+SL) Kb (JS+B}
] Kb |«
Figure (3.2) Linearized SRM model with current controller block.
I B+j

V(s)  $2Lj+ S(LB+ Regj) + Req + k2
Assuming a negligible electrical time constant and mechanical time constant of T;,, =

j/B the transfer function from voltage to current become,

I(s) 1 (14 sT) (3.4)
Vi(s) LT, \ 215 <ﬁ+¥> n REqLJ;kg

To investigate the properties of the system the poles location must be known and

the following substitutions are made.

1 R
_ Rtk
== (3.6)
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Then the transfer function become,

I(s) (14 sT,,)
V(s) LT, (s+T)(s+Tp)

(3.7)

For simplicity the converter model is not included in as shown in the fig 3.3. To
calculate the PI current controller gains it is necessary to find the transfer function
of the inner current loop.To make the transfer function representation in standard

form, the following substitution are made.

—bt Vb2 —4
—Ty, =Ty = 5 ¢ (3.8a)
K,(1+ sT)
Ge(s) = ps—T (3.8b)
K
=t .
X, (3.8¢)

Where T7 and T; are poles of the system, T}, is the mechanical time constant and L

is the inductance which is the mean value of the aligned and unaligned inductance

ie., La+tLufy

et e Kp(1+ST) v _ O#STm) |

ST LTm(S+T1)(S+T2)

Pl controller

Figure (3.3)  Current controller block diagram.
To design the PI current controller gains, closed loop transfer function is obtained
by a simple block diagram reduction techniques as shown in the figure (3.3)

I(s) _ K,(1+sT)
Lef(s) LT (s+T)(s+Ty) + K,(1+ sT)

(3.9)

Now the transfer function is found in a standard form the next step is designing
the PI gains i.e., K, and K;. The characteristics equations for the current controller
block along with the system block is a second order system, so the standard second

order system is used to calculate K, and T

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 25



PSO Tuned Sliding Mode Control of Switched Reluctance Motor for EV Application

Table (3.2) Current controller design parameters

Parameter Value Unit
Supply voltage 400 v
Maximum current 150 A
Rated speed 1000 RPM
Rated current 20 A
Power 10 kw
Rotor friction coefficient  0.001 N.m.s
Motor inertia 0.0082  kg.m?
Natural frequency 136 rad/sec
Damping coefficient 3

Phase inductance 0.0122 H
Inductance gradient 0.018 H/rad
Phase resistance 0.3 Q

T ~

(3.10a)

(3.10D)

To make the closed-loop step response fast without introducing too much oscillation

the natural frequency w, should be large enough. To reduce this oscillation making

the closed-loop system over damped, i.e. ¢ > 1. Using equation (3.10) one can then

have, KP = 0.1708 and T' = 0.007246. The gain for integral part is K; =

23.57.

QOuter speed loop Inner curr

ent loop

Current error
I ref

Speed error

-
)
=

Commutation
Sequence

lGaie Pulses

"

P

T

] Angle
cal culation

“’ref SMC 1 PI AND #| Converter SRM (Plant) —
Wmn|
i‘l’: H PSO |
Figure (3.4) Overall system block diagram.
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To illustrate how the SMC method controls the motor speed in a motor-drive system,
a detailed control structure is presented in the Figure 3.4 for a better demonstra-
tion. As shown in the block diagram the control structure consists of two loops: the
inner current loop and the outer speed loop. Generally, the current loop is used to
obtain a duty ratio, while the speed loop guarantees that the actual speed follows

the reference speed.

The torque in SRM is a function of both the current and rotor position. So current
controller block is implemented along with the commutation to control the torque
indirectly. As shown in figure 3.4, the outer speed loop is incorporated to generate

a current reference, and an inner current loop to generate a duty ratio for a converter.

In any drive system, the rotor speed is affected by the supply voltage. The outer
speed loop generates a reference current, and the current error is processed through
a PI controller to generate a duty ratio. The duty ratio is compared with the con-
stant frequency saw-toothed PWM signal having a magnitude between 0 and 1. For
instance, if the duty ratio is between in the range 0 and 1 the relational operator
results in a logic '1’, along with the commutation to force the converter switches
ON. On the other hand, if the duty ratio is not in the range between 0 and 1, the
relational operator results in a logic ‘0’ while a certain phase is in conduction mode.
This will force the switches OFF state.

As shown in the system block diagram, the rotor position is not a part of the con-
troller which feedbacked and compared to the reference to generate the error signal.
This is appearing because the switched reluctance motor should need continuous

rotor position information for the proper phase excitation.

3.4 Design of Sliding Mode Controller for SRM

The objective of the sliding mode controller is to design a sliding surface and control
law that is responsible to force the system trajectories towards the sliding surface.
On the sliding surface, the system is insensitive to certain parameter variations and
unknown disturbances. The basic idea behind the design of any speed controller is
to minimize speed error. i.e. to minimize the error to the origin of a plane formed

by e(t) and é(t). Graphical representation is shown in figure 3.5.
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é(t)

Sliding Phase e(t;)

Figure (3.5) Graphical representation of sliding mode control system

The following describes the standard procedure of SMC design. We start by de-
veloping the error dynamics in a conventional form. Then, the design of a sliding

manifold and control inputs are explained.
Mechanical Model

dw
dt

Where T,,T}, j, B,w are instantaneous torque, load torque, inertia, friction coeffi-

T.—-T)=j%x—+Bxuw (3.11)

cient, and rotor speed respectively.

Error Dynamics Development

e(t) = wrer —w(t) (3.12a)
wW(t) = wrer — e(t) (3.12Db)

Where w,w,ef,e(t) is rotor speed, reference speed, and error respectively.

é(t) = Wyep(t) —w(t) (3.13)

And the second derivatives of the error is necessary to design a control law so,

E(t) = Grep(t) — 63(t) (3.14)
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Design of Sliding Surface

In this thesis, a linear type of sliding manifold is designed for the error dynamics.
The error is the difference between the reference speed and the actual speed thus,
bringing the sliding surface to the equilibrium point (0,0) in this case makes the
error approaching zero that means the actual speed is following the reference speed
regardless of parameter variation, disturbances, and initial point. This is the princi-
ple behind the sliding mode speed control of SRM and the sliding surface designed

as below.

S=mne+é (3.15)

From the electrical and mechanical subsystems, the complete dynamic model of the

SRM is expressed in the following state space form.

a1, (0T, . oy A
i () v (3) o
di . NI
G i g () 347
dw 1

For speed control the second derivative of the speed become

a1

dT.
— = - BQ dTi
dt

T 1)

(3.19)

Substitute equation (3.16) in to equation (3.19) one can get,

dQ 1 (o1, fop\ , o 47,

For simple notation the following substitution are made
1(oT, (ou\ ' [ oy | 4T,
== — ——w—1Rs | — BQY— —
& j<8z’(8i> ( 20" " ) dt

1 {01, [ov\ "
dQ2

o =f8+aU (3.22)

where, o and [ are a function of w, # i, and T;.

—~

3.21a)
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1 dv
A Lyapunov function can be selected as, V = 582 and T S8
s=neté=0+n0— (nQref(t) + Qref(t)) (3.23)
Then the derivative of the lyapunov function become,
dv . B}
L <B+aU+nQ - (ngref(t) +Qref(t)>> <0 (3.24)

For a constant reference speed QN 5 and Qref become zero. Solving for the control
signal U,

(51 usgn(s)) (3:25)

Substitute equation (3.25) into (3.24) gives us,

U:

V = —skysgn(s) < 0 (3.26)

It is evident from equation (3.26) that, V = 0 only when s = 0 This ensures that the
the control law expressed in equation (3.25) could guarantee that Q(¢) — Q,..; in
finite time. The torque in SRM is a function of stator current and rotor position,so
computing a time derivative is difficult. Thus, the torque is approximated by curve

fitting method to a second order polynomial of current i. Thus,
T, = 0.00145% + 0.00432i (3.27)

In this sliding mode controller design section only regulation problem is addressed
i.e, constant reference speed and an alternative design method for the control input
U is included in appendix (B.2)

Remark The choices of the state e in the equation 3.12b guarantees that when e

converges to zero then the state w (rotor speed) converges to its desired value wyef.

3.5 PSO Implementation to Tune the SMC Pa-

rameters

The selection of the gain for the sliding manifold and the gain for discontinuous
control is usually done by trial and error or by a complex mathematical analysis
which is a time-consuming task. In this thesis the cost function is selected as an
integral absolute speed error (IAE), the PSO algorithm is used to tune n and k
iteratively until the desired system response is achieved. The best values were
obtained for n = 9 and k = 400 after conducting 30 iterations for 10 swarm sizes.
The PSO code is developed in MATLAB which is found in the appendix (D.1)
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3.6 Torque Ripple Minimization

The chief drawback of an SRM is its high amount of torque ripples, which signifi-
cantly reduce the overall efficiency of the SRM drive. Torque ripple minimization is
necessary for SRM drive to find an application in EV traction. The mathematical
expression for the torque ripple in SRM taken from the literature [10] is as follows:

Tmaz - Tmzn
Tripple = T— (328)

Where, T, 02, Toin, Tave are the maximum possible torque, minimum torque, and

averaged torque respectively.

The torque ripples in this designated motor can be minimized to a minimum possible
value but it is unavoidable. Standing from the torque ripple equation, minimizing
the torque ripple is done by increasing the average torque. Figure 3.6 shows the
linear inductance profile and the generated torque and it is shown that each stroke
generates a motoring torque in an increasing period of inductance and a generating
torque in a decreasing period of inductance. Thus, by adjusting the 7" — ON and
T —OFF angle of the developed commutation pulse generation along with the closed
loop speed control we can minimize the torque ripples.

The converter used to supply the SRM phases is an asymmetric type of converter
which consists of two switches and two diodes per phase. For example, when a
certain phase is energized the two switches are turned on and in the de-energized
instant both switches are turned off this mode of operation is known as ’chopping
mode’. In this thesis, closed-loop PWM voltage control is used to limit the current
drawn from the motor. When the load current exceeding the reference current
(generated from the speed controller) the PWM comes into action by switching OFF
and ON the supply, at this time current ripple occurs. From the torque equation
of SRM, the torque is proportional to the square of current thus, the current ripple
also affects the torque performance this has occurred in chopping mode of operation.
Therefore, making the current flat-topped results in a minimum torque ripple, this is
done via ’soft-switching technique’ along with the phase advancement method. Soft-
switching means switching a single switch at a time, which will increase the converter
efficiency by reducing the power loss in the converter switch. The simulation results

are available in chapter five to validate the theory stated in this section.
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Figure (3.6) Linear inductance profile and torque of SRM [11]

Braking Mechanisms and speed reversal of SRM

The braking mechanism of the driving motor is necessary for electric vehicle traction
application stopping the vehicle and charging the battery if the vehicle is a battery-
powered vehicle. For regeneration operation, the converter should allow a reverse
current flowing from the winding to the supply. In SRM a reverse current does
not change the direction of the torque. The only way to change the direction of the
torque is to excite the phase either in the increasing inductance portion (for motoring
torque) or in a decreasing inductance portion (for generating torque). This would
be done by adjusting the commutation. The forward motoring is done by excitation
sequence B, C, D, E, and A and reverse motoring is done by the excitation sequence
of £, D, C, B, and A. Then, regenerative braking is done by advancing the T'— on
and T'—of f angles by 36 mechanical degrees. In other words, the phase is excited in
a decreasing inductance section that produces a negative (generating) torque. The
name regenerative implies that when the motor is in a regenerative braking mode,
there is stored energy in the phase winding flows back to the supply. Like other
conventional AC machines, the reversal of speed for SRM is done by changing the
sequence of phase excitation. In this case, the phase excitation sequence for speed

reversal is stated above.
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Chapter 4

Vehicle Design

4.1 Introduction

In this chapter, the vehicle modeling in equation-based, and torque-speed charac-
teristics development in MATLAB/SIMULINK is conducted.

In this thesis, a 200 kg weighted vehicle is modeled in MATLAB/SIMULINK soft-
ware by an equation-based approach. Some of the modeling parameters are taken
from the paper [30]. The main objective of this chapter is to model the vehicle on the
flat surface (no gradient resistance force), after that by developing the torque-speed
characteristics of the vehicle itself and stored in a 2-D lookup table. By taking the
torque of the vehicle as output from the lookup table and apply to the motor input
as a load torque without any gear system (In-wheel). The torque-speed character-

istic is developed arbitrarily in a linear function with time.

33



PSO Tuned Sliding Mode Control of Switched Reluctance Motor for EV Application

4.2 Motor Power Rating Calculation

Electric motors used in an electric vehicle must produce appropriate power and other
characteristics i.e. high starting torque, wide speed range, high torque density, that
is required for traction application. The important task is to select an appropriate
rating of the motor based on the load to be carried. Vehicle dynamics is consid-
ered for selecting the proper electric motor that would provide the required power,
torque, for the traction purpose. Proper selection of rating required also contributes
to using an electric motor of appropriate size because the size of the motor depends
on the rating. Therefore, to achieve all the traction characteristics in a compact size,
a proper selection of motor rating should be done based on the load characteristics.
[31],[32].

An electric motor determines the output characteristics of a vehicle in terms of
power, torque, and speed. The electric motor designated for driving a vehicle must
have the ability to provide sufficient power and torque to overcome the force due to

load and other opposing forces acting on the vehicle body.

Table (4.1) Parameters used for vehicle modeling

Paramter Value
Mass of the vehicle 200kg
Horizontal distance from CG to front axis 1.4m
Horizontal distance from CG to rear axis 1.6m
Height from CG to the ground 0.5m
Front area 1.2m?
Drag co-efficient 0.4
Mass density of air 0.4Kg/m?
Radius of the wheel 0.279m
Rolling resistance coefficient 0.02
Rated speed 60km/hr
Gravitational acceleration 9.8m/s*
Velocity of the vehicle 16.67m/s
Time to accelerate to rated speed 10sec

Addis Ababa University, AAiT, School of Electrical and Computer Engineering 34



PSO Tuned Sliding Mode Control of Switched Reluctance Motor for EV Application

Road Load, Tractive Force and Power, Transmission

According to [33], The road load consists of the gravitational force (F qdient), rolling
resistance (F}..) of the tires and the aerodynamic drag force F,4. The tractive force
F, provided by the main propulsion unit of the vehicle must overcome the road load

(Fyr + Fyradient + Faa) to propel the vehicle forward at the desired velocity.

Fte:Frr+Fgradient+Fad+Fa (41>

Where:

F,. — Total tractive force
F.. — Rolling resistance force

F,

gradient — Gradient resistance force
F.q — Aerodynamic drag force

F, — Acceleration force

F,. is the total tractive force that the output of motor must overcome, in order to
move the vehicle to the desired velocity.

1. Rolling Resistance Force

Rolling resistance force is the resistance force offered to the vehicle due to the contact
of tires with road. The formula for calculating force due to rolling resistance is given

by the expression:

F..=C,.xmx*g=0.02x%200 %98 =39.2N (4.2)

where C,.., m, and g is the the rolling resistance coefficient, mass, and gravitational
acceleration. But in this section,the vehicle to be modeled is on a flat road so the
force contributed by the gradient force is not included here.

2. Aerodynamic Drag Force

Aerodynamic drag force is the resistant force offered due to the air acting on the
vehicle body. It is largely determined by the shape of the vehicle. The formula for

calculating the aerodynamic drag is given by equation:
Fou=05%p*Cyx A% V? =80.032N (4.3)

where p, Cy, A and V is the the mass density of air, drag coefficient, frontal area of

vehicle, and velocity of the vehicle.
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3. Acceleration Force

Acceleration force is the force that helps the vehicle to reach a steady state speed
from rest in a specified period of time. The motor torque bears a direct relationship
with the acceleration force. Better the torque, lesser the time required by the vehicle
to reach a given speed. The acceleration force is a function of the mass of the vehicle
[32],[34].

Acceleration force can be calculated as:

F,=ma (4.4)

Assuming the vehicle reach its steady state speed in 10sec then,the acceleration of

the vehicle can be calculated as;

V-1

a =
tr—t,

(4.5)

The resulting acceleration of the car becomes 1.667m/s*. And the acceleration force
obtained is 333.4N.
The the total tractive force in equation (4.1) be;

Fie = 39.2 4 80.032 4 333.4 = 452.632N (4.6)

The power required to propel the vehicle in a given velocity and acceleration would
be;

P =F,.xV =452.632 % 16.67 = 7545.38watt (4.7)

The motor selected to mount in the two wheeled vehicle has a power rating of 10kw
so it is convenient to use this motor to propel the vehicle on a flat ground. In this
thesis the main idea is to show how the motor is mounted inside the vehicle tire

(In-wheeled) and to test its performance.

4.2.1 Simulation Models in MATLAB/SIMULINK environ-

ment

The equation based vehicle modeling is conducted for the calculated tractive force
and vehicle parameters in table 4.1. The simulation model in MATLAB/SIMULINK

is shown in the figure 4.1
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Chapter 5
Simulation Results and Discussion

The simulation results are presented for a 10/8 pole SRM drive using MATLAB/SIMULINK
software. The torque ripple minimization by using commutation adjustment is pre-
sented in the simulation result. The block diagram of the closed-loop drive control
system, using the proposed controller, is shown in the appendix C.2. The simula-
tion result for the SMC is presented in the second section of this chapter. The gain
for the sliding surface and the discontinuous control is obtained with the help of
the PSO algorithm. To show the effectiveness of the sliding mode speed controller,
the performance comparison is made with the conventional PI speed controller for a
constant and varying load torque. The gains for the PI speed controller are obtained
by trial and error. The designated motor output characteristics are also discussed
in this chapter. The performance of the SRM is tested here by loading a vehicle
characteristics. To this end, the SMC parameters i.e., the sliding gain and the dis-
continuous control gains are obtained as n =9 and x = 400. Moreover, the turn-on
and turn-off angles are assumed to be constant and equal to 28 degree and 40 degree

respectively.

5.1 Performance of Torque ripple Minimization

The figure shown in 5.1 the motor is running without adjusting the commutation
and it results that the speed is reaching around 830RPM in 10sec. figure 5.1b shows
the production of excessive torque ripple in the operation of SRM which is unwanted
particularly for electric vehicles where a smooth acceleration is an important feature
of the performance to provide great comfort. The torque ripple also affects the speed
performance. The figure 5.1a is the torque developed by the SRM and it is seen
in the zoomed section, the torque is swinging between positive and negative torque
regions. In this mode of operation the average torque is almost zero which means an
infinite torque ripple. This is not a practical mode of operation because, it’s always

needed to excite the phase in advance to prevent the negative torque development
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during the de-fluxing period. Figure 5.1c¢c shows the motor current conducts for 9
mechanical degrees. Figure 5.1d represents the flux which rise up and down in each
stroke. Here the simulation is made for open-loop without load torque 7;, inertia j,

and friction coefficient B.
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Figure (5.1) Motor parameter curves without advancing 7'— ON and T — OFF
angles

The figure 5.2a shows the torque developed by the SRM. Advancing theT — ON
and T'— OFF angles eliminates the generating torque and increasing the average
torque. The motoring torque is only appear as shown in the zoomed section with
a torque ripple of 0.85. The torque ripples here are somewhat less with advanced
angles and it’s also increased the average torque which is a significant issue for the
SRM to be made suitable for EV applications. Fig.5.2b shows the speed of the
motor which goes beyond 4500RPM at no-load. An increasing conduction period
results in an overlap of the motor phases. This leads to an increase in the produced
torque and the motor speed too. The figure 5.2c is the motor current which has a
spike at starting and decreases as the speed increases this is due to the back emf
development in the motor. Figure 5.2d is the flux. Here also the simulation is made

for an open-loop system.
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Figure (5.2)
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5.2 Speed Tracking performance of SMC

The performance of the proposed controller structure is tested at a different desired
speed while a constant load torque of 5N.m. The figure 5.3a and 5.3b shows the
speed response for a reference speed of 400RPM and 1000RPM. The performance
of the SMC speed controller is also tested for a staircase reference and it tracks the
reference speed as shown in the figure 5.3c. The figure shown in 5.3d is the sliding

surface constructed from the speed error dynamics.
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Figure (5.3) Performance of SMC at different reference speed.

5.2.1 Tracking performance comparisons of PI and SMC
Under Constant Load Torque

To demonstrate the performance of the proposed controller scheme, the comparison
is made with a conventional PI speed controller for the switched reluctance mo-
tor drive at a constant load torque of T, = 5N.m and while the reference speed is
1000RPM. As the simulation result shown in the figure 5.4 the SMC has better
dynamical performance than the conventional PI speed controller. The PI controller
has a larger steady-state error and exhibits speed ripple compared to the SMC as
shown in the zoomed section of the figure 5.4. The difference between the actual
rotor speed and the reference speed for a PI speed controller is 0.18% while for the
SMC is 0.0002% which validates the effectiveness of the proposed controller. For
further comparison purposes, the SMC has a maximum overshoot of 0.507 and 0.975
for the PI controller.
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Figure (5.4) Speed Tracking performance comparison

5.2.2 Tracking performance comparisons of PI and SMC

with Disturbance

The figure 5.5 gives the speed responses when the SRM is commanded to track the
reference with a sudden change in load torque as a disturbance. Initially, the torque
load input to the SRM is zero, and then suddenly a torque load of 10N xm is applied
at t = 6sec, which results in a slight decrease in actual motor speed. Finally, the
external torque load is removed at t = 9sec. and then the actual speed tracks the
reference speed. It is clear from Figure 5.5 that there is a deviation of actual speed
using the PI controller. SMC has a small deviation to the reference speed through-
out the load disturbance that makes a better choice for SRM drive. As seen in the
zoomed section of the figure 5.5 the PI controller exhibits a relatively larger drop
in speed response than SMC. This validates that, the SMC has better disturbance

rejection capability than a conventional PI speed controller.
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Performance comparison of SMC and PI speed controller with distur-

Figure 5.5b shows the performance of the proposed controller and the PI controller
for a step type reference. As shown in the zoomed section the SMC has a relatively

faster response and better external disturbance rejection capability than PI.

5.2.3 Four Quadrant Operation of SRM

The SRM drive system is tested for a four-quadrant operation for a successful op-
eration. An adjustable speed motor drive might operate in different quadrants of
the speed-torque plane depending on the application. A four-quadrant operation of
any machine drive is necessary to apply for an electric vehicle (EV) drive system.
The figure 5.6 shows a successful operation of SRM in four-quadrant to adapt for

electric vehicle propulsion.
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Figure (5.6) Four quadrant operation of SRM

5.3 Rotor Position Vs Motor Parameter Curves

Figure 5.7 shows the motor parameters versus rotor position 6. This is important to
find out the average torque, the phase sequence, and overall motor characteristics.
As seen in the figures shown below each phase conducts for 12 mechanical degrees but
the actual conduction period for a single phase in the designated motor is 9 degrees.
An increase in the conduction period is recommended to increase the speed of the
motor. In this motor model the first phase to be excited for motoring operation is
phase B as shown in the figures 5.7. The figure shown in 5.7e is the supply voltage
with a varying pulse width due to PWM.
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5.4 Motor Output Curves

The following figure shows the torque and power versus speed curves of the SRM
drive system. The figure in 5.8 shows motor capacity at different rotor speeds. The
figure shown in 5.8a is the actual torque developed by the motor. As the figure is
shown in 5.8b the power is increased linearly with speed till the base speed and it

decreased at a higher speed because the torque drop is faster beyond the base speed
in SRM.
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5.5 In-Wheel Performance of SRM in Hard Switch-
ing Mode

The figure 5.9 shows the performance of SRM loaded with vehicle load when both the
switches are ON and OFF simultaneously for each phase. Figure 5.9a is the motor
speed reaches its steady-state value of 570.74RPM in 13sec.The figure 5.9d shows
the motor current which has a chopping caused by the PWM controlled voltage. As
seen in the zoomed section there is a current chopping that directly affects the motor
torque. The figure 5.9b shows the PWM controlled voltage supplied to the motor
(the control signal). As seen in the zoomed section the width of the pulse is varying
with a constant frequency. In this mode of operation a negative voltage —Vj. is
appearing during the recovery period this is necessary for charging battery-powered

electric vehicles.
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5.6 In-Wheel Performance of SRM Using Soft Switch-
ing Technique

The soft-switching technique is also incorporated into the SRM drive. In soft-
switching, both the switches are used for commutation but either the top leg or
the bottom leg switch is used for control. The figure 5.10 shows the performance of
SRM applying the soft-switching technique. As seen in the figure 5.10b the current
has a high initial spike which results in a spike in motor torque also. In the zoomed

section of the figure 5.10b the current is somewhat flat-topped this is also reflected
in the torque curve.
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As seen in the figure 5.10e there is no negative voltage appearing during recovery in-
stant. This is not suitable for regenerative braking, because during the regeneration
period the power should flow from the winding to the source to charge the battery.

Thus, the soft-switching technique is not suitable for electric vehicle load types.

5.7 Braking Performance of SRM

The braking operation is tested here for the loaded SRM and it shows good per-
formance as shown in the figure 5.11a. Regenerative braking operation in SRM
is different and simple from other conventional motors. As shown in figure 5.11b
the torque in the regeneration operation region is negative, which makes the motor
speed decreases to zero. This is done by adjusting the commutation system. The

motor took 4.5sec to stop the vehicle while running at a steady-state speed.
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Figure (5.11) Braking performance of loaded SRM
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The purpose of conducting this simulation is to show how the braking mechanism in
SRM is simple and it does not include the motor torque ripple minimization during

braking operation.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

In this thesis, a sliding mode speed control of the switched reluctance motor with
added optimality is demonstrated using simulation in MATLAB/SIMULINK envi-
ronment. SIMULINK environment was used for modelling the motor and controller
while a MATLAB environment was used to develop the particle swarm optimiza-
tion algorithm with a cost function of an integral absolute error. The optimization
algorithm was used to tune the sliding mode control parameters. Further, a com-
mutation system is one part of the controller in SRM so, the discrete fashion of the

commutation pulse generation system was developed to minimize the torque ripple.

Five phases 10/8 poles switched reluctance motor is studied in this thesis. The
switched reluctance motor has a promising feature for electric vehicle traction appli-
cations. For instance, it has a high starting torque and wide speed range in which it
does not require a flux weakening technique. In SRM varying the switching angles
will affect the motor speed and the developed torque. Advancing the phase excita-
tion means injecting higher current results in higher torque and higher speed. The
braking mechanism of the SRM is quite simple as direction of the torque depends
on the gradient of inductance with rotor position. Thus exciting the phase winding

in the decreasing inductance period will generate a negative torque.

The performance of the proposed speed controller is demonstrated in the simula-
tion result. To show the effectiveness of the proposed controller the comparison
was made with the conventional proportional-integral (PI) speed controller. The
speed difference between the actual and reference is 0.18 for PI and 0.0002 for SMC,
which validates the SMC has a smaller steady state error than PI controller while a

constant load torque of 5N.m. The performance comparison also made for the vary-
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ing load torque as a disturbance and the SMC has disturbance rejection capability
while, the PI has a larger speed drop at the instant of applied load torque. Overall
performance of the sliding mode controller is better than the PI controller. Thus,
the sliding mode speed control is better to use as the main controller for adopting
the SRM in vehicle traction applications. In addition to the speed controller, a PI
current controller is incorporated as an inner loop to limit the motor drawn current

depending on the speed demand.

The two-wheel vehicle is modeled in MATLAB/SIMULINK and then the torque-
speed characteristic was developed that represents the vehicle load. The performance
of the designated motor has been tested with a vehicle load. It took 13sec to reach
the steady-state velocity of 60km/h. The braking performance of the loaded SRM
was also tested and it took around 4.5sec to stop the vehicle from its steady-state

velocity.

The hard switching technique is used for the converter throughout the work but
the soft switching technique was incorporated to reduce the power dissipation in
the converter circuit. Lastly, the soft-switching technique is not suitable for electric

vehicles, because the reverse voltage during regeneration operation is zero.

6.2 Future Works

The commutation pulse generation used in this thesis is a discrete type of commu-
tation, which requires absolute and continuous rotor position information. Because
of the discrete type of commutation the T'— ON and T'— OFF' angles are set to
fixed degrees for the whole application of the variable speed derive, which has an
advent effect on the derive efficiency. So for future work, it is recommended that
the T — ON and T'— OF F angles can be estimated from the motor state variables

i.e., speed and current depending on the speed demand.

In this thesis work, the torque ripple minimization is done for motoring operation
only. But the torque ripple in the braking operation is not attempted to minimize
which has an advent effect on the overall performance of the switched reluctance
motor drive. For future work, we recommend minimizing the torque ripples in the

generating operation region also.
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Appendix A

Principles of Torque Generation in

SRM

As the power is rate of change of energy,WW; ,W,,, are the field energy and mechani-
cal energy respectively.But the mechanical power is the product of mechanical speed

and the developed net torque by the motor,

dW, de
i —T*wm—T*E (A.1)
Thus,
o dy(0,1) AW dé

Simplifying the equation for the developed torque by the motor,

% B de<07 ¢)

* 0 0 (A.3)

T(0,4) = i(0,1)
Assuming the flux is constant,the developed torque of the motor can be expressed

as;

AW,
do

To express the torque in terms of current, let us define the energy stored in the field

T = (A4)

by integrating equation A.2 at constant speed becomes,
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W, stored field co-energy

Sor angle, 6,
magnenizanon cuive
defines flux as a

fumetion of current
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»
L

! Current

Figure (A.2) graphical interpretation of co-energy energy
[9]

Wy, stored field energy
Jfor angle, 6,
magnetization cuive
defines cuivent as

a function of flux
i=i(6. ¢)

Flux Linkage

»
>

! Current

Figure (A.1) graphical interpretation of stored field energy,taken from
[9]

P
W= [ i (A5)

From the magnetization curve the magnetic field co-energy can be expressed as;

i
M=/MMW (A.6)
0
Assuming a constant current the developed torque by the motor is expressed as;

aw,
T= A.
do (A7)

By neglecting the magnetic saturation, flux can be expressed as-

b= L(0) *i (A.8)
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Where L(0) is the motor inductance which is a function of rotor angle.
2

W, = /Ozw(e,z') di = /OZL(G) sidi=W, = %L(G) (A.9)

Inserting the expression for co-energy in to the torque equation gives as;

dW. i2

Then the simplified expression for the developed torque by the motor is as follows.

ot
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Appendix B

Controller Design Section

B.1 Linearization of SRM using Small Signal Model

MLMJ%]:iRS+id4&n_+Lwiﬁg

V=it =4 dt dt

(B.1)

do
But 49/at = w, then dt = — and substituting in to the above equation become,

w
ng*% (B.3)
g%:ji_jwwm (B4)

Perturbing the system around a steady-state operating point with small signals, the

new system states and inputs are;

i =iy + 6i (B.5)
W= wg + dw (B.6)
U = Vg + OV (B.7)
T, = Tise + 0T (B.8)
(B.9)

Where the extra subscript ‘st” indicates steady-state values of the states and inputs,
and the small signals are indicated by 'd’ preceding the variables. Substituting the
perturbed variables in the system equations, it is seen that the steady-state terms

cancel and the remaining of these equations gives:

dt L

déi v R, 1dL . 1dL.
— - ( 7 + z@wst) 01 — ——1g0W (B.10)
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dow 1dL . . B 0T,

In SRM the inductance,torque and back emf are a function of both current and
rotor position making the dynamics highly nonlinear.To make a simple expression

the following substitution are made.

dL
Kb = @Zst
dL

de = @ist&u

dL
Req = Rs + @Wst

Where Kp, de, and R., is the back emf constant, the back emf, and the equivalent

resistance.Rearranging the

%‘? _ %[&) — Reyi — d¢] (B.12)
dc‘f—;" _ %[Kbéi _ Bow - 4Ty] (B.13)
(B.14)

Current Controller
To calculate the current controller gain it is necessary to drive the transfer function
of the current loop.

I(s) B+ js

= B.15
V(s) $2Lj+ $(LB+ Reyj) + Rey + ki (B-15)

Assuming a negligible electrical time constant and mechanical time constant of

T,, = j/B the transfer function from voltage to current become,

1 1 14 sT),
V((S)) CIT, 1< +Z ) Reg+k? (B.16)
5 m \s2+ S <m + qu> + Dt

To investigate the properties of the system the poles location must be known and

the following substitutions are made.
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Then the transfer function become,

I(s) (14 sT,,)
V(s) LTy (s+Ty)(s+Ty) (B.17)
I(s) _ K,(1+ sT)
Iref(s) LT (s+T1) (s+Tz) + Kp(l + sT) (B.18)
dZ . a¢ 31/1_1
g = V—ixR- 5w (E > (B.19)

B.2 Sliding mode Controller Design

Electrical Model
The applied voltage to a phase is equal to the sum of the rate of change of flux and

the resistive voltage drop and is given as;

V =i*R,+ —dw((ﬁ’z) (B.20)

Where R; is per phase resistance,i is per phase flux linkage and 7 is the phase cur-
rent.
Mechanical Model

d
Te—Tl:j*d—j+B*w (B.21)

Where T,, T}, j, B,w are instantaneous torque, load torque, inertia, friction coeffi-
cient, and rotor speed respectively.

Error Dynamics Development
e(t) = weef —w(t)

w(t) = wref — €, where w, wy.y, e is rotor speed, reference speed, and error respec-

tively. Assuming a known constant reference speed and the rate of error becomes
(1) = rey — (1)
but wyer =0 é(t) = —w(t)

w(t)=1/j(Te— Bxw—1)))

é(t) =1/j(-T.+ Bxw+T)

Computing the second derivative of error dynamics is mandatory for the sliding
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manifold so the second derivative of error becomes

&) =1/j (~T.+ Brio+ 1))

R o
o) = = <—Te +B>x<w+Tl> (B.22)
dT,  (OT,\ d0 (OT.\ di
dt_(ae>5+<a¢>5 (B:23)
a1,  (oT, . o AN
o _<0i)(V_ZS*R_%*w)(E) (B.24)
S=né+é (B.25)
dT,  (OT,\ d0 (OT.\ di
dt‘(ae>5+<a¢>5 (B:26)

9 B
V = U,y = —PT.+Pjw,e;—Pje—QjBe+PjTi+iR,+ (—¢) Wref— (%) e (B.27)

Bl
N CIANE AN
r=1(5) (5)
NN AN
°-(5) (%)

Then the control signal for the sliding mode could be,

U=Us+ Us (B.28)

By taking the discontinuous controller as signum function to reduce chattering,the

the control input to the sliding mode controller is as follows.
U = Ugy + ksign(s) (B.29)

Where Uy, k, and s is the equivalent control, any constant value, and the sliding

surface respectively.
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Appendix C

SIMULINK Blocks

C.1 Overall SIMULINK Block

uuuuu

¥ Speedirad
Gate B
Tum QN angle Gate
uuuuuuuuu
uuuuu
[0 J—sfrmore e
Gate
Tum OFF Angle

Commutation sequence

Figure (C.1) Over all simulation blocks in SIMULINK
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C.2 Vehicle Loaded SRM Drive
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Figure (C.2) Vehicle Loaded SRM Drive

C.3 Discrete Commutation Block

The discrete commutation for a five phases 10/8 poles SRM is established in MAT-
LAB/SIMULINK as shown in the figure C.3. To minimize the cost of the sensors
the angle calculation was made from the speed sensor.When we provide a power to
the SRM drive the speed of the motor is increased to a rated value and then the an-
gle calculation block estimates the perfect position of the rotor, then the developed

commutation excites the appropriate phase winding of the SRM.

Angle calculation Scheme

Relational operator

o=
Speed(rad's)
Discrete-Time
Integrator @ M
Turn OFF angle=40 deg
K T
180/ e e P

z-1 mod ||

| =

[

Turn OM angle =28 deg

Figure (C.3) The commutation pulse generation
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C.4 Ideal Power Converter

The conventional asymmetric bridge converter is used in this thesis to provide power

for the motor.

12 (2 X 32 42 <52 (6 X7 2 {82C09 {10

g ] e e e

e e R

Figure (C.4) Power converter
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Appendix D

MATLAB Codes

D.1 Program for Particle Swarm Optimization

cle %
clear %
disp ('PSO0_Tuned SLiding Mode Control
%% problem setting

to clear the

design_file=('slidingsp.slx');

open_system(design_file);

nvar=2;

ub=[10 450]; % upper
1b=[0 350] ; % lower
obj_F=@0BJCTFUN; 7 fitness function
%% algorithm parameters

10;
maxIter=30;
wMax=0.9;
wMin=0.2;
cl=2;

c2=2;

vMax=

Np=

( ub -

vMin= -

1b) .*0.2;

vMax;

to clear the command window

work space
for SRM');

bound

bound

% population size
% maximum no of iteration
9 . . . .

/» maximum ineria weight
o
T

% acceleration cofficent

minimum inertia weight

% acceleration cofficent
YAr
YA

maximum particle velocity

minimum particle velocity

%% parameter particle population optimization

for y=1:Np
population.
population.
population.
population.
population
population.GBEST.cost=inf;

end

%% main loop

for t=1: maxIter

hh

for y=1: Np

particles (y) .k=(ub-1b) .*rand (1,nvar)+1b;
particles (y).v=zeros(1l,nvar);
particles(y) .PBEST.k=zeros (1,nvar);
particles(y) .PBEST.cost=inf;
.GBEST.k=zeros (1,nvar) ;

calculate the objective function
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if

end

if

end

end

end

grid on

Newk = population.particles(y) .k;
population.particles(y).cost=o0bj_F (Newk);
%% update personal best value
population.particles(y).cost < population.particles(y).PBEST.cost
population.particles(y).PBEST. k = Newk;
population.particles(y).PBEST.cost = population.particles(y).cost;

%% update global best value

population.particles(y).cost < population.GBEST.cost
population.GBEST.k = Newk;
population.GBEST.cost = population.particles(y).cost;

%% update the K and V vectors
w = wMax-t.*((wMax-wMin)/maxIter);
for y=1:Np
population.particles(y).v=w.*population.particles(y).v+cl.*rand(1,nvar)
.*(population.particles(y).PBEST.k-population.particles(y).k)+c2.x*
rand (1,nvar) .*(population.GBEST.k-population.particles(y) .k);

indexl=find (population.particles(y).v>vMax) ;
index2=find (population.particles(y).v<vMin) ;

population.particles(y).v(index1)=vMax (index1);

population.particles(y).v(index2)=vMin(index2);

population.particles(y).k=population.particles(y).k+population.
particles(y) .v;

indexl=find (population.particles(y).k>ub);
index2=find (population.particles(y).k<1lb);

population.particles(y).k(index1)=ub(index1) ;
population.particles(y).k(index2)=1b(index2) ;
end
msg=['Iteration,..... ',num2str (t), 'population.GBEST.cost...... s
num2str (population.GBEST.cost)];
disp(msg) ;
curve (t)=population.GBEST.cost;

semilogy (curve (t)) ;

curve (t)=population.GBEST.cost;

semilogy (curve) ;
xlabel('Iteration')
ylabel ('population.GBEST.cost')
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D.2 Program for Objective

Function

function cost = O0BJCTFUN (k)
assignin('base','k',k);
a = sim('slidingsp','SimulationMode', 'normal');
b = a.get('IAE");
cost = b(length(b));

end
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