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VI

ABSTRACT

This thesis presents a population centric teaching-learning based optimisation (TLBO) technique
for optimizing the performance of switched reluctance motor (SRM) drives. SRMs have proven to
be a good substitute of Permanent Magnet (PM) motors despite minor disadvantages like noise,
vibration, and torque ripple. In this work, TLBO is used to compute the turn-on and turn-off angles
of the stator phase windings to optimise a multi-objective function comprising the SRM drive
performance indices like average torque, torque per unit copper loss and softness factor (inverse of
the torque ripple factor) while subjecting the drive to the Indian Drive Cycle (IDC). Two real time
controllers have been used to tune the turn-on and turn-off angles of the stator phase windings. The
optimal turn-on and turn-off angles are used to generate the gate pulses for the converter switches.
A hysteresis controller is incorporated to regulate the stator current between prescribed limits. The
entire model was developed in SIMULINK. The improved SRM performance indices show the

effectiveness of the proposed controller.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction:

When compared to Permanent Magnet Synchronous Motors (PMSM) and Induction motors, SRM
is proven to be a tough contender in the era of motor drive technology due to its basic and sturdy
architecture. SRM is a machine that has saliency on both the rotor and the stator. As shown in
Figure 1.1, the stator has a laminated core with concentrated windings, whereas the rotor has no
windings or Permanent Magnet. Because there is no rotor winding, the motor may run at extremely
high speeds. At high speeds, rotor displacement and rotational stresses can severely limit PMSM
motor dynamics. The radial force created as the rotor rotates at high speeds creates significant
stresses on the magnet slots and bridges. Bridges are the areas of the rotor center between the
magnet opening and the air gap. They must be constructed with great care to withstand radial
forces. Strong rotor cores with no slots or bridges are used in SRMs. Despite some drawbacks such
as noise, vibration, and torque ripples, this makes SRMs great candidates for high-speed
applications. Currently, in light of increasing pollution and depleting fossil-fuel reserves, the
automobile industry is slowly but surely inching towards renewable energy-based vehicles from
conventional ones. As a result, electric vehicles (EVs) are increasingly being used, being a non-

polluting and cost-effective solution.

6 Pole Stator

Phase Windings
4 Pole Rotor

Figure 1.1 6/4 SRM

In Indian roads, the vehicle type is heterogeneous, including cyclists, mopeds, two and three
wheelers, commercial transport, and buses etc. The Indian Drive Cycle (IDC) was developed by the
scientists at the Automotive Research Association of India, Pune in 1985 after collecting real world
data from major cities representing actual driving pattern. For the past few years, numerous
research is being carried out to make EVs better than conventional IC engine-based vehicles
in terms of acceleration and maneuverability. Major challenges exist in the use of rare earth metals
in EV motor for satisfactory operation. In this respect, SRMs offer a simple and rugged design and

do not contain any rare earth metals.
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1.2 Literature Review:

[1]-[14] offer a number of comprehensive research studies on SRMs. [1]-[2] demonstrate the
competitiveness of SRMs versus PM motors. [3]-[6] deal with the modelling, design, and analysis
of SRMs. Moreover, various studies have sought to maximize SRM performance for motoring
applications. However, the majority of these studies [6]-[10] concentrated on single-objective
optimization and ignored aspects such as average torque maximization and loss minimization. The
torque profile was improved using the Genetic Algorithm (GA) in [10]. To eliminate ripples in the
torque profile, [11] adopted a new converter topology called the modular multilevel converter
(MMC). To increase the overall performance of SRMs, multi-objective optimization is required.
Particle Swarm Optimization (PSO) is used in [12] to maximize torque per active mass, efficiency,
and torque ripple. [13] presented a more advanced optimization technique called TLBO. It is
parameter-agnostic, needs less computational effort, and has a high level of consistency. This study
presents a TLBO-based method for computing the stator phase windings' turn-on and turn-off
angles in order to maximize a multi-objective function that includes average torque, torque per unit
copper loss, and softness factor. The stator phase windings' turn-on and turn-off angles were tuned
using two real-time controllers. The gate pulses for the converter switches are generated using the
optimal turn on and turn off angles.

Also, this thesis shows how the Indian Drive Cycle (IDC) can be used in an SRM drive. Similarly,
the best turn-on and turn-off angles of the stator phase windings are computed and gate pulses for
the converter switches are generated using the same metaheuristic technique. This is done to
optimize a multi-objective function that includes SRM drive performance indices such average
torque, stator copper losses, and the motor and reference speeds' integral squared error. The stator
current is regulated between set limits by a hysteresis controller. The motor is observed to track the
drive cycle speed satisfactorily while optimizing the drive performance indices. The proposed

technique's efficiency is confirmed by simulation results.
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CHAPTER 2: DESIGN OF SRMs

2.1 Introduction:

Performance analysis of the SRM requires the dimensions for stator and rotor laminations, winding
details, pole numbers, and pole arcs. An approximate sizing of the SRM is obtainable using a power
output equation familiar to machine designers. The resulting machine dimensions form the starting
point in design evaluation, and final design is achieved through an iterative process of steady-state
performance calculations described in this chapter. This chapter contains the derivation of the
output equation and selection of various machine variables such as number of poles, rotor and stator
pole arcs, core length, bore diameter, back iron thickness, number of turns in each phase, and air
gap for rotary switched reluctance machines. The design trade-offs emerging from conflicting
requirements are discussed in detail.

A procedure to calculate resistive and core losses is presented. Flux densities at various parts of the
machine are derived from first principles. Measurement of winding inductance is crucial to the
validation of machine design and is briefly described here. The computation of torque for ideal and
practical currents is developed, and the procedure is equally applicable to both steady-state and
dynamic processes.

A step-by-step design of linear motion SRMs is considered in detail. To utilize the knowledge base
of the rotary SRM, the linear machine design is achieved using the rotary SRM design process
developed in this chapter. To accomplish it, the design specifications of the linear machine are
converted to rotary machine design specifications. Then, an equivalent rotary SRM is designed, and
the design outcomes are translated into linear machine dimensions and variables by simple
algebraic relationships. The design verification with analysis using magnetic equivalent circuits,
finite element method, and experimental measurements is developed in detail. The procedure for

inductance and force measurements is also described in this chapter for the linear SRM.

2.2 Mathematical Analysis:

The output equation connects a machine's output to its bore diameter, length, speed, and magnetic
and electric loadings. In general, traditional machines are built with the output equation in mind.
SRM's design will be more systematic if the output equation is developed similarly. Furthermore,
the machine designers' experience can be efficiently employed in the design of these new machines

since they can start with the similarities between these and traditional machines.
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Figure 2.2: Flux linkage vs. Stator Current for SRM.

Figure 2.1 depicts an SRM with six stator poles and four rotor poles. Figure 2.2 depicts the flux
linkages vs. current characteristics for the stator and rotor poles in their unaligned and properly
aligned positions. Because the stator and rotor poles are misaligned, the stator pole's centre is
sandwiched between the two rotor poles. The area surrounded by OABCO represents the motor's
output mechanical energy for a single stroke. The applied voltage equals the rate of change of flux
linkages when the resistive voltage drop in the machine winding is ignored. Then, by ignoring
resistive voltage drop, the flux linkage—voltage relationship for a flat-topped phase current I is

found as:

iy . 2.1)

where L as is the aligned saturated inductance per phase, L, is the unaligned saturated inductance

Ja A famiu _ Wam )i

per phase, V is the applied voltage, and t is the time it takes the rotor to change from unaligned to

aligned. In terms of stator pole arc and rotor speed, that time may be expressed as:
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t =15 2.2)

where S is the stator pole arc in rad, and @y, is the rotor speed in rad/s

We define:
LS
Os = L_f‘l (2.3)
a
and
o, = L:
u - E‘
“ (2.4)

where L7, is the aligned but unsaturated inductance. Substituting Egs. (2.3) and (2.4) in Eq. (2.1),

the applied voltage becomes:

v =2 (1 - )
B " Ga. (2.5)
We write the flux linkages in the aligned position in terms of flux and number of turns and then in

terms of flux density and machine dimensions as:

L;i=@Tph=B><AJP><TP,E=B><D><L><,BS><TF;1/2 (2.6)
where ¢ is the aligned flux, 4sp is the area of the stator pole, D is the bore diameter, L is the axial
length of the stator pole, B is the stator pole flux density at the aligned position, and 7p: is the
number of turns per phase. The stator current may be obtained from the specific electric loading As,

which is defined as:

_ 2T im
' D

2.7)

where m is the number of phases conducting simultaneously. In the case of a 6/4 motor, such as the

example being considered, only one phase conducts at a time.

The power developed then is,

Pa=kexka(V)(i)(m) (2.8)
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where V and i are peak phase values, k4 is the duty cycle defined in Eq. (2.9), and % is the

efficiency. The duty cycle can be expressed as:

360 (2.9)

whered; is the current conduction angle for each rising inductance profile, ¢ is the number of stator

phases given by Ps /2, Ps is the number of stator poles, and P is the number of rotor poles.

Combining Egs. (2.5) and (2.6), the power developed is given by:

P, =k, - kd(l—’f—o)(l ——I—-)BASDELN,

0,0,

(2.10)

where N; is the rotor speed in revolutions per minute (rpm). Equation (2.10) can be rearranged to
resemble that of the conventional output equation of ac machines and is given by:

P, = k. k,BA,D’'LN,

(2.11)
where
h e li} (2.12)
k= 1- 0'10'
s (2.13)
The torque can be obtained from Eq. (2.10) and expressed as:
T = kyk.ksk,- (BA,)D’L (2.14)

where

=iy

(2.15)
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It's worth noting that the torque and power output are proportional to the product of specific
electric and magnetic loadings, as well as bore volume (nD?L)/4. The sole variable that is reliant on
the motor's operating point is k2, which is dictated by the stator phase current, magnetic properties
of the core materials, and the motor's size. k2 is a constant at any operating point. As a result, k2
must be computed at the maximum stator current in order to obtain the maximum output power
from the SRM. In fact, for varied amounts of stator currents, the flux linkages vs. current for
aligned and unaligned positions must be computed. For a given stator current, the power generated
is highest when ks =1.

The highest achievable duty cycle is almost always less than one. In addition, like a chopper-
controlled dc motor, the duty cycle controls torque and output. The frequency of phase switching,

similar to that of a synchronous motor, controls the speed.

2.3 Motor Sizing:

2.3.1 Diameter and Length:

Because the SRM is typically employed as a variable-speed device, a base speed specification is
necessary. The motor is anticipated to deliver the rated torque and thus the rated output power at the
base speed. The following is obtained using Eq. (2.11) to correlate to the rated power output and

retaining the stack length as a multiple or submultiple of the rotor bore diameter:

L=k.D (2.16)
which on substitution in the output power equation results in:

Pd Ode.D3 (217)
From Eq. (3.17), D is evaluated if the rated speed B, Asp ,k2 , ka, and k are known. It is possible to

start the iterative process of design with reasonable values. In general, at the rated operating point,

the range of &2 is given by:

0.65 <k <0.75 (2.18)
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The values of B for the aligned position can be taken as the allowable maximum for the core

material. The specific electric loading in amp-conductors per meter is usually in the range of:

25000 < As < 90000 (2.19)

To begin with, the duty cycle ks might be considered to be one. Bore diameter D is calculated using
the above beginning values. The air gap is dictated by the manufacturing techniques used and the
limits they impose. Air gaps in small machinery range from 0.18 to 0.25 mm. Air gaps in integral
horsepower machines can range from 0.3 to 0.5 mm. The lengths to bore k ratio does not have to be
random; it is determined by the type of the application and space restrictions. The range of & can be

extended for non-servo applications.

0.25<k<0.70 (2.20)

and for servo applications it is usually in the range given by:

1<k<3 2.21)

2.3.2 Number of Turns:

For a given current, Eq. (2.7) is used to compute the number of turns per phase, 7p». The conductor
size is designed to fill all of the available winding space. The resulting current density is calculated
and compared to the maximum permitted value, which is determined by the motor's cooling
measures. If the outer diameter is unrestricted, the winding space can be determined using the
number of turns, the conductor's area of cross-section, and the insulation thickness. The winding
space is then used to calculate the stator pole's height. It can be seen from Eq. (2.7) that the product
of Tpn and [ is a constant for a given particular electric loading and bore diameter. The best values

are those that satisfy the following set of mutually exclusive requirements:

1. A smaller current indicates a greater number of spins.

2. The winding's resistance and inductance are low, implying a low number of turns.
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Thermal concerns must be considered when making an engineering trade-off. The choice of I and
Tph is also reliant on the ac supply available for rectification and subsequent input to the converter

to operate the SRM, as previously stated.

1.3.3 Thermal Analysis:

One of the most significant qualities is the motor's thermal capability. The thermal capability of a
machine is defined by the machine's losses, the available cooling surface area, and any additional
cooling arrangements such as a fan, a blower, or water- or liquid-circulated cooling. The next

sections evaluate copper and core losses in order to calculate the machine's thermal rating.

1.3.3.1 Stator Copper Loss:

If Rs is the per-phase resistance of the stator winding, the total copper losses for non-overlapping
currents in the stator is given by:

Pcu = q. 12. RS (2.22)

where ¢ is the number of stator phases, and / is the rms value of the current given by:

I = \I/—% (2.23)

where I, is the peak value of phase current. Hence, the copper losses are

— 72
Py = Iy . Ry (2.24)
We can write the resistance in terms of the number of turns and area of cross section of the
conductor as:

T
R, = P'£ = K- aph
: : (2.25)

where ac is the area of cross section of the conductor, p is the specific resistivity, / is the total length

of the winding, K; is the product of the resistivity, and the mean length of turn given by /.

Substituting Eq. (2.25) in (2.24),

PCH = Kr ({E)(Tphi]
a.
“ (2.26)

In terms of the current density given by
L
—p
Ji c == (2.27)
ac
the copper losses are derived as:
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P, oo (J)(T,l,) .
Copper losses are proportional to current density since the maximum (Tph. Ip) is a constant for a
design. It should be noted that in order to reduce copper losses, the current density must be reduced.
Consider the situation where phase currents overlap with both previous and subsequent phases. In
an SRM drive, this is the most realistic scenario. Figure 2.3 shows the phase currents for a three-
machine system with no switching transients and a linear rise and fall. It's worth noting that the
copper losses in the stator at any one time are the sum of the copper losses caused by the
instantaneous phase currents.

When the phase inductance varies and just a constant current is sought for the period Ty, this

equates to building the equivalent rms current in a phase for the time duration Ty, as provided by:

I]J
iﬂ
~t,5
!]'Q—T—P-!—T —r—‘—v-l =T —
pc T¢
|
P
'
0 T —=t=— T - ~t,s
r pc Te
IP
iC
=-t,8
L] |q—T—p--q—T ,_'"‘_—I

T r pe T¢
FIGURE 2.3 Typical but simplified stator currents with an overlap in a 6/4 SRM.

6,
Toe = o = (éj]r = 5P
2 m

(2.29)

During this time interval, one phase's maximum current is believed to remain constant, the current
in the preceding phase is declining, and the current in the following phase is rising. The combined

effect of all three currents results in resistive losses, which are calculated as follows:
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2 Rs 1 1 2 (Tr + Tf )
Pm=1-m=?ipﬂﬁ+fr 3gr}=@mp+“?ﬂf}w
(2.30)
The current rising and fall times are Tr and Tt, respectively. The equivalent circuit of the SRM can
be used to approximate the values of Tr and Tr, The copper losses are dependent on speed when Tpe
is substituted for in terms of speed and stator and rotor poles from Eq. (2.29) into Eq. (2.30). As a

result, only the copper loss at the highest machine speed must be considered. This is critical for the

machine's thermal design.

1.3.3.2 Calculation Of Core Losses:

The prediction of core loss is critical in the design of the machine and the assessment of its thermal
rating. The sources of machine losses, as well as the correlations between lamination material
qualities, machine dimensions, excitation conditions, and losses, are required for machine
efficiency optimization. The evaluation of stator resistive losses in an SRM is reasonably
straightforward, as previously stated, but core losses in the SRM are difficult to anticipate due to the
occurrence of flux densities with varying frequencies in stator segments. Furthermore, neither the
flux densities nor the sinusoids are pure sinusoids or constants.

Hysteresis and eddy current losses are the core losses of an SRM. The stator and rotor cores are
laminated to prevent eddy current losses. The extent of hysteresis losses is determined by the
frequency of flux reversal and its path. The flux densities in various channels of the machine are the
first step in calculating machine core losses. Ps segments in the back iron and Ps in the poles make
up the flux route segments in the stator. Poles and back iron make up the segments of the rotor
laminations. Only two stator poles and two rotor poles carry the flux in one-phase excitation, with
the entire stator back iron and the back iron of the non-flux-carrying poles in the rotor contributing

to the flux path.

For a g-phase SRM, the number of unique iron segments is calculated as follows:

J=q+2 2.31)

For non-overlapping stator currents, the total number of iron segments in use at any given time is:

k=2q+6=2(j+1) (2.32)

If Bjis the flux density in the iron's j segment, then Bk can be used to calculate the flux density in
the k portion. As a result of this process, flux density waveforms for various segments of the SRM

can be derived graphically. For a three-phase SRM with six stator and four rotor poles, several
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segments of the machine are depicted in Figure 2.4.
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FIGURE 2.4 Iron segments in a 6/4 SRM.

1.3.4 Waveforms of Flux Density:

2.3.4.1 Stator:

Starting with the stator poles, the flux densities in various iron segments are calculated. Figure 2.5
shows the flux density of stator poles A and B7 vs. rotor position. Other poles' flux densities are
same, but phase shifted by 60s. (i.e., the delay angle between phases when energizing the
corresponding phase windings). Each phase current conducts for 6. (conduction angle) seconds
before falling to zero for 0 (fall angle) duration. T Although the conduction and fall angles are not
always identical, they are assumed to be equal in the following discussion for the sake of
demonstration. The stator back iron segment flux density, B1, is proportional to the total of the

stator pole flux densities (i.e., B7 + Bs+ Bo). The rotor pole pitch 6rp is calculated as follows:
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6, = g;
r (2.33)
Phase current displacement angle s in terms of 6rp is
e = HIF = E-T
T(P/2) g (2.34)
The flux density in stator pole segment B7 is
)
—_ =g <
Bm H{Ir 0<é6< Hf
B =) (6-6,)
Bm[l —mfmf_} 0.<0<(6,+8))
Hf °
(2.35)

Figure 2.5 Stator flux density for 6/4 SRM shown in Figure 2.4.

For each 0s radians, the flux density in the back iron section close to the stator pole, Bi, is repetitive

and can be compactly represented as:
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-aﬂm[ﬁ 2 8 —(0+6,- Hf}} 0<6<6,
) g,
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aﬂm[ﬂf‘ (6- Hﬂ 6.<0<8,
0,

(2.36)

where a is a constant that accounts for the area of cross-section differential in order to give a lower

flux density in the stator core than in the stator poles to reduce acoustic noise in the SRM.

It's worth noting that:
0, = 0.+ O 6, (2.37)
6, =6.— 0 (2.38)
05 = 0, — 6, (2.39)
Os =0+ 6>+ 6 (2.40)
B, = ag[ﬂf}‘;ﬂ]
‘ (2.41)
The flux density in stator back iron segments 2 and 3 are derived as:
B> = a(B; + Bs— By) (2.42)
B3 =a(B7— Bs— By) (2.43)

Note that from symmetry it can be shown that:

B4y =B (2.42)
Bs=B> (2.43)
Bs = B3 (2.44)

Even though B2 and B3 are similar, they are not identical. They have the same frequency, as given
by:

W, 2xn,
fl - f:"- - E}p - KEH."I.PJ-) - ”rPr
(2.45)
where nr is the rotor speed in revolutions per second. The frequency of Bi is
(i) 2mn
fi =45 =575 =aPmn, = af,
8, 2ml/(gP
5 b ("]‘ .l'} (2.46)

The frequency of the stator pole flux density is given by:
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v ' (2.47)

There are m different flux intensities in the stator, including its poles and back iron segments, for a
machine with phases larger than or equal to 3. While Bi, B7, Bs, and By have unidirectional flux
densities, they also feature ripples, which cause core losses to increase. Both B2 and B3 are
bidirectional, resulting in substantially higher core losses.

2.3.4.2 Rotor:

For an g-phase SRM with Pr rotor poles, each pair of rotor poles aligns with a pair of stator poles at
a periodic interval given by:
6, = “?; D g, = (q-1e,

(2.48)
where 0sp 1s the stator pole pitch given as:
_ 21'1' _ Bf B -Pr
H—‘P = FII = T
(2.49)

The rotor pole flux reverses every half a revolution of the rotor. Over a complete revolution, the
rotor pole flux density waveform shown as Bio in Figure 2.6 is a bipolar envelope with a

frequency:

o,
= — = H
fio I r

(2.50)
But it has a carrier (ripple) content whose frequency is given by:

f10r=2an = ny. Py (251)
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Figure 2.6 Rotor flux density waveforms of the 6/4 SRM.

To account for the difference in stator and rotor pole cross-sectional area, the rotor pole flux

density peak is bBn. For the rotor pole core portion, a factor ¢ has also been introduced.

2.3.4.5 Core Losses:

A method based on Steinmetz’s equations for eddy current losses and Preisach's model for
hysteresis losses is a viable approach that uses a physical understanding of associating machine
characteristics and variables analytically to the losses. A simplified approach for calculating core
losses is described below for the sake of simplicity. It should be noted that it can be used for a
rough estimate but not for situations that demand precision in forecasting efficiency or thermal rise.

Then it's time to use finite element analysis (FEA).
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CHAPTER 3: CONTROL OF SRM

3.1 Introduction:

While SRMs and other electric machines have many similarities, the principles that govern their
control set them apart from other machine topologies. The unique geometry and torque generating
mechanism of SRMs sets them apart from typical machine topologies, which makes modelling the
motor difficult. The machine's doubly salient form causes substantial changes in the air gap,
resulting in a non-linear machine flux linkage as a function of rotor position. SRMs also work in a
magnetically saturated environment. Modelling and controlling the machine can become difficult as
a result of this.
SRMs have a wide speed range due to their durability, making them ideal for traction applications.
Due to the varying operating conditions and limits that develop at different speeds, the control
mechanism will change across this large speed range. The control for SRMs must be able to
account for operating under these various situations, making controller design more complicated.

Because of these difficulties, SRM controls necessitate a certain level of sophistication and
sensitivity on the designer's part. This chapter will provide a review of the basic principles of SRM
control as well as a look at current control tactics. This chapter will also familiarise the reader with
the most prevalent current control schemes in use, as well as more recent extensions to these
strategies, such as the torque sharing function.

In order to develop a controller for any system, the designer must first have a thorough grasp of the
system's dynamics. Controlling SRMs is no different. Understanding the dynamics of SRMs will
help you appreciate the importance of various control measures that must be used in various

situations.

3.2 System Dynamics:

The inherent dynamics of an SRM are modelled based on its magnetic characteristics due to its
simple construction. The shape of the air gap defines the inductance profile, which affects the
machine's dynamic behaviour, once the machine design is set. This inductance profile varies with
location due to the doubly salient construction, which has a substantial impact on torque output.
The rate of change of inductance affects torque production in SRMs. The following is the torque

equation for linear operation conditions:



-30 -

(3.1)

here L denotes phase inductance and 6 denotes rotor position. The amount of torque produced
scales with current, as seen in (3.1). However, as with any actual system, boosting current to the
appropriate level takes a finite amount of time. The current behaviour can be compared to that of a
first order electrical system since each phase of the machine can be reduced to an inductor with an

iron core for analysis purposes. When a constant voltage, V, is supplied to the current, it behaves as

follows: (3.2).

i AL 0
V= ."R+L{f}‘|¥+ r'rﬂ—{‘]m,
"ot 0

¢ (3.2)
The motional electromotive force (EMF) created by the time-varying magnetic field caused by the
phase current is represented by the last term on the right-hand side of (3.2). This voltage opposes
the rate of change of current, which has an impact on the dynamic system's control capability. The
induced voltage term, like the torque, is dependent on the rate of change of inductance,
demonstrating the essential importance of machine inductance in the dynamics of the system, and

indirectly, how much the machine design will affect the system's control constraints. The induced

voltage term scales with rotational speed, as can be seen in (3.2).

3.3 Control Overview Of SRM:

Current control is at the heart of the SRM control scheme, in which the phase current is shaped
based on a set of specified parameters to satisfy various speed, torque, power, and efficiency
objectives throughout a wide variety of operating circumstances, according to the dynamics stated
in (3.2). The torque-speed characteristics of the machine can be determined by having the ability to
control the current. This enables for the creation of an outer closed loop in which the machine speed
can be adjusted. Figure 3.1 depicts the traditional control paradigm utilised in SRMs in detail.

A current controller sends switching signals to the asymmetric bridge converter, which regulates the
phase current depending on some current reference, ire; at the heart of the control system depicted
in Figure 3.1. The current reference, as well as other control factors such as conduction angles, are

determined by the machine's torque and speed needs.
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Figure 3.1 Control scheme for SRMs

Finally, by distinguishing the machine position 6.r, which is sensed using a position sensor, the
machine speed, ®estimated. This is compared to the speed reference, w* to estimate the required
torque to accelerate or slow the machine in order to drive the load torque, TL.

Parameters such as on and 0o, among many others, must be found through simulation in order to
develop the whole control system depicted in Figure 3.1. The sections that follow provide a full
description of each of the three controllers depicted in Figure 2.1, as well as the control parameters

that are required.

3.4 Current Control:
3.4.1 Current Control scheme:

SRMs have a huge variance in inductance across their electrical cycle due to their distinctive
construction, and hence their natural dynamics are very non-linear, as explained by (3.2). A
motional EMF can be measured while the machine spins to quantify the rate of change of current in

one phase of an SRM. This connection is described in (3.3).

(3.3)

The EMF can't be measured directly across the SRM's phase windings. The back EMF can be
measured in a brushed direct current (DC) motor by rotating the armature in a continuous magnetic

field with a prime mover and monitoring the voltage on the terminals. However, because the EMF
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is also reliant on the phase current in the SRM, just turning the rotor will not generate any voltage.
Only the phase voltage from the DC-link can be detected if the phase is excited. As a result, the
motional EMF of the SRM differs significantly from the back EMF of a brushed DC motor. The
motional EMF is induced in the phase as the motor rotates.

As a result, phase current increase is limited, and the motional EMF (generated voltage) is relevant

to the topic of phase current dynamics in SRMs, as detailed in (3.4).

V—& ai

L ot

(3.4)

By rearranging (3.2) and ignoring the effects of phase resistance, the relationships between the DC-
link voltage, V, the motional EMF, and the rate of change of current are shown in (3.4). The rate of
change of current is determined by the machine speed since the EMF is a linear function of rotor
speed.

Figure 3.2 shows the dynamic current profiles for the three-phase SRM without any current control.
Excitation occurs during the rising inductance portion of the electrical cycle, as shown in Figure
3.2a, and the dynamic current profile at three different speeds is shown in Figure 3.2b. The induced
voltage profile that is responsible for the shape of the matching current profiles in Figure 3.2b is
shown in Figure 3.2c. While the induced voltage cannot be measured directly, it can be measured

by modelling the terminal voltage at various rotor points under continuous current excitation.

i)

'

Idealized inductance [H]

o

— 12000 RFM
—— 6000 RPM
3500 RPM

Phase current [A]

o

e
-

— 12000 RPM
—— 6000 RPM
3500 RPM

Terminal voltage [V]

o

-
Hon o Oopr @ f
Rotor position [mech. deg.]

Figure 3.2 Dynamic profiles of phase inductance, phase current, and phase voltage at various
operating speeds with constant conduction angles: (a) phase inductance, (b) phase current,
and (c) phase voltage.
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The terminal voltage at different rotor points under constant current excitation can be simulated to
quantify voltage, which is not immediately quantifiable. The induced voltage profile in a dynamic
profile like Figure 3.2¢c can be thought of as the voltage that the DC-link voltage must overcome to
generate the current profiles seen in Figure 3.2b. Because this amount is a function of speed, as
shown by equation (3.3), the induced voltage has a greater impact at higher speeds. Figure 3.2
shows that the phase is excited at 8,» and a positive DC-link voltage is applied across the phase
windings at each speed.

Energy will be continuously injected into the phase upon turn-on, and the current will behave
according to the dynamics stated in (3.2), until the phase is turned off and a negative DC-link
voltage is supplied across it. When the phase is turned on, energy is withdrawn from it until the
current is drained, which happens at 6.

Because the induced voltage has a low amplitude due to the low speed of operation at 3500 RPM,
the current will continue to climb when the DC-link voltage is applied to the phase. The induced
voltage does not limit the rate of change of current at this speed. Naturally, the high current will
cause large copper losses, and if allowed unchecked, it will likely exceed the copper wires' thermal
limit, causing damage to the coils. In practise, the converter chops this current so that it follows the
current reference, ire; in order to ensure torque production that meets the torque instruction.
Trapezoidal current profiles result as a result of this.

The current automatically tapers down after the phase is excited at 6000 RPM because the induced
voltage rises to the DC-link voltage value. Because the induced voltage's amplitude is near to the
DC-link voltage, the current profile does not vary much until the turn-off time arrives.

The current profile when the machine is working at 12,000 RPM must be monitored in order to
fully grasp the influence of the induced voltage. Even when a positive DC-link voltage is applied,
the current spontaneously decays at 1 in this scenario. This is because, due to the fast speed, the
induced phase voltage exceeds the DC-link voltage, causing the current to decrease, as illustrated in
Figure 3.2c. Because of the influence of the induced voltage, which naturally limits the rate of
change of current, controlling the peak value of current through switching may not be practicable at
sufficiently high rates.

The conduction angles 0o» and 6o are therefore controlled to generate the required average torque at
high speeds. Due to the pulsated nature of the current profiles, however, torque quality will often

suffer.
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3.4.2 Hysteresis Control:

To prevent the current from exceeding the thermal limits and preserve smooth functioning of the
machine, the peak current at low speeds must be managed to be at some prescribed value i
Switching the DC-link voltage that is delivered into the phase accomplishes this. The torque
controller sets the current command, as indicated in Figure 3.1, and a current controller tracks it.
The current controller provides switching signals, which are sent to the inverter to control the phase

current and alter the DC-link voltage.
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Figure 3.3 Current control for SRM with (a) phase inductance, (b) phase current, and (c)

phase voltage displaying current chopping.
A hysteresis band is established by Zlupper and liower to keep the phase current at a constant value irer.
As illustrated in, these values are derived using the current reference, irer., and a tolerance f (3.5). In

most cases, f is expressed as a percentage of the current reference (irey),
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To limit the current amplitude to the level indicated by irs this hysteresis band is applied on the
3500 RPM current profile illustrated in Figure 3.2. Figure 3.3 depicts the resulting profile.

When comparing Figures 3.3 and 3.2, it can be seen that throughout the conduction period, Figure
3.3's voltage alternates between the DC-link voltage and zero to keep the current within the
hysteresis band, thanks to feedback from the current sensor. The induced voltage amplitude stays
below the DC-link value throughout the conduction period, necessitating current regulation at this
speed.

The variable switching frequency of the hysteresis current controller is a function of the phase
inductance as well as the width of the hysteresis band at any given time. Fundamentally, if the
current rate of change is higher at a given instant, it will take less time for the current to travel
beyond the hysteresis band, and the current controller will have to respond by switching the device
faster. A lesser rate of change of current, on the other hand, means the switching will take longer.
As a result of the larger rate of change of current due to lower induced voltage and phase
inductance near the unaligned location, the switching frequency will be higher.

As a result, the switching frequency will be affected by the choice of conduction period. The phase
excitation begins closer to the unaligned location, as seen by the inductance profile in Figure 3.3a.
The rate of change of current decreases as the induced voltage rises throughout the excitation
period, therefore the switching period at 02 is substantially longer than the period at 61, as illustrated
in Figure 3.3b.

To keep the current inside the hysteresis band, phase voltage can be varied between positive and
negative DC-link voltage, or between zero and DC-link voltage, as shown in Figure 3.3c. While the
former might result in a faster response, it would also necessitate a considerably higher switching
frequency, resulting in larger current harmonics.

Furthermore, by reducing the size of the hysteresis band, current tracking and current ripple can be
enhanced, as well as the torque ripple and acoustic aspects of the machine. The capabilities of the
switching devices employed, the current sensor, and the motor controller, however, limit the
breadth of this band that can be chosen. Finally, the conduction angles must be tuned, which has an

impact on the motor's dynamic performance.
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3.4.3 Impact of Stator Winding Conduction Angles:

The conduction angles Bon and Bofr should be selected while developing SRM controls to maximise
the motor's performance under varied operating situations. While hysteresis control will give the
requisite torque at low speeds by selecting the appropriate current reference, torque quality and
efficiency can be enhanced by carefully selecting the conduction angles. Meanwhile, because peak
current control is not achievable at high speeds, conduction angles are the only characteristics that
can be controlled. The effect of changing conduction angles on the dynamic current and torque
profiles of an SRM is shown in Figure 3.4.

Three dynamic profiles with three sets of conduction angles are illustrated in Figure 3.4. Profile 1
uses a short conduction time, which uses less current and results in smaller copper losses. Due to
the lack of commutation between phases, the short conduction duration results in low torque
production and excessive torque ripple. In profiles 2 and 3, a longer conduction duration is used,
and it can be observed in Figure 3.4c that the torque quality improves while the average torque
increases.

However, by delaying the 6,4, some negative torque is produced, as indicated in Figure 3.4b by the
phase torque. Because of the longer phase excitation duration, profile 3 has a later off than profile 2,
resulting in more negative torque production. Despite the fact that both profiles 2 and 3 are turned
off in the aligned position, tail current stays in phase due to the magnetic circuit's leftover stored
energy.

Optimization is utilised in practise to discover the best conduction angles for each operational point
on the torque speed map. When determining the ideal conduction angles, several conflicting
objectives might be considered, as shown in Figure 3.4. The dynamics of the phase current, as well
as the speed, are crucial considerations when choosing conduction angles. Due to the effect of
increasing induced voltage, the rate of change of current decreases as the speed increases. As a
result, the conduction angles have been advanced so that each phase has adequate time to energise

before producing positive torque.
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Figure 3.4 Variable conduction angles affect (a) phase current, (b) phase torque, and (c) shaft
torque, as seen in dynamic profiles for SRM.

3.4.3.1 Optimization of conduction angles:

The choice of conduction angles has a big impact on the average torque and torque ripple. The
impact of turn-on and turn-off angles on average torque, torque ripple, and other goals will be
examined in this section. In multi-objective optimization, Teaching Learning Based Optimisation
(TLBO) will be utilised to identify the optimal firing angles for SRMs. The words firing angles and
commutation angles are used interchangeably in this work to refer to conduction angles.

The Teaching and learning based optimization technique were first introduced by Rao et al. This
technique is inspired on the effect of the teacher on its student in a class. This technique somewhat
copies the capability of teaching and learning of the teacher and capability of learners in a class.

Therefore, the teacher and learner are the two basic aspects of this algorithm. This algorithm
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primarily focuses on the two basic phases that is the teaching phase and the learning phase. Then
the outcome for TLBO technique is considered in the form of result or grades attained by the
learner which completely depends on the merits of teaching by the teacher. Furthermore, the learner
also tries to learn through the interaction with other learners which may or may not improve the
results of the learner itself.

TLBO technique is a population-based technique. In this technique the teacher will be providing the
group of solution of a particular problem to the group of learners and the optimal results is
considered to be solved by the teacher itself now the student has to perform the solution by
themselves and if the solution of any student becomes better solution than the teacher itself then
that solution will be considered as the best solution according to the greedy solution.

The flowchart utilized in the optimization issue is shown in Figure 3.5. It can be applied to specific
operating locations as well as the complete operating range. The flowchart is divided into the four
sections below. A specific SRM is described in the first section (I). It is possible to obtain and use
the flux linkage and torque lookup tables in the SRM drive model. The flowchart then employs
three loops. The optimizer calls the SRM drive model created in Simulink in the innermost loop
(IT). Variables supplied into the SRM drive include the turn-on, Bon and turn-off, Oorr angles. In
different contexts, the objective functions utilized in the optimization problem varies.
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Figure 3.5 Flow-diagram for conduction angle optimization.
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The optimizer continues its search for a global optimum in the second loop until the stop criterion
limitations are met (III). If the problem is multi-objective, the optimal results for a single
operational point are plotted in the Pareto-front, and decision-making logic is used to select a single
front solution. The third loop (IV) feeds the second loop with either randomly or evenly selected
operational points, such as reference speed and commanded current. Each operational point is

associated with a single optimization problem.

3.5 Power Electronics Converter for SRM drive:

3.5.1 Asymmetric Bridge Converter:

The most often used converter in SRM drives is the asymmetric bridge converter for a three-phase
SRM depicted in Figure 3.6. It provides for independent current regulation of distinct phases,
resulting in excellent torque control. It does, however, include two switches and two diodes per

phase, which is prohibitively expensive for low-cost applications.
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Figure 3.6 The asymmetric bridge converter for a three-phase SRM.

There are two switching patterns: bipolar modulation (hard switching) and unipolar modulation
(soft switching). In hard switching, when the switches 77 and 7> are turned on, the phase voltage va
is equal to the DC-link voltage Vdc, and the phase current iz increases. When the phase current hits
the upper limit of the current reference, the switches 77 and 7> are turned off. The phase current ia
circulates through the diodes D:, D2, and DC-link capacitors, and the stored energy in the magnetic
circuit is transferred back to DC-link capacitors. In this condition, the phase voltage is equal to —
Vdc and, therefore, the current decreases until it hits the lower limit of the hysteresis band. Then,
the phase current i, rises up again by turning on the switches 77 and 72. When the phase A current
needs to be turned off completely, the switches 77 and 77 are both turned off. The phase current will

decrease to zero until the stored energy in the winding is depleted. The operational waveforms are
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shown in Figure 3.7. The required breakdown voltages of devices 77, 72, Di, and D: should be
higher than the DC-link voltage Vic.

With the hard switching pattern, phase current circulates between the DC link and the phase
winding in a switching cycle, which increases the power loss dissipation caused by switching losses
as well as the current ripple in the DC-link capacitors. Soft switching can be applied to improve the

converter’s efficiency. The operational waveforms with soft switching are shown in Figure 3.8.
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Figure 3.7 The operational waveforms of the asymmetric bridge converter using bipolar
(hard) switching pattern: (a) ideal phase inductance, (b) on/off signal, (¢) phase voltage, and
(d) phase current.

During the interval 61 and 02, the switch T is always on, and T2 is turned on and off to track the
current reference. When the switch T2 is on, the phase voltage va is Vac, and the phase current i,
rises. When i, hits the upper limit of the current reference, the switch 77 is turned off. Then, the
phase current freewheels through the diode D: and the switch 77. The phase winding voltage va is
equal to the sum the voltage drops of D2 and 77 during conduction. Since the voltage drop is very

low, the phase current i, decreases slowly. After 62, the current reference becomes zero. Switches 77
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and 72 are both turned off to reduce the phase current i, rapidly. Compared to the hard switching

shown in Figure 3.7, the switching losses are reduced with the soft switching.
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Figure 3.8 The operational waveforms of the asymmetric bridge converter using unipolar
(soft) switching pattern: (a) ideal phase inductance, (b) T1 on/off, (¢) T2 on/off, (d) phase
voltage, and (e) phase current.

3.5.2 (N + 1)-Switch Converters:

In SRM drives, the phase winding does not conduct during the whole electrical cycle. Therefore,
some of the power devices can be shared between different phase windings and the number of the
switches can be reduced. Since the total number of switches in these topologies is one plus the
number of phases, these converters are categorized as (N + 1)-switch converters. A (N + 1)-switch

converter for a three-phase SRM is shown in Figure 3.9. Three-phase windings are connected to
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four switches. The reduction of the number of switches is achieved by sharing a switch between

two phase windings.
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FIGURE 3.9 (N + 1)-switch converter for the three-phase SRM.

Compared to the asymmetric bridge converter, the current ratings of the shared devices (77, D1, T2,
and D:) increase. When SRM operates at low speed, the phase current can decrease rapidly because
of the low induced voltage. Therefore, no overlapping between different phase currents occurs. The
current of each phase can be independently controlled. However, when SRM operates at high speed,
phase currents may overlap between different windings because of the higher induced voltage. This
converter will lose the independent phase current control capability due to the shared power
devices. For instance, when phase A is required to be turned off, both 77 and 7> should be off to
decrease the phase current to zero. If phase B needs to be excited before phase A current falls to
zero, T2 and T3 should be on. Therefore, there is a contradiction for the required switching status of
T2. In order to avoid the current overlap at high-speed operation, the conduction angle of phase B
needs to be delayed during the commutation from phase A to phase B. By delaying the conduction
angle, the generated torque is reduced. Therefore, the drawback of this converter is that it cannot
independently control the phase currents, especially at high speed.

In order to improve the current control performance, a converter with shared devices for the four-
phase SRM is shown in Figure 3.10. Compared to the (N + 1)-switch converter shown in Figure
3.9, there is one more switch and one more diode for this converter shown in Figure 3.10. The
phase windings A4 and B share the power devices D2 and 72. The phase winding C and D share the
power devices Dsand 75. As these devices are not shared by the adjacent phase windings, this

converter can guarantee that only one phase current flows through each device anytime.
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Figure 3.10 A converter with shared devices for the four-phase SRM.

Therefore, each phase current can be independently controlled. The torque control performance is
better than that of the (N+1)-switch converter in Figure 3109. However, this converter is only

suitable for the SRM with an even number of phases.
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Figure 3.11 An alternative (N + 1)-switch converter for the three-phase SRM.

Another example of a (N+ 1)-switch converter for the three-phase SRM is shown in Figure 3.11.
The switch 77 and diode D are shared by three-phase windings and, therefore, the current ratings of
T1 and D; are higher than other switches. Similar to the converter shown in Figure 3.8, the phase

currents cannot be controlled independently when they overlap at high speed.

3.5.3 C-Dump Converter:
A C-dump converter is shown in Figure 3.12. This converter contains both the buck and boost

converters. The operational waveforms of C-dump converter are shown in Figure 3.13, and the

illustration of five modes of C-dump converter is depicted in Figure 3.14
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Figure 3.12 The conventional C-dump converter.
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Figure 3.13 The operational waveforms of the conventional C-dump converter: (a) ideal phase
inductance, (b) on/off, (¢) phase voltage, (d) phase current, (e) Tr on/off, and (f)ir
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Figure 3.14 Five Modes of C-dump converter: (a) Mode 1, (b) Mode 2, (¢c) Mode 3, (d) Mode
4, and (e) Mode 5.

By taking phase A as an example, the DC-link voltage V., the inductance of phase A winding, the
switch Ti, the diode D1, and the capacitor Ci1 make up a boost converter. The capacitor Ci, the
switch Tr, the diode D, the inductor L, and the DC-link voltage Vdc make up a buck converter.
T is used to control the phase current and Tr is used to control the voltage output of the capacitor
Ci. When phase A current is below the reference, Ti is turned on and V4 is applied to the phase
winding and phase A is working in mode 1 or 2. When the current of phase A rises above the
reference, T1 is turned off and Vdc — Vo is applied to the phase winding. Phase A now works in one

of the modes 3, 4, or 5, depending on Vo. Once the status of Ti is defined by the phase current, the
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specific operational mode can be utilized by the status of T:. For example, when phase A current is
below the reference and T: is on, phase A is working in mode 2. When the current of phase B needs
to be built up, T2 is turned on and Ti is turned off in Figure 3.12. The current of phase B flows
through Co and T2, and the phase A current flows through D1, Co, and Ci, and charges Ci. Thus, the
C-dump converter allows independent control of different phases. Tr is used to control the voltage
Vo to provide higher demagnetization voltage during the commutation, leading to the higher voltage
ratings for power devices. The additional inductor and switches/diodes are needed, which may
increase the costs. Also, the C-Dump converter does not achieve freewheeling, which may increase

the acoustic noise and switching losses.

3.5.4 N-Switch Converters:

Several converters with a single switch per phase are available. For an N-phase SRM, if the number
of the switches of the converter is N, then these converters are categorized as N-switch converters.
An N-switch converter using bifilar windings for the three-phase SRM is shown in Figure 3.15. The
bifilar phase winding contains two closely spaced, parallel windings. For each phase, one of the
bifilar windings is connected to a switch and the other one to a freewheeling diode.

The operational waveforms of this converter are shown in Figure 3.16. The voltage va is equal to
the DC-link voltage Vac when the switch Ti is on, leading to an increase in ia. The voltage across
the Diis (1 +ni/n2) *Vac when Tiis on, where n1 and n2 are the number of turns for the bifilar
windings. When Ti is off, the diode D1 is forward biased. The voltage of the phase winding va is
equal to —(n1/n2) *Vdc. Therefore, the phase current ia decreases, and the stored energy of this
winding is sent back to the DC link. The voltage across the switch Ti is equal to (1 +nl/n2) *Vdc
when it is turned off. Although this converter has only one switch for each phase, the voltage
ratings of power devices are higher compared to the asymmetric bridge converter.

Another single switch per phase converter with a split DC-link capacitor is shown in Figure 3.17.
The operational waveforms are shown in Figure 3.18. When the switch T is on, the phase voltage

va 1s equal to Vac/2 and, therefore, the phase current 1. increases.
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Figure 3.15 A converter with bifilar windings for three-phase SRM.

When the switch Ti is off, the phase current ia freewheels through diode D1, and the stored energy
is sent back to the capacitor C2. The breakdown voltages of the switch T1 and the diode D1 need to
be higher than the DC-link voltage Vdc. It should be noted that the DC-link voltage utilization is
low for this converter. Only half of the DC-link voltage can be applied to the phase windings.
Although this converter only needs one switch for each phase, this advantage is outweighed by the

low DC-link voltage utilization.
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Figure 3.16 The operational waveforms of the converter with bifilar windings: (a) ideal phase
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%/’ 5
e

i i 0.5V, oA

r

Figure 3.17 Split DC converter for three-phase SRM.
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Figure 3.18 The operational waveforms of the split DC converter: (a) ideal phase inductance,
(b) on/off, (c) phase voltage, and (d) phase current.

In order to improve the usable DC-link voltage for the phase windings, a split AC converter can be
used as shown in Figure 3.19. A split AC converter has three switches, three diodes, and two
capacitors. When the current of phase A is below the reference, Ti is turned on and Ve is applied.
The phase A current flows through Ciand Ti. When the current of phase A rises above the
reference, Ti is turned off and —Vac is applied. The current of phase A flows through Di and Co.
When the current of phase B needs to be built up, T2 is turned on and Ti is turned off. The current
of phase B flows through C: and T2. The demagnetization voltage of phase A is —Vdc. The split AC
power converter also allows partial independent control of different phases. Compared with the split
DC power converter, the split AC converter provides higher magnetization/demagnetization
voltage, which decreases the commutation torque ripple. Moreover, no efforts have to be made to
balance the voltage of Ci and Cz. The usable voltage for the windings is the DC-link voltage Vdc in

this converter. The power devices need to have a voltage rating two times the DC-link voltage.
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An alternative single switch per phase converter is shown in Figure 3.19. When phase A needs to
carry the current, the switches T2 and T3 are turned on and off. When phase B needs to carry the
current, the switches T1 and T3 are operating. Because of the shared switch T3 between phases A
and B, the currents of these two phases cannot be controlled independently when the phase currents
overlap. Similarly, the currents of phase C and phase D cannot be controlled independently. Also,
the efficiency of this converter is lower as compared to the asymmetric bridge converter because of
the extra diodes in series with the phase windings. Moreover, this converter is only suitable for the
electric machines with an even number of phases. These drawbacks limit the applications of this

converter.

Vae ==« I

Figure 3.19 Split AC converter for three-phase SRM

OTL 2 4 4

Figure 3.20 An alternative single switch per phase converter for a four-phase SRM.
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CHAPTER 4: COMPOSITE SYSTEM MODEL

4.1 Introduction:

Switched Reluctance Machine works on the principle of varying magnetic reluctance. The rotor of
the machine is pulled in any direction by varying the reluctance (clockwise or counterclockwise).
The motor's torque is proportional to the square of the current magnitude, and hence is unaffected
by the direction of current flow in the winding. Figure 4.1 depicts the relationship between Torque-

Flux linkage and Rotor position as a block diagram.

Current
Speed Reference Hysteresis
Speed Reference—» ’ N #» Converter » SRM
Controller Controller
t+ t Tturrent Feedback
Position Feedback
il | Turm On
Optimal Turn On Angle Angle
Controller
— d/dt |«
Optimal T Off A Turn Off
ptimal Turn ngle Angle |«
Controller

Figure 4.1 Block Diagram of SRM

4.1.1 Magnetic Characteristics:

Figure 4.2 shows the magnetic characteristics of a 60kW 6/4 SRM. The curve which does not
saturate with respect to the current represents the unaligned inductance of the SRM while the curve
which saturates with respect to the current represents the aligned inductance. The position where the

pole faces of the rotor and stator align each other is taken as reference (0°).
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Figure 4.2 Magnetic Characteristics of 6/4, 60kW, SRM.

4.1.2 Teaching Learning Based Optimization (TLBO):

The TLBO technique was proposed in the year 2011 by Rao et al. [13]. TLBO is a meta heuristic
method which primarily focuses on the two basic phases that is teaching phase and learning phase.
Metaheuristic approaches, in general, produce a unique solution or group of solutions. Solution is
basically the values of decision variable. Once the solution is generated, decision variables are sent
to the optimization algorithm to evaluate the fitness function which is the only communication
between the metaheuristic techniques and optimization problem for every solution. The evaluated
fitness function value is returned to the algorithm. Thus, the algorithm sends the decision variables,
and the problem sends back the fitness function. The algorithm uses intelligent operator to come up
with a new set of decision variables which is again send to the algorithm problem and the fitness
function value is received from the algorithm problem. This communication goes on repeatedly till

a specified termination criteria is completed. Figure 4.3 shows the flow chart of the algorithm.
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Figure 4.3 Flow Chart of TLBO algorithm

This thesis proposes a TLBO based technique to compute the turn-on and turn-off angles of the
stator phase windings to optimize a multi objective function comprising the average torque, torque
per unit copper loss and softness factor. Two real time controllers have been used to tune the turn-
on and turn-off angles of the stator phase windings. The optimal turn on and turn off angles are
used to generate the gate pulses for the converter switches. A hysteresis controller is also

incorporated to regulate the stator current between prescribed limits. This thesis also presents an
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application of the Indian Drive Cycle (IDC) in a SRM drive. In Indian roads, the Vehicle type is
heterogeneous, including cyclists, mopeds, two and three wheelers, commercial transport, and buses
etc. The Indian Drive Cycle (IDC), shown in Figure 4.4, was developed by the scientists at the
Automotive Research Association of India, Pune in 1985 after collecting real world data from
major cities representing actual driving pattern. Simulations are carried out to optimise a multi-
objective function comprising the SRM drive performance indices like average torque, stator
copper losses and the integral squared error of the motor and reference speeds. It is observed that
the motor satisfactorily tracks the drive cycle speed while optimizing the drive performance indices.

Simulation results validate the effectiveness of the proposed technique.
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Figure 4.4: Indian Drive Cycle
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CHAPTER 5: CASE STUDY AND RESULTS

5.1 Case Study 1:

A 6/4 SRM drive system is used for case study whose specifications are given in Table 1. A block
diagram of simulation model is shown in Figure 5.1. The entire model was developed in
SIMULINK. The desirable conditions for SRM drive systems are low output torque ripple, high
average torque, and low copper losses. The decision variables are turn-on and turn-off angles of the
stator phase windings. After every iteration, the torque per unit copper loss, ripple factor and
average torque are optimized using the TLBO technique. The objective function to be maximized is

given below,

Fory = WiTC + WoTuyc + W3SF (5.1)

Where W1, W2, W3 are the weighting coefficients.
In this paper, they were selected as 0.2, 0.6 and 0.2, respectively.

also
TC = Torque per unit copper losses
Tave = Average Torque
Average Torque

SF= Softness Factor = ]
Tmax - Tmin

The SRM specifications along with the simulation parameters are shown in Table 1

Table 1: SRM Specifications And Simulation Parameters

Power rating 60kW
Rated speed 15000rpm
Input Voltage 650 V dc
J (Rotor Moment of 0.069 kg-m?
Inertia)
Ra 0.01 Q
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Table 2 : Optimization Parameters

Populat | No. of Decision Variable
ion Iterations
Size

50 Turn On Angle Turn Off
Angle

LB =35° LB =65°
UB = 55° UB = 85°

Current
Speed Reference | Hysteresis
Controller "| Controller

Drive Cycle
—>

Y
%)
=
<

—» Converter

A A A IB

08

Bon Turn On
Angle
Controller

—| d/dt |<7
BOoff Turn Off /

Angle
Controller

A

A

Figure 5.1 Simulation model

5.1.2 Results:

Table 2 depicts the parameters used in optimization. Turn-on and Turn-off angles of the stator
phase windings are taken as decision variables with upper and lower bounds as shown in Table 2.
The number of iterations is restricted to 50. Figure 5.2 shows the results of the optimization process
with the objective function settling at a constant value of 60. Figure 5.3 shows the variation of the
softness factor with time in seconds. It is observed that the softness factor with TLBO based
controller has a higher value (lower torque ripple) than that without it. Figure 5.4 shows the
variation of the average torque of the SRM drive with time. It is observed that the average torque
with TLBO based controller is higher than that without it. Figure 5.5 shows the variation of the
torque per unit copper loss of the SRM with time. It is observed that the torque per unit copper loss
with the TLBO based controller is higher than that without it. Its high value indicates the efficiency
of the drive. Figure 5.6 depicts the optimal value of the turn-off angle at 81° while Figure 5.7 shows

the optimal value of the turn-on angle at 36°. Thus, for optimal drive performance of the given
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SRM specification, the turn-off and turn-on angles should be 81° and 36° respectively. Figure 5.8
shows the plot of the stator current vs. time (in seconds.) It is observed from Figure 5.8 that the
stator current is limited to 200 A by the hysteresis current controller. Figures 5.9 and 5.10 show the

motor rpm and the developed Electromagnetic Torque (Te) of the motor in Nm versus time.

62
60 t
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56t
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52t
50t
43 0 10 20 30 40 50 60
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Figure 5.2 Optimization Curve
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Figure 5.3: Softness Factor
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Figure 5.4: Average Torque
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Figure 5.10: Electromagnetic torque developed by motor

5.2 Case Study 2:

Same motor configuration and optimization parameters as stated above in Table 1 and Table 2

respectively are used to perform another optimization problem. The desirable conditions for SRM
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drive systems are low stator copper losses, high average torque, and low integral squared speed
error. The decision variables are the turn-on and turn-off angles of the stator phase windings. After
every iteration, the stator copper losses, integral squared error, and average torque are optimized

using the TLBO technique. The objective function to be maximized is given below,

Fobj = W; [loss + Wy Tuye + W5 [/ error (5.2)

Where W1, W2, W3 are the weighting coefficients.
In this paper, they were selected as 0.3, 0.4 and 0.3 respectively.

where

loss: stator copper losses
Tava: Average Torque
error: ( [ 2dt).

Motor Speed — Reference Speed
E =

Reference Speed
5.2.1 Results:

The turn-on and turn-off angles of the stator phase windings are taken as decision variables with
upper and lower bounds as shown in Table 2. The number of iterations is restricted to 50. A tuned
PI controller is used to control the motor speed. Figure 5.11 shows that the SRM tracks the drive
cycle speed satisfactorily. The optimal turn-on and turn-off angles of the stator phase windings for
different speeds are shown in Figure 5.12(a) and (b). It is observed that turn-on angle lies between
40° and 50° whereas the turn-off angle lies between 70° and 85°.Figure 5.13 shows the copper
losses in the stator phase windings of the SRM. Losses play a vital role in determining the
efficiency of motor. To achieve high speed and maneuverability, the losses in the machine should
be kept minimum. Figure 5.14 shows the Integral Squared Error (ISE) at every data point over the
drive cycle. The PI controller is tuned such that the rise time is minimum, and the speed error is
low. Figure 5.15 shows the optimum average torque developed on the motor shaft over the entire
drive cycle. It is observed that the average torque spans 10 Nm under no load condition. Figure 5.16
(a) and (b) shows the winidng currents at 21 km/h and 42km/h motor speed, respectively. It is
observed that the current remains below 20 A in both the conditions because of the current
controller. Figure 5.17 (a) and (b) shows the electromagnetic torque developed in the motor at 21

km/h and 42 km/h motor speed respectively.
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CONCLUSIONS

A multi-objective metaheuristic technique TLBO based controller is used for optimizing SRM
drive performance vis-a-vis average torque, torque per unit copper losses and torque ripple. The
proposed technique is used to compute the optimal turn-on and turn-off angles of the stator phase
windings to maximize the multi-objective function comprising the SRM drive performance indices.
Two real time controllers are used to tune the turn-on and turn-off angles of the stator phase
windings to obtain multiple desired objectives simultaneously. The optimal value of turn-on and
turn-off angles are used to generate the gate pulses for the converter switches. The case studies and
results show the marked improvement in the SRM drive performance indices and validate the
effectiveness of the proposed technique.

Another TLBO based controller is used for optimizing the SRM drive performance when subjected
to the Indian Drive Cycle (IDC). It computes the optimal turn-on and turn-off angles of the stator
phase windings to maximize the multi-objective function comprising the SRM drive performance
indices like average torque, stator copper losses and integral squared speed error. The optimal value
of turn-on and turn-off angles are used to generate the gate pulses for the converter switches. Two
real time controllers are used to tune the turn-on and turn-off angles of the stator phase windings to
obtain multiple desired objectives simultaneously. The case studies and results show that the SRM
tracks the drive cycle speed satisfactorily, while optimizing the drive performance indices. This

validates the proposed technique.
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SCOPE FOR FUTURE WORK

. Application of other drive cycle (e.g. US07, NEDC, etc) on the SRM Drive.
. Optimising SRM Drive using latest optimization tool e.g., Grey Wolf Optimiser.
. Performance Optimisation using new converter topology e.g., MMC based asymmetric

converter.
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