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Abstract

Switched reluctance machines are becoming more prevalesatious motor drive
applications due to their simple construction, robust defagit,tolerant operation,
andrelativelylow-costconstructionThere arenonethelessome drawbacks to the
switched reluctance machmeperational behavior which limit ip®tential market
penetrationTheelectromagnetitorque ripplas one ofthose limitationsHowever,
unlike mostfour-quadrantvariable speed electrimotors switched reluctance
machines needdditional control conderations to operate igenerating modé&o
maximize power returneghile minimizing torque ripple

The goal of this thesis is explore different control schemes which are used
in motoring mode and compareethperformance in generating mae different
operational pointsUsing the lessons learned from the comparisorgenerating
mode key optimizations objectives are established to improve the switched
reluctance machirseperformance for generating applicationd. multi-objective
optimizer is usedo select conduction angles using establisbegectives of
maximizing torque and minimizing torque ripple. Tgreposedyeneratingspecific
objectives are comparedto the motoringspecific objectives tovalidate the
generating performanémprovemenfor a wide torquespeed range.

Finally, a setup is constructed to validate the generating performance of a
3-phase 12/8 SRM using the new optimization objectaresit is compared with

conventionabbjectives.
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Chapter 1. Introduction

1.17 Motivation

In recent years there is incentive to utilize methods of transportation which
producedoweremissions and are less dependent on volatile natural resources. This
paradigm shift has resulted in the transportation industry to utilize electric drives
for propulsion, regeneration, and auxiliary vehicular operations. Electric drives
convert electrical energy into mechanical energy and can convert mechanical
energy into electrical energy. Relative to their combustion counter parts, electric
drives are more effient in converting an energy source to mechanical work, with
minimal losses being attributed to electrical and mechanical conversion processes
which are dissipated as heat. Additionally, electric droas convertnechanical
energy into electrical energywhich the conventional combustion propulsion
method is not capable of. With these bengtitsre is an increase in electrical drives
replacing combustion applications beyond the transportation sectors.

From the years 2000 to 201@eenhouse gas (GHG) essions from the
transportation sector in Canada have risen by 27 %, with this large increase in GHG
being attributed to an increase in passenger and freight vehicles. Furthermore, there
was an increase in energy demand by 17 % from the years 2000 arjd]28Tith
the continued growth in passenger vehicles and freight trucks spurred on by an
increase in light passenger truck sales, online commerce, and trade globalization;
the Canadian energy supply could be greatly burdened by the increase in demand

and nhcrease the production of harmful GH®¢gich can result in irreversible
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effects to the climate. Electrification of the transportation sector can result in the
reduction of crude oil energy supply dependance and reduce GHG emissions into
the atmosphere. Bne are government incentives in Canada for electrified vehicles
to aid in the increase of adoption. From 2017 to 2018 the number of consumer
electric vehicles (EVs) sold in Canada doubled aided by government incentives and
investmentg1]. The significanfprice in purchasing an EV remains to be a major
obstacle for mass adoption resulting in the continued growth in the production of

GHGs and burdening the Canadian energy market.

TRANSPORTATION SECTOR GHG EMISSIONS FOR CANADA,

A 2000-2017
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Fig. 1.1: Transportation emissions for Canada frd@®0 to 20171].

Currently, the most common electric drives used as a means of propulsion
consist of permanent magnet synchronous machines (PMSM) and induction
machines (IM). PMSMs havkigh-energy permanent magnet (PM) material to
provide an independent source of magnetic,fikich results in high torque
density and high efficiency for the operating speed rd@peHowever, PMs in

PMSMs use higlenergy raresarth materials such as myonium and dysprosium,
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which are sensitive to temperataredtheir performance decreases with an increase

in temperature. The PMs begin to demagnetize at higher temperatures which can
result in the lowetorque production. The PMs are also a significamtipn of the

total cost of PMSM, while the PMs only contribute an insignificant percentage of
the PMSM weight and volume. Furthermore, according to the US department of
Energy rareearth elements such as neodymium and dysprosium are considered as
a critical material[3]. With countries such as China having 37% of the global
reserves and producing 60% of the documented global supply in 2019 and 2020,
the price of rareearth is heavily monopolized and can fluctuate due to a magnitude
of reasons such as: gmitics, conflicts, demand, natural disasters, fg. The

mining and transportation of raearth also has a significant impact on the
environment, human health, and mining of raagth produces harmful mining
waste[6]. With the current electric drevdemand growing especially for traction
applications, higkenergy raresarth prices can be expected to increase and further

supply-chain/political issues can result in lack of supply altogether.

Price of Rare Earth Material Since 2009

== Praseodymium-Neodymium e= Dysprosium

15M

10M \
5M R

Fig. 1.2: Price ofrareearthmaterialsince 20094].
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IMs are one of the most widely used motor types in all sectors. IMs contain
conductors within the rotor that must be separately excited to generate a magnetic
field [7]. IMs are unique due to their leeost and selftarting nature which is
usuallynot found in other electric drive¥he selfstating capability allows for the
IM to operate directly from a-Bhase supplyithout the need for complex control
systems. IMgost less than PMSMsas there is no need for higimergy PMs to
provide a rotor magnetic field. At higgpeeds or highorque requirementghe IM
rotor copper losses can become significant and thermal management of the rotor
windings can become problerntat

Switched Reluctance Machines (SRM) are an excellent alternative to
PMSMs and IMs athey can addresthe issues that the two conventional electric
drives face. SRMs are lewost to manufacture, facilitate simple construction, and
are composed of a rosustructure. SRMs do not need any hagtergy PMs within
their rotor to generate a separate rotor magnetic field. This allows for the SRM to
have a significantly lower price. Producing motors with lower cost anetntical
material is vital to the mana€turer and consumer as it allows for higher EV
penetration into the commercial and consumer semboityibuting tathe reduction
of GHGs in line with the governmental projections. Additionally, by not utilizing
PMs the material footprint and environmahfootprint is also greatly reduced.

SRMs are not sensitive to high temperatures as there are no PMs in the rotor,
allowing for reliable higkspeed operation without having to consider the effects of
PM demagnetization resulting lower torque productif8]. The thermal

performance of an SRM is usually limited by magnetic wire insulation or an infill
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epoxy used to suspend the magnetic wires in certain applications, but these thermal
breakdown temperatures are greater the ones which limit the PM perforimance
PMSM.

Due to the lack of PMs in the rotor of an SRM, the-kEpeed efficiency is
inferior to the PMSMs but at medium to higfsgreeds the SRM delivers equivalent
or higher efficiency when compared to a PMSM, with the added benefits relating
to material volatiliy, cost, and environmental footprint discussed previously. SRMs
are also suited for higbpeed operation as flux weakening occurs naturally, unlike
the PMSM.SRMs are naturally fault tolerant dueite®electrically isolated phases
This allows the SRM tocontinue operation with limited torque production
capability if a fault occurs in a phase.

The electrically isolated phases are due to the double salient natame of
SRM and result in independent phase torque production which causes in higher
total torqte ripple than the PMSM and IM. The torque ripple of an SRM can be
reduced by optimizing the motor geometry and developing control schieynes
shapng the phase current. Acoustic noise and vibrations are also major drawback
for an SRM The acoustic noise drvibrations are due to the double salient nature
of the rotor that facilitates in the flux passing in the radial direction which results
in significant radial forces to act on the stator geometry. The acoustic noise and
vibration in an SRM can be reducgdeatly by optimizing the motor geometry,
construction, and current control. SRMs also use a unique converter topology
known as an asymmetric bridge converiean asymmetric bridge converttdrere

iIs no shoothrough fault condition that is observed most PMSM and IM
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converter topologiedDue to these main challenges presented, SRaMka low
market share in electric drive applicatiprisstorically. In the next section the
contribution of this thesis will be discussed, and the effort made to help increase

the SRMs market share by targeting a specific challenge whichabkinefaces.
1.27 Research in SRMControl

There is significant workdoneto control SRMs in motoring mode and
improve the selecperformanceobjectives.Most of the work done is for motoring
mode specific objectives such awaximizing torque production, minimizing
torque ripple, and minimizing phase current.

In [8], offline torque sharingfunctions are proposet minimize torque
ripple for a wide speed ranghln additionto the primary objectiyetwo secondary
objectives that minimize copper loss arade of change in current are used to
improve the motoring performance usifigkhonov factorto determine which
performance objective to pursua.[9], torque sharing functi@aredeveloped to
reduce the torque rippley considering theommutation phase current dynamics
and a single weighted parameter. The optimization was carried out for a wide speed
range while consideringptimal current trackingReferencefl0] and[11] presents
an adaptivecontrol scheme for an SRM tmntrol the trn-off conduction angle
using afinite control set model predictive contrtw reduce the negative torque
production in motoring mode reducing dgoie ripple and minimizing copper losses
at highspeed operatio®A new torque sharing function method is @mrted in12]
to reduce torque ripple in SRM#& novel method of generating phase current

referencesvhich considers the current dynamiicsitationsareusedto reduce the
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current tracking errorfor various speedswvhile maintaining averageorque
performance.

In [13], thefirefly algorithm is used to optimize the instantaneous torque
performance of an SRM he algorithm aims to reduce the torque ripple and torque
dynamic responsef the motor wherusing a proportionahtegral controllerlin
[14], a modified hybrid whale optimization algorithmused to reduce the torque
ripple for a wide speed rang&he optimization considers tHenitation of the
controller and phase curresbmmutation andmprovesthe desired dynamic
performance byptimizingconduction angled.iterature[15] presents madaptive
particle swarmoptimizationalgorithm toenhancethe speedegulation dynamic
performance of an SRM when controlled using a Pl controller. The dynamic
responsés improved using the algorithm.

In [16], an offline optimization is develope® maximize average torque
and minimize average torque ripghy finding the minimum of singlevariable
function on fixed intervalT he optimization was done for a wide current reference
and speed range by selectitite conduction agles. Reference[17] presents a
sliding mode controllefor an SRMto control the speed, and torque sharing
functions are used to optimize the torque characteridties objectives of average
torque and torque ripple are optimizéa [18], a multiobjective optimization is
usedto control theurn-off conduction angle usintipe torque ripple and copper loss
objectives. The proposed optimization does not require the rpatameters and

the turnon angle is selected basedtbaturn-off angle.
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In [19], multi-objective optimization is usetb improvethree objectives
using an individual weighted method for motoring moaeerage torque, torque
ripple, and copper losShe conduction angles are optimizexlbe used by a
conduction angle contresthemeand a hysteresis controllén.[20], the conduction
angles are selected using a teaching #atning based optimizatidechniqueand
Grey Wolf optimizationto maximize average torque and minimipeque ripple
RMS. The turn-on and offangles are used for conduction angle control with a
hysteresis controlleA pattern search optimizatiaigorithm is used to determine
conduction angles if21] to be used inraonline torque sharing functioff.he main
objectives are to mimize torque ripple, phase current, and calculation times.

In [22], atorque sharing based optimization is presented to exten
torquespeed range ohn SRM. The optimizer selects the tm and overlap
conduction angles tmnaintain an acceptablaverage torquevhile minimizing
phase currentAn ant colony optimization is used to determine the conduction
andes. In [23], conduction angles are selecteding a optimization which
maximizes the torque per ampere objective to improve the motor effici€hey
optimization is accomplishedusing a direct instantaneous torque contbich
allows for simple implementationln [24], an elitist-mutated multiobjective
particle swarm optimization is used to select conduction d@ngi@nimize torque
ripple while maximize torque average.

In [25], an artificial intelligenceébased control isisedto minimize the
torque ripple by selecting conduction angles based on the operating $heed.

optimization specificallyses the turoff conduction angle to change the behaviour
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of the demagnetising phase currén{26], a data driven optimization developed
to contol torque sharing function behavior minimize torque ripplelThe rate of

change in phase current is observedawestructoptimization constraints.
1.31 Thesis Contribution

The SRM has been a point of interest in the research and academic
community, particularly in the topic ofdeveloping control schemes to improve
performance in motoring modey using opmization techniqguesSome control
strategies: such as single pulse contohduction angle control, anorque sharing
functions have been optimized to improve motoring performance such as
maximizing average torque production while minimizing torque ripgmhel
reducing losses for a wiespeed range of operation

As any conventional electric motor, the SRM is capable of-foadram
operation and the work doneitoprove the motoring performandees not directly
translate to the generating mode in most cadsgenerating mode requirements
can bdlifferent when compared to motoring madsllittle work has been done in
literaturewith regards tdhis subject The goalof this thesis is to exploran SRM
in generating mode and compare it to motoringdenaosing conduction angle
control at different operating conditionsThe performance was compared at
different speedscurrent refereces, and various conduction interndahavior
Using themotoring and generatingpmparisons, key optimization objectives are
established to improve theerformance of the SRM irgenerating mode
specifically. The newgenerating specifioptimization objectives are compartx

conventional optimization objectivés show the improvement in powsupplied
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to the source for the same or smaller prime mover torque. An experimental
dynamometer setuponsisting of an SRM aniM is constructed to validate the

proposed optimization objectives expeentally.
147 ThesisOverview

This thesispresents optimization objectives to specifically improve the
generating mode of operation by maximizing the amount source cratemtedo
the sourcevhile minimizing torque.

In chapter 2 the fundamentaklectromagnetic principles of a switched
reluctance machine are presented. Thecept of ceenergy isoutlined,and the
nonlinear characteristicsof the motor are introducedThe motor operational
behaviouris visualizedusing static characteristics alodses of an SRM al@woken
down The unique asymmetric bridge convertor topoligghown along with all
three modes of operation used in hard and-seiiching to control thgphase
current of an SRM.

Chapter 3 introduces generating mode of operdtiorthe SRM, and the
effect of hard and sefiwitching are showifor different rotorspeeds and current
references.The motoring conduction angles are shifted or reflected along the
aligned rotor position to obtain generating conduction andleg. generating
conduction angles are used dcompare the torque and phase current behaviour
between the wo modes of operatiorCurrent control conditions are developed
which can operate an SRM in generating mode usingssafthing as motoring
mode softswitching current control conditions are not able to control the phase

current.Theproposed sib-switchingconditions areompared téhehardswitching
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current control conditionsn generating mode to determine tiie proposed
conditions can operate fgarious rotor speeds.

In chapter4, generating specific optimization objectives are developed
using an exhaustive conduction angle search for a specific rotor speed and current
reference.The average torque, torque rippRMS, and source current are
determined for alturn-on and off combinationsThe source current and torque
objectives are combinewhich results infte amount of source curremgturned to
thesupplybeingmaximizedwhile minimizing the prime mover torqu&he second
objectiveis to reduce theorque ripple.The proposed optimizer also allows for
delayed conduction angledowever,the optimizer did not utilize this range as it
results inlower torque productiorand source current. The new optimization
objectives alsproduce a much smaller Pareto frogsulting inworking conditions
with less variationn improvedperformarce.

In chapter 5an experimental setupapable of fomquadrant operatiors
constructed from the ground up validatethe generating specific optimization
objectives.The static characteristics of gpBase 12/8 SRM are determined using
the voltage puks method and the rising phase current profile experimental and
simulation results are compared to ensure the conduction angles selected using the
simulationbasedoptimizer yield similar performance for the experimental setup.
The generating specifioptimization objectives of A@  TY and
i EVY are then compared to the original objectiviesA @  and

i EY'Y atdifferent DGlink voltages, rotor speeds, and current refererioes

all cases explored, theA@  T'Y objective improved greatly due to the
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amount of prime mover torque being minimized while improving or maintaining
the amount of source current returned to the suppte proposedoptimization
objective also reduces the phd&slS current for alloperatingconditions, which
leads to less copper loss.

In chapter 6the conclusiors arepresentedor the thesis and future work is

proposed.
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Chapter 2. Fundamentals of Switched
Reluctance Machines
This chapter providethe motor topology, electromagnetic fundamentals,
modeling techniques, and the converter used to drive the switched reluctance

machine.
2.11 Electromagnetic Principles

Like all motor topologies, the SRMperates based dahe fundamental
electromagnetic principlds convert electrical energy into mechanieaérgy,and
vice-versa. The SRM has a salient rotor and stator with the rotor containing no
magnets or winding$or separate excitation. Only the SRM stator has winding
around the stator poles. Both the rotord astator aremade of electric steel
laminations. IrFig. 2.1, the cross section of an SRM is shown with the rotor, stator,

and the coils placed between the statoegol

Rotor

Coils

Fig. 2.1: SRM crosssectionshowingrotor, stator, and coils.
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When an external magnetic field is introduced,ttagneticdomaingn the
ferromagnetic core aligwith the externalmagnetic field. The external field is
known as the magnetic field intensity and the internal field is known as magnetic
flux dersity. The relation between internal and external magneticsfigldefined
by:

@ "0 (2.1)

where * is the relative permeabilitgf the magnetic materidl®is the magnetic
field intensity [A/m]. The relation between magnetic field intensity and magnetic
flux density is not a linear relation as the increase in magnetic field intensity does
not yield a continuouslyncreasingmagnetic flux density. This is daéd as
saturation.As a result, theelative permeability is not constant in relation to the

magnetic field intensity, shown Fig. 2.2.

Saturation

Flux Density [T]
Material Permeability [H/m]

Field Strength [A/m]

Fig. 2.2: TypicalB-H a nHirelatiorship.

When two opposing coil windings around the stator poles are excited with
constant current, the rotdendscome into alignment to reduce the magnetic
reluctance. Since the rotor rotates along the shaftperienceforces in the radial

14



M.A.Sc.Thesis| Ahsan Zahid
McMaster University | Electricalind ComputeEngineering
and tangential directions. These directional forces cguaetifiedby the Maxwell

stress tensors:

Y — 6 6 (2.2)
Y — 66 (2.3)

where"Y is the radiaforce density in N/rfy Y is the tangentiaforce density6 is
the radial magnetic flux density, afidis the tangential magnetic flux density. The
radial force densityis responsike for acoustic noise and vibration partiatlyeto
the deformation of the stator. The tangenf@ice density creates th®rque
production.
2.1.17 Inductance and Reluctance

Inductance and reluctance are important principles when it comes to
understandng t he operation of a switched reluc
ferromagnetic rotor pole comes into alignment relative to the ferromagnetic stator
pole, the rotor pole experiences an external magnetic field generated from the stator
pole and winding. Tlsicauseghe ferromagnetic rotor to be magnetizat the

rotor polesbeing attracted to th&tator polesFig. 2.3.
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Current flowing
into coil

Current flowing
out of coil

Rotor Core —»

Stator Core

Fig. 2.3: A typical magnetidield propagation within SRM stator and rotor
geometry.

The change in magnetic field configuration is due to the change in
reluctance of the magnetic circuit. As the rotor pole comes into alignmiinthe
stator pole, the reluctance of the magnetic circedluces This is due the
permeability of air being oke to unity, anavhen the rotor pole moves towards the
stator pole, the effective airgap reduces and the effective permeability of the
magnetic circuit increase¥he magnetic reluctance is the smallest when the rotor
and stator poles are aligned, asdhiggap is at a minimum. Any rotor position prior
to or post alignment results in higher reluctance due to the double salient nature of
the SRM. With the stator pole excited with a constant curtieatrotor and stator
will stay in alignment. Thids where the &eluctancé term comes from when
classifying the switched reluctance machine.

Inductance is classified lilie excited magnetic circuit oppositige change
of current in an electrical circuit. IRig. 2.4, a voltage source, a wire loop with a

single turn and a resistor representing the wire ldampedresistances shown.

16



M.A.Sc.Thesis| Ahsan Zahid
McMaster University | Electricalind ComputeEngineering
The voltage expression of thegjuivalentcircuit of a wire loop connded to a

voltage sourcean be expressed as:

0 YQO—YQ—— YQO—. (2.4)
The number of turns of the wire loop can be denotadl,land_is the flux linkage
The magnetic flux must algpassthrought number of enclosed surfacékhis
results in the electromotive force becomingimes largerThe flux linkage is the

total magnetic flux linking the electrical circuit. This relation is also used to

describe a single phase of an SRM.

. B
, : e e
e lw
- 4
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v
O
—7 \::: %
dA i

Fig. 2.4: A wire loop equivalent circuit connected to a voltage saurce

If a current carrying conductor with turns is coiled around a ferro
magnetic core material, an external magnetic field ballgenerated and circulate
within the closed loop of the coréig. 2.5 shows a magnetic flux lodp, when the

coil wound around a ferromagnetic core is excited with current.
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Fig. 2.5: Simple coil around a solid core lo¢@) without air gagb) with airgap.

Reluctance is definedsathe opposition of the magnetic flux within a
magnetic circuit, it is the equivalent of resistance in an electrical circuit. Reluctance
depends on magnetic circuit clodedp length, permeability, and core cross

section. Reluctance of a magnetic cirgsiiexpressed as:
T — (25)

Reluctance and magnetic flux can be expressed as:
Te 0Q (2.6)

Since magnetic reluctance can be compared to resistance in an electrical
circuit the entire magnetic circuit can be expressed aslactrical circuit
equivalent. The flux component can be compared to a voltage source in an electrical
circuit. Fig. 2.6 showsthe equivalent electrical circuit forrmagnetic system

A ferromagnetic materiahas much higher permeability than airis
results in the magnetic reluctance of the two physical regions to be diffeseait
is defined by permeability of free spdce The flux path relation of the twogmn
Is expressed as:

Oa Oa 0Q (2.7)
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whereO is the magnetic field intensity of the solid ferromagnetic core’@nid

the magnetic field intensity of the airgap.

a) b)
— — .
R[]
N () R[]+ U6 .
' R[]+

Fig. 2.6: Electrical circuit equivalent foa magneticsystem(a) without airgap(b)
with airgap

2.1.21 Magnetic Stored Energy and CeEnergy

A simple magnetic circuit consists of a solid ferromagnetic core with a caoill,
an airgap, andds no mechanically moving parts. The losses experienced in such a
system are electrical, which consists of the winding resistance, and the remaining
electrical energy is stored in the magnetic circuit. The enkatgnceof such a
system can bealculatedas:

0 YQ—O00DTQYQ 20 LOUYQQO QQ_ (28)

where 0 "QYQ 'Q aepresents the electrical losses due to the coil resistance, and
‘QQrepresents the stored magnetic field-ig. 2.7(a), a linear relatioshipbetween
flux linkage and current is shown and is due to constant material permeability. The
upper half of the flux linkage and current relation represents the stasrdy in

the magnetic field.
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Fig. 2.7: Flux linkagein relation tocurrentfor (a) linear magnetic circuifb) non
linear magnetic circuit

For a linear magnetic circuit, the magnetic energy anrdnesgy areas are
equal[27]. Coenergy is a nophysicalquantity,but itis used in physical systems
to quantify theoretical analysi28]. Physical systems that produce torque and
magnetic forcesuch as rotating machines do not have a linear flux linkage and
current relatiorasshown inFig. 2.7(b).

If in the SRM the losses are neglected all shpplied electrical energy
would be converted into one of two components: magnetic and mechanical energy:

QOO YQO— (2.9)

where"Y is the electromagnetic torque, ards the mechanical rotor angj29].
By substituting thenduced voltageelationQ 'Q ¥Q dnto (2.9), themagnetic
energy will be calculated 8@'Qif the rotor positionn Fig. 2.8 is fixed (Q— m):

VO_Qyv  YQ-Q Oy QQ_"'YO— (2.10)
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Fig. 2.8: Single phase SRM with flux line and small unalignment.

For a single phase SRM shownFig. 2.8, the fluxlinkage and current
relation is nonlinear due the ferromagnetic materials comprising of nonlinear
magnetization properties. The rotor positiaffiectsthe flux linkageand current

relation Themagnetic energis dependent on the rotor position:

X _h— —Q_ —0— . (2.11)

In which, a constant rotor position will result in the single phase SRM to considered
as a simple magnetic circuit with a fixed airgap.d®ynbiningrelations 2.10) and
(2.11), the following current and electromagnettations can be written in terms

of magnetic energy relative to rotor position:
QN — and”Y — : (212

The coeenergy components can be determined by subtracting the magnetic
energy from the total energy:

© Q_w _h— (2.13
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By taking the derivativef (2.12) and @.13), then substituting2.9), co-
energy is expressed as:

Qw QQ_ Qo _h—°Qn QQ_"YQo— (2.14
— and’yY —

As the SRM has a nonlinear current and flux linkage relahgm it is best
for the motor to operate within the saturation regiorethucethe magnetic energy
component andncreasethe co-energy and, hence, electromagnetic torduias
results in the usef the power electrotonic with lower vedimpere requirements.
2.1.3i Losses in a Switched Reluctance Machine

In an SRMthree main lossassually dominateelectrical copper losses due
to the phase windings, core losses due to the ironamieations and mechanical
losses due to the rotation of the rofbinese losses resultsome othe input energy
not being converted into mechanical eneegyirely andbeing dissipateds heat.

Hence, theefficiency of a system is definet:

- — pnnb (2.15

where0 is the input power of a system, amnd is thetotal power los.

For an SRM, the copper losses occur in the stator windings used to create a
magnetic field and igsuallythe largest contributor to peer loss. Copper loss can
be expresses as:

0 «O 0OYO 0OY (2.16)
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The resistances afunction of resistivityof the conducting materigdnd thdength,
andsurface areaf the conductarThe resistivity of the material is alpooportional
to temperature.

At higher frequencieghe current distribution within the conductor is not
uniform, and most of the electron density occurs at the outer radius of the conductor.
The tendency of the @ttrons to travel along the outer edges of the conductor
increases as the frequency of therentincreases. Skin depth can be expressed

with the following relation:
1 — (2.17)

where,, is theconductivityof the material, is the permeabhty of the conductor
material, andQis the frequency. From the skin depth relati@rlY), it can be
observed that as the frequency increases the skin depth refluedsction inskin
depth results indrger lossedue tothesmaller effective crossection in which the
AC current can traverse througifire conductarThe skineffectcan be reduceih
an AC systemby utilizing stranded wiregprovides a smaller conductaross
sectionarea

The stator and rotor of an SRM are matlamagnetianaterialwith a finite
conductivity which introduce core lossesEddy currents will gculate if the

magnetic cor@xperiences a timearying magnetic fieldshown inFig. 2.9.
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Fig. 2.9: Eddy current ir(a) solid corgb) laminated core

In an SRM the rotor and stator core materials expgeea time varying
magnetic field which results in eddy current losses. To reduce the effect of eddy
current losses the core material of the SRM is laminated. These laminations are
electrically isolated from one another and are stacked to increase ttenmesiof
the core material to reduce the magnitude of eddy current.

Hysteresis losss due to the energy expended when dipoles change their
alignment. InFig. 2.10, the hysteresis loss loop is shown for ferromagnetic
materials.Hysteresis losses are experienbgcdcore materiathat aremagnetized
and demagnetizedith the field strengthchanging.The magnetic flux increases
when a positive field is applietHowever,whenthe magnetidield is reducedthe
core materiatloes nodemagnetizentirely. To further demagnetize the material
a negative field direction must be appli€this results in an area within the
hysteresis loop. This ithe energy used to orient thdomains in a ferromagnetic
material It is always present when working with time varying magnetic fjeldd
depends on the material properties and the frequency of the system.

The mechanical lossin an SRMaremainly due to frictiorand windage

Frictional loses are present when two materials contact one an another with
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motion. These losses are dissipated as heat and are dependhe systera s

relative velocity and static/dynamic friction coefficierits.an SRM the bearings

suspending the rotevhich results inriictional losses to be reducatfindage losses

are due to air resistance and are a form of friction as welle $icrotor in SRM

hassalientpoles,there are windage losses present. Windage losses are dependent

on the rotor speed, but also rely on the rotor pole height and rotor diameter.
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Fig. 2.10: Hysteresis loop diagram.

2.1.47 Electrical Equivalent Circuit

Positive
coercive
force

Negative
residual
magnetism

Field Strength [A/m]

Like any other electrical machine, the SRM can also be represented by an

equivalent circuit. The voltageelation (2.18) can be used to express the SRM

equivalent circuit:

b QY —

25

(2.18)
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wherev is theterminal voltage across a phasmding, ‘(s thephasecurrent,and
_is thephaseflux linkage.In an SRM, the phase inductandepend®n the rotor
position.Hence the flux linkage is also dependent on the position of the rotor and
IS expressed by:

_ 10— (2.19

The flux linkage equation (29) is substituted into thphase voltage expression in

(2.20) to obtain the relatiship:
w QYD —— @— . (2.20)
Rotational speed and backemf- can be represented by equatio221)

and @.22). SRM backemf is zero if there is no phase curtén Fig. 2.11, the

SRM general equation is shown for a singtase as an electrical equivalent circuit.

I (2.21)

PR (2.22)

+ A
V== di dt € (0)

N 4

Fig. 2.11: SRM equivalent circuit.

To determine the power conversignocedure of the SRM, the voltage

equivalent equation can be multiplied by the phase current on both sides:
Qw QY Q6—— Q— . (2.23)
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The second right most term is expanded using the product rule and can be
expressed in224). The final term in the expanded equation remains, as the

inductance is a time varyingarameterand the speed term is substituted using

(2.21) to form(2.25).
Q- —-0—1]Q -Q—— (2.29)
Qp—— — -0—170 -Q0— (2.25)

To obtain the SRM power equation in its final form as showrRi2g],
(2.25) is substituted into23). The totaklectrical inpupower'Qads converted into
three main components: electrical, magnetic, and mechg@aa@r going from left
to right on the rightand side 0fZ.26). The electrical power is dissipated as copper
losses in the form of heat. The magnetic power is stored in the magnetic core
material of the SRM as magnetic field energy. The air gap powsedto produce

torque.

Quw QY — -0—Q -Q— (2.26)

The torque of an SRM is expressed 227), which is extracted from the
power equation of the SRM, and the torque expressed is from the linear operating

region of theSRM. The current component is squared, showing that torque is

independent of the current direction.
T -Q—- (2.27)
In (2.28), the SRM torque expression is shown for the saturation region. The

torque production in the saturation regionaglon the c@&nergy componenin an
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SRM, thetorque productionmproveswhen the SRM operates in tisaturation
region.

T — . (2.28)

2.21 Static Characterization and Operational Principles

In an SRM,the torque and the flukinkage are functiors of the rotor
position due to the salient nature of the SBM their nonlinear dependericythe
phase current magnituddhe static characterization consists of determining
electromagnetic torque, phase voltage, and flux linkage of the SRM for various
phase currents and rotor positidrnis is done by providing incremental constant
current magnitudes to a single phase ofS&M with the rotor completing one
electrical cycle to generate the saturation profile of the core maidrialapproach
considerghat mutual coupling is negligible in an SRM.

The flux linkageas a function ofotor position is shown ifig. 2.12 for the
4-phase 8/6 SRM when a constant 14 A is applied to a single phase. In the unaligned
position the distance between the stator and rotor pdlleeitargest.As the ptor
pole moves towards the stator pole, the reluctance of the magnetic circuit reduces
and the phase flux linkage increasgéle aligned position results in the largest flux
linkage. The flux linkage profile also changes depending on the phase current
magitude. A higher phase current will incrementally increase the flux linkage
profile. The flux linkage will not increase by a constant increment as the phase

current increases due to the saturation of the asgkown inFig. 2.13(a).
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Fig. 2.12 8/6 SRM flux linkagen relationto therotor position.
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Fig. 2.13: 8/6 SRM(a) flux linkagein relation torotor position forcurrent
incrementgb) flux linkage in relation to current for different rotor positions.

The flux linkage can also be plotted aduaction of the current with
different rotor position increments, shownhig. 2.13(b). In the unalignedrotor
position the fluMinkageincreases linearlyith currentdue to the large airgapgt
the aligned rotor position, the fllixkageis nonlinear aghe current increases due
to thesmallerairgapoffering the lowest magnetic reluctanaed highereffective

permeabilityfor the magnetic circuit
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In Fig. 2.14(a), the electromagnetic torque relation torotor position is
plotted for various current increments for a single phase. The electromagnetic
torque for the motoring region occurs when th&-finkageincreasesvith the rotor
position moving towards alignment. In the generating region the flux linkages slope
IS negative as the rotor position moves away from alignment. The electromagnetic
torque plot is created by energizing the SRM phase anty positive current, but
negative torque is also present. This demonstrates that cpotnity is not
corelated with torque magnitude. Instead, the rotor position and flux linkage

profile influence the electromagnetic torque magnitude.

a) b)
50 A
€
Z
= Generating
g Region
=3 —
G 2
2 F 2\ A
2o go
() =
= S
]
£
g Motoring
§ Region
[Im]
Unaligned Mid-aligned Aligned Mid -aligned Unaligned Unaligned Mid-aligned Aligned Mid -aligned Unaligned
Rotor Position [Degree Electrical] Rotor Position [Degree Electrical]

Fig. 2.14: 8/6 SRM(a) electromagnetic torque relation torotor position(b)
phase voltage irelation torotor position

In Fig. 2.14(b), the static phase voltage of the SRM is also plotted by
measuring theoltageacross a single phase while the rotor completes one electrical
cycle and constant current is provided to glsirphase. The static phase voltage is
also dependent on the fhlinkage profile, similar to the electromagnetic torque
profile. However, the voltage is not increasing in the same way as the

electromagnetic torque profile did when the supplied phase nture¢erence
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magnitudeincreasesin Fig. 2.14(b), after20 A the static phase voltage remains
relatively the same due to saturation. As the material saturatesefasathe
magnitude of voltage, a higher torque magnitude is yielded, due-émezgy

increasing as the material saturation increases.
2.3 Phase Excitation

For an SRM to complete one mechanical rotation, excitation of each phase
needs to occur when the flux linkage slope is positive as it corresponds with the
motoring torque.To produce motoring torque, the rotor position respect to each
phase is vital for th phase excitation sequenceFig. 2.15, a threephase SRNs
ideal inductance profiles are shown along with excitation signal and phase currents
for each phase to gerate mechanical rotation. Fig. 2.15a), the idealized flux
linkage of the SRM is shown for all three phasesFig 2.15b-d) the phase
excitation signals are shown for each phase. As the goal is to achieve motoring
torque, it can be observed each corresponding phase is excited only when the flux
linkage has a positive slopkn Fig. 2.15€), the phase currents are shown for each
phase due to the individual phase excitation. Focusing specifically on phase number
1, the excitation signal is triggered to 1B&l state at, this is also known as the
turn-on angle ¢on). At t3, the excitation ginal for phase 1 is turned @FF, this is
known as the turoff angle (br). The excitation period occurs for phase 1 when

the flux linkage has a positive slope.

31



M.A.Sc.Thesis| Ahsan Zahid
McMaster University | Electricalind ComputeEngineering

a)

»
»

Limax Ph #2 Ph #1 Ph #3

Ideal Flux
Linkage [Wh]

Lmin

\4

b)

»
»

ON

Excitation
Signal of Ph #1

OFF

A 4

<)

»
»

Excitation
Signal of Ph #2

\4

d)

»
»

Excitation
Signal of Ph #3

A 4

D
~
>

Conduction / Commutation

Iref

Phase Current
[A

\4

1t ts
Time

[s]

Fig. 2.15: 3-phag SRM excitation signalssing ideal flx linkage.

When observing the phase currents at pairdgadts the phase current does
not change instantly due to the induced voltage. For higher speed opexation
counteract the effects of the induced voltdge turron and turroff angles can be
advanced to build the current in the phase. For continuous rgtasgohase 1 is

being de-energized another phase should begin to be energized to provide
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continuous torque. Ifig. 2.15(b) and @), at pointt; phase 1 is denergizd and
phase 3 begint be energizedo provide current. At this point two phases are

conducting for the same intervahisis referredas commutation.
24717 Asymmetric Bridge Converter Topology

Phase excitation is carried out by powenverters. Due to SRMs unique
excitation requirement a specific topology is used for excitation of individual
phases. An asymmetric bridge convegkown inFig. 2.16is commonly used to
provide phase excitation. It is composed of two legs per phase, with a diode and
switch in each leg. The asymmetric bridge convertor also allows each phase to be
isolated from one another allowirigr operationof the motorunder cetain fault
conditiors. As discussed earlier, the SRMs torque production is indepeoiltre
phase currentdlirection This results in the asymmetric bridddave (ASD) only

producing unidirectional current.

ch 3\ 0. A SS\ . A &\ 0. A

CDVDC —rrr | —rrrr | —rrrr |

=/ o A Sz\ o A s,\ o A %\

Fig. 2.16: 3-phase asymetric bridge convertexith DC-link capacitor and
capacitor electric serial resistance

There are three distinct modes in which the ASD operatesthey are

depictedin Fig. 2.17 for a single phase. In the first modeFig. 2.17(a), both
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switchesS: and S are ON. This results in the D@nk Vpc being applied tdhe
SRM phase windings, and the phase current rises and corresponds fmthein
Fig. 2.15 The second operating mode is when both switthasdS areOFF and

the dioded; andD- conduct. This results in negative EN@k Vpc being applied
across the phase voltage as the enstgsed in the phase forward biases the two
diodesD: andD2. This mode corresponds to poigin Fig. 2.15. Thisresults in the
phase current beginsteduceuntil it reaches zer&hen the phase current reaches
to zero, the diodes turn offn the final mode of the ASDs operation, one switch is
OFF andthe other onés ON. In Fig. 2.17(c), switchS, is OFF and switchS is ON.
Thisis referredasthe freewheeling mode, in which the SRM phase cosdadated
from the DClink and the phase current decaysmotoring modedue to the
resistance of the phase windings, diode, and switththree modes are used in

conjunction to control the phase current of an SRM as showigi2.18.

a) r’ b) j c)
s oA s e \ s > A
O Qv LN v LA
ﬁ’
o & s o A s o A s
J
2 &

Fig. 2.17: Three modes ddingle phas@&SD (a) Mode 1(b) Mode 2(c) Mode3.
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Fig. 2.18: Hysteresis control for a single phase.
257 Conclusion
In this chapter the fundamental electromagnetic principles used in an SRM
are discussedlong with the energy conkgon process. The concept ofeoergy
is introduced anthe nonlinear characteristics of 8®M are discussed he static
characteristics of the machine ambtainedin terms of flux linkage, induced
voltage, and electromagnetic torqiasic controland phae excitation sequence

of an SRM are investigatedto produce torque using an asymmetric bridge

converter.
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Chapter 3. Switched Reluctance
Machines in Motoring and Generating
Mode of Operation

This chaper focuses on thgenerating mode of operation am SRM and
outlineshow different types of switchingffectthe mode of operatiosingle pulse
and current hystesés controlare also presented and compared to their equivalent

generatingnode counterpés.
3.17 Operation in Generating Mode

Like other electric motor drives, the SRM can also be operated in generating
mode.lt can takanechanical energy from a prime mover aodvertit to electrical
energy. This is a vital component for a motor drive as the conversion from
mechanical to electrical energy is used in generation applications such as: wind
turbines, electrical generaterbelt starter generatqrand regenerative braking
propulsion applicationsTo be a key role player in transportation electrification,
SRMs must be able to convert the vehicles forward kinetic energy under braking
and convert it to electrical energy to be stored in the vahiblattery. This allows
the vehicle to operate far more efficiently and reduces the amount of energy lost
due to heat from frictional braking.

When a phase is excited with currgnator poles move into alignment with
the excited stator pol&Vith the phase excited continuously tlmor stays in the
aligned position, as any position before and past alignment will result in a larger

magnetic reluctance due to the airgap increasing. When the salagyried due to
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phase excitatigran external force is required to move the rd@yondalignment.

As the external forcepposeshe forces exerted on the rotor pole from the magnetic
field, a negative torque is applied to the prime mover drawing power franthie.
circuit is turned off at the end of the electrical cyc¢leenergy tansferred from
the prime mover to theagnetic circuit is converted into electrical energy and fed
back to the power source supplying the SRM. This results in élchimebehaving

like agenerator and is referréo asa SwitchedReluctanceGenerator (SRG)

SRGs can convert mechanical energy into electrical energy but does so in a
different waycompared to machines which have an independent excit&R@Gs
require phase excitation to complete the energy conversion process, during the
negative slope of the inductance profilkile the direction of the phasmirrent
remains the samelowever, annitial phase excitation is required for magnetization
of themagnetic circuit, which is drawn from the voltage supglyhe SRG

An SRMés flux-linkage, electromagnetic torque, and phase voltage profiles
are shownn Fig. 3.1. Initially, the rotoris at theunalignedposition It completes
one electrical cycle while rotating in the CCW directiormabnstant speed and
when a constant current is applied to one of the phasemove the rotor past
alignment an external fore from the prime mover needs to be applied to overcome
the alignment torque. Due to the constant positive current being supplied and the
rotor as it movesbeyondthe aligned position the fluxlinkage slope becomes
negative, and the phase voltage beconegative. The negative phase voltage
implies that the source current would change its direction, and the machine

generates electrical power while the phase current maintains the same polarity as in
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motoring mode. Achieving this operation in practice recupper control of the
phase current in generating mode considering the flux linkage characteristics of the

motor as a function of rotor position apdasecurrent.
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Fig. 3.1: Static characteristic profilest different rotor positions.

3.2 Effects of Switching

An asymmetric bridge converter is used to controlphasecurrent of the
SRM in both motoring and generating mode. The asymmetric bcioigeerter is
capable of soft antlardswitchingto control the phase curreriiard-switching
involves both switches operating in conjunction to control the phase current of the
SRM. Softswitching involves the use of only one switch to control the current
reference while thether switch staysn the turned off positionBoth switching
techniques can be used in motoring and generating mode with minor differences.
In Fig. 3.2 andFig. 3.3, both motoring and generating mode are shown for the hard
and softswitching for a single phase.

The inductance near alignment is high which results in the phase current

rising much slower igenerating mode when compared to motoring mbydeotor
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mode,phasanductances usually lowelatthe turrontime. Similarly, in motoring
mode during the turroff period the phase inductance is high resulting in the phase
currentto reduceslower. In generating modealuring the turroff period the phase
current has a higher rate of change due to the Ipiaseinductance. IrFig. 3.2,
hardswitching is shown fo both motoring and generating modEhe major
differencesarethe rise and fall in phase current during the 4omrand off periods.
When both switches aternedon, current flows from the power source to the motor
phase. Irhardswitching when both switches atarned off -Vpc is appliedto the
motor phase. The diodes are forward biased due to the stored energy in the motor

phase resulting in the current being\pded back to the supply.

Phase Current [A]

50 L L L L L L L L
K ® © & & & & Ky & &
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Fig. 3.2: Single phaseurrent profiles using hasswitchingin (a) motoring mode
(b) generating mode.
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When the asymmetric bridge converg@pliessoftswitching the motoring
and generating modes become drastically different from one anasisfiown in
Fig. 3.3. Initially, during the turron period both motoring and generating modes
phase currestise, with the motoring mode phase current rising at a faster rate due
to the lowerphaseinductanceTo control the phase current to a certain reference
softswitching is applied byurning onone switch and keeping the remaining switch
in the off position hencethe phasecurrent freewheels. During the freewheeling
component in motoring modée phase wrent reduces due to the energy being
dissipated over the switch, diode, and the phase resistance oathenxenWhen
compared tahardswitching softswitching has only one switch remainirdf
which results in a much slower rate of change in the phasent due to 0 V being
appliedasopposed teVpc in hard switching.

In generating mode when seivitching is applied, the phase current begins
to rise. This is opposite of what happens in motoring mode, in which the phase
current reduces during the éwheeling phase. It can be observed that during
freewheeling, thephasecurrent begins to rise at a faster rate as compared to when
both switches were on andbc was applied to the motor phagering initial
excitation In generating mode, during fregheeling period the phasecurrent
increases because the rafechange of flux linkage does not oppose the current
[30]. At the end of the conduction period both switches are turned off, and current

Is supplied back tdhe source.
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Fig. 3.3: Single phase current profiles usiognventionakoft-switchingin (a)
motoring modgb) generating mode.

3.37 Single Pulse Mode

Oneof the simplest schemesaperate an SRM is single pulse mode. In one
electrical cycle the switches an@ned omandoff only once. This control scheme
is mosteffective at higher speeds as the induced phase voltage become higher than
theinput voltage In single pulse mode, #te beginning of the conduction period
both switches in the asymmetiicidge converteareturned on resulting in the
SRG to draw power from the source and the phase current rises. Shortly after, both
switches are opened, and the SRG supplies currektbace power source.

Despite single pulsenode of operatiomaving relatively simplecurrent
control, the conduction period can be varied to achieve different phase current

profiles. When single pulse mode is utilized in generating and motoringsytioele
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turn-on and turroff periods result in the magnitude of the phase current changing.
In Fig. 3.4(a), an SRM in motoring mode using single pulse mode has theturn
angle varied from O to 20 degrees electricasulting the peak phase curréaot
change. Despite the turoff angle occurring at 120 degrees electrithé phase
current demagnetization occurs at different peribdsause of the difference in the
peakcurrent An earlier turron angle results in a higher phase current magnitude
and a longer duration of phase demagnetizatiofigrB.4(b), an SRM in motoring
mode has a fixed turon angleand varied tur+off angle. With the turon angle
being fixed at O degree electrical, all cases have the same phase paglkent
magnitude. The turoff angle being varied frorh00to 120 degrees electakonly
results in phase demagnetization period changing. The sooner tudftangle the

earlier the phase demagnetized.
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Fig. 3.4: Single plse in motoring modwith (a) turron angle variedb) turn-off
angle varied

In Fig. 3.5(a), similar analysis is shown fayenerating mode using single
pulse modeThe turron angle variefrom 180 to 200 degrseelectrical,and the
turn-off angle is fixed at 280 degrees electrical. The phase current magnitude

increases with the earlier tuom angle and the phase current demagnetizes at a later
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period despitdhavingthe same turoff angle In Fig. 3.5(b), an SRG with single
pulse mode control has its tuom angle fixed and the twoff angle varied. When

the turron angle is fixed at 180 degrees dileal and the turroff angle is varied
from 260 to 280 degrseelectrical, the SRG phase current magnitude and phase
current demagnetization change.later turnoff angleresultsin a higher phase

current magnitude anthencelonger period for the phaseirrent to demagnetize.
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Fig. 3.5: Single pulse in generating mode Wi turrron angle variedb) turn-off
angle varied.

In generating mode using single pulse control, whertuheoff angle is
varied the phase currepgakmagnitude increases unlike the motoring mddes
occurs in generating mode due to the induced voltage not iogpbe voltage
sourcepolarity. The phase current continues to rise in generating mode sas it i
assisted by the induced voltage polarity. In generating mode both thentamd
off angles vary the phase current magnitude, which presemillenges in control
of the SRG, specially at higher speeds. When using single pulse mode in generating
mode especially for generation to an isolated load where the voltage is determined
by the SRG operatioadditional consideration needs to be taken for load variations

due to the phase current rising with the aasistof the induced phase voltage.
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3.41 Comparing Motoring and Generating Mode Control

In this chapter, the performance of gpldase 8/6 SRNk compared using
single pulse and conduction angle contigey information such as induced
voltage, total electromagnetic torque, gpldase currenaire observed to draw
comparisons.

In Table 3.1, the mechanicaland electrical properties of thephase 8/6
SRM areprovided. The motor iscontrolled using a 4fhaseasymmetricbridge
converterlike the one shown ifig. 2.16 supplied with 300 V Ddink.

Table3.1: 4-phase8/6 SRM proprties.

Parameter Value
Number ofphases 4
Number of stator poled\g) 8
Number of rotor poles\;) 6
Airgap 0.3 mm
Stackheight 90 mm
Ratedspeed 6000 RPM
Phase resistance 0.0mY
DC-link voltage 300V
Rated power 5.2 kW

3.4.17 SinglePulse Mode

Single pulse modeénvolvesapplyinga singular pulse every electrical cycle
for all the phases. The electricanductionregionin which thepulses arapplied
dictate whether the motas in motoring mode or generating modgingle pulse
modeof operation is best used in higpeed operation so that the phase current

does not increase rapidly beyond thaximum current limit of the motor
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The conduction angleare selectedfor motoring mode, themre either
shifted by180 degreelectrical omirroredalong the aligned positiqii80 degrees
electrical) to obtain generating mode conduction andleis is done to showow
motoring and generating magleompare forthe sameconduction periodusing
single pulse modeA sample of the shifted amairrored conduction anglesre

shown inFig. 3.6.
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Fig. 3.6: Comparingmotoring and mode usin@) shifted conduction angl¢s)
mirroredconduction angles

3.4.117 Single Pulse ModeEarly Conduction

In Fig. 3.17, the 8/6 SRM is operated at 8000 rpmmotoring modeusing
single pulsecontrol. The conduction angles were selected to be earlyean
motoring regionCase 1) The turnon andturn-off angeswere selecteds 10 and
90 electricablegreesrespectivelyAs the turron angle is appliedhe phase current
begirs to rise until the induced voltage becomes larger than théifkG/oltage
around 40degreeslectrical. At 90 degrees the twoff angle, negativeDC-link
voltageis applied to demagnetise the phase.

Next the conduction angles of 10 and 90 degmeere shiftedby 180
degree<lectrical to observe how thmeachinewould behave in generating mode
with a similar conduction period. IRig. 3.8, single pulse is applied 400to 270

degree<lectrical(Case 2) After the conduction period beginsositive DGlink
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voltage is applied to the phase for excitatibmeinduced voltage is negatias the
machine operates in the generating region of the electrical &atang the initial
excitation period, athe induced voltages smaller than the D&nk voltage the
phase current begins to increaethe turnoff angle, negative DAInk voltage is
applied to the phase. When the magnitude of the induced voltkggesthan the
phase voltage after the tuoff angle, the phase current continues to rise, but with
a smaller slope. This is opposite the motoring mode of operation. In motoring
mode of operation, when the magnitude of the induced voltage is higher than the
phase voltage, the phase current reduces. Ar@0%degreeselectrical the
magnitude of thenducel voltage becomessmaller than the D@ink voltage,
resulting in the phasgemagneting and phase current reducing.

In Fig. 3.9, the single pulsemotoring mode early conduction angles were
mirrored along the aligned positiorHence,conduction angles o270 and 350
degreselectricalare applied for generating mo@ease 3) It can be observed that
aftertheconduction beginghe phase currestartsto rise as the induced voltage
smallerthan theDC-link voltage Butthere is a noticeable difference in this case
compared to the case Fig. 3.8. As the conduction occursnuch later in the
generating mode regiom Fig. 3.9, the induced voltageis more negative as
compared to the casehig. 3.8. This results in a higher ratéd-change of the phase
current. At 350 degreeselectrical negative DElink voltage is applied to
demagnetise the phadgut, asthe demagnetization of the phase current extends

beyond the unaligned position, which is the motoring reglmjnduced voltage
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becomegpositiveand aids in the phase current demagmegimorerapidly, unlike

in generating modeith shiftedconduction angleasein Fig. 3.8.

. . o . )
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Fig. 3.7: Single pulse contralsingearly motoring conductiofCasel).
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Fig. 3.8: Single pulse contralsingshifted generation conductig¢@ase?).
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Fig. 3.9: Single pulsecontrolusingmirroredgeneration conductiofCase3).

The phase curreshave been comparefibr a4-phase 8/6 SRMt 8000 rpm
with early conduction in motoring modEig. 3.7), shifted conduction in generating
mode (Fig. 3.8), and mirrored conductionn generating modéFig. 3.9). This

difference inconduction regionnfluences the torque production anduality as
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well. In Fig. 3.10, the torque waveform iplotted formotoring mode with early
conductionlt can be observed theach phaseontributes to the total phase torque,
and significanttorque ripple is present due to theonduction period and
commutation(Case 1)In Fig. 3.11, the torque waveform is plotted ftine case
wherethe motoringconduction angles which are shifted by IR@ree<lectrical

to obtain the generatingmode conduction angle¢Case 2) The toque is now
negative WhenFig. 3.10 andFig. 3.11 are comparedt can be ob=srved that the
torque waveforms argimilar in shape but arenirrored along the yaxis and then
mirrored by the xaxis. Essentially in this case the two waveforms are similar in
behaviour similar absolute averadgerqueof 3.6 Nm and a similar torque ripple.

In Fig. 3.12, the torque waveform is plottédr generating mode conduction
angles when thmotoringconduction anglearemirroredin reference to the aligned
position. In this case(Case 3) due to the delayeadonduction period the
demagnetising tail current ends up in the motoring mode regtaa.tail current
results inpositive torquereducingthe absoluteaverage torqueand contribuhg to

torque ripple.
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Fig. 3.10: Torque production for early motoring mode conduc{Gase 1)
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Avg. Torque: -3.609 Nm
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Fig. 3.11: Torque production for shifted generatimode conductio(Case 2)

Avg. Torque: -1.943 Nm
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Fig. 3.12: Torque production fomirroredgenerating mode conductig¢Gase 3)

In Table3.2, thetorque and source current attributes sirewnfor the 8/6
SRM with single pulse moddt can be observed that the motorifi¢ase 1)and
shifted generatinCase 2rase hava similar ehaviour for the average torque and
source current. Bwwhenthe mobring mode conduction angles arérrored(Case
3), theabsoluteaverage torque is much loweue to the positive torquélso, in

themirroredcase the source current
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Table3.2: Simulation resultsvith early motoring conductionsing single pulse

control
Conduction at 8000 Average torque Phase currentRMS Average source
rpm [Nm] [A] current [A]

case1| *=10 3.6 5.1 10.2
L= 90 . . .
don= 190

Case 2 -3.6 51 -9.8
dgﬁ =270
on= 270

Case 3 -1.9 14.0 -4.3
ot = 350

3.4.1.2i SinglePulseMode Delayed Conduction

In all the three cases presentedrlier the generatingmode conduction
angles werealculatedrom motoring modeln the next cases, single pube8000
rpm is utilized for the same 8/6 SRM hwith the motoring conduction occurring
later. The subsequent generating anges therderivedby shifting andmirroring
the motoring modeonduction anglet® observehe difference in phase current and
torque behaviour

In Fig. 3.13, the turnron and turroff angles are 60 and 140 degrees,
respectively. Hencehe conduction period occurs much later in motoring region
Due to the delayed conductiotine induced voltage ses much quickeand the
phase current cannot increasethe value which was observad Case lin Fig.
3.7. The induced voltage is proportionalttte speed hence the rate of change in
flux linkage As the speed and the conduction interval is the sam@dse 1 and
Case 4the difference in induced voltage can be attributa@t® of change in flux
linkage. Additionally, the relative difference between the magnitudesDiE-link

voltageand induced voltagm each casalso effecs the rate of changef current.
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In Fig. 3.13in Case 4, the differ&e between the induced voltage and phase voltage
is smaller and it occurs late in the conduction interval. Hence, the phase current
rises marginally. Besideslue to the delayed conduction intervak tail current
persists into the generating region dine induced voltage becomes negative. This
impactsthe torque quality.

In Fig. 3.14, thelatemotoring conduction intervala Case 4are shifted by
180degree=lectical to obtainthe generating mode conduction intervala Case
5, the turron angle is240 degreg electrical andurn-off angle is320 degreg
electrical.In Case 5 phase current rises rapidly aftée turn-on as compared to
Case 2. This is becausige induced voltagbecomes negativeapidly due to the
negative rate of change in flux linkade.Fig. 3.14, the induced voligebegins to
decreaserior to the turroff anglecompared td-ig. 3.8 for Case 2After the turn
off angle is appliedthe phase current magnitudecreases as theagnitude of the
induced voltage ismallerthan the D@Aink voltage In Case 2 inFig. 3.8 with
earlier conduction period in generating mode, the phase current kept increasing
after the turroff angle due to the difference in the magnitudes of the induced
voltage and Ddink voltage. The later conductiom Case Sesuls in a turnoff
angle closer to the unaligned position, whiebults inthe demagnetization of the
phase currergxtending tdhe motoring region

In Fig. 3.15 (Case §, the late motoring mode conductigeriod was
mirroredalong the aligned positioifhe turron and turroff anglesobtairedin this
case wer@20 and 300 degreelectrical respectivelyln Case 6the phase current

begins to rise due to the induced voltage andibDCrelation But the peakphase
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currentvaluein Case @s smaller than the one frig. 3.14 for Case 5with shifted
conduction angles for generating modéiis can be explained by observing the
magnitude of the induced voltage relative to the phase vollagease 6 irFig.
3.15, the induced voltageemainssmallerthan the DClink voltagelaterinto the
conductioninterval whencompare to Case5 with earliergenerating conduction
angles Also, in Case 6 irFig. 3.15, themagnitude of thenduced voltagés larger
than the Ddink voltageafterthe turroff angle This resultsn the phase current
to increasdor a short intervalOnce thenagnitude of teinduced voltagéecomes
smallerthan the D@ink voltage,the phase curremfiegins taeduceand the phase
demagnetise Similar b theshiftedgeneratiorcasgCase 5)n Fig. 3.14, the phase
current conductsvithin the motoring regiotior a short interval irCase 6 irFig.
3.15. Dueto the earlier conduction interviay 20 degregelectricalfor the mirrored
angles in Case, 6he phase idemagnetisedoonercompared to the shiftemhgles
in Case 5Thishasa smallereffect on theaverage torquand ripple
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Fig. 3.13: Single pulse contralsinglate motoring mode conducti¢Case 4)
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Fig. 3.14: Single pulse contralsingshifted generation conducti¢g@ase 5)
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Fig. 3.15: Single pulse contralsingmirroredgeneration conductiofCase 6)

In Fig. 3.16, the phase and total torqiselotted for the late motoring mode
conduction interva{Case 4)t 8000 rpnusing single pulse operatioDue to the
later conduction in motoring mogdéhe phas currentdid notrise substantially,
resulting in the average torque being much smaller @zl in Fig. 3.10, when
the phase excitation occurg earlierin Cased.

In Fig. 3.17, the torque waveform for Case 5 is shown where the generating
mode conduction angles are obtained by shifting the motoring mode conduction
angles inCase 4 by 180 degrees electri¢ahlike Case 4motoring mode, irCase
5 generating mode with delayed conduction ped@ignificant torque magnitude
Is present due to thEhase current being assisted by the induced voligeto the
delayedconduction period the resulting tail current in each phase preduce

positive torque magnitudgpposing the desired negative torque magnitude
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In Fig. 3.18, the phas and total torque is shown for the mirrored generation
casefor late conduction (Case .@h this casgthe slightly earlier generating mode
conduction period results in less tail currentmpared to Case &nd, hence, less

opposing torque being generated

Avg. Torque: 0.719 Nm
T
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Rotor Position [mechanical degree]

1
a

. 3.16: Torque production for late motoring mode conductiGase 4)
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Fig. 3.17: Torque production for shifted generating mode conducase 5)
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Fig. 3.18: Torque production fomirroredgenerating mode conducti¢Gase 6)

In Table3.3, thetorque and source curreresults for the three conduction

intervals with late conductioare summarized With the late conduction interval
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motoring mode casehe phase current had a srealinagnitudeas compared to
Case 1Thisresuts in a smaller average torqusubsequently amalleraverage
source current beinglrawn from thepower source When the latemotoring
conductionperiodis shifted byl80 degreen Case 5the resulting average torque
iIs-6 Nmand an average of 16 A is supplied back to the sotiteetorqueripple

is significant due to the nature of the pulse control schéfoeiever,whenthe
motoring conduction anglesirrored aroundhe alignegosition(Case 6), itesuls

in a slightly earlier conduction period in generating mode. This sasudislightly
higher absolute average torque and a smaller ripptethe shifted generation case
(Case 5). This is because in Casth@&eis a much smallephase current which
overlapped into the motoring regioesulting in positive torque. Additionally, eh
mirroredconduction angléCase 6)ase had the highest amount of source current
supplied back to the Ddink for all cases discussed so far (Casé®).

Table3.3: Simulation results with lateotoring conductiomsing single pulse

control
Conduction at 8000 Average torque phase currentRMS Average source
rpm [Nm] [A] current [A]
Case 4| %= 60 0.719 2.2 2.0
doff = 140>
don = 240
C 5 -6.0 11.6 -16.0
ase &g = 320
don= 220
C 6 -6.4 9.1 -17.4
ase &g = 300

From observingnotoring and generating mode using single pulse cgntrol
it is obvious that theetection of conduction anglés notas simpleasshifting or

mirroring between the two. Due to the nbnearcharacteristiof an SRM,unique
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consideration neexdo be given to operate tiRMin generating mode tmaximize
the source current while minimizing torque ripple.

Single pulse mode of operation can oridg utilized at high speedss the
phase current is not controlled in this mode of operaiigith lower speedsthe
phase current riseuncontrollably To observe the differences in motoring and
generating modat lower speedsn alternave control schemeaeeds to be utilized
whichis discussed in the next sections.

3.4.27 Current Control i Hard-switching

In this section motoring mode is compared with generating meiutg a
hysteresiscontroller with hard switching Unlike single pulse controlcurrent
control can operate at l@wvmotor speedwiith the hysteresis controlleither with
hard or softswitching

In Table 3.4, the simulation parametergsed to compare generating and
motoring mode are presentit thehardswitchingcase At 4000 rpmthe current
is controllableby thehysteresigontrolleras thenduced voltagés smaller than the
DC-link voltage The conduction intervals are fixed to 1d8greeslectricalfor
both motoring and generatingodes The generating angles were obtained by
shifting andmirroring the motoring anglesn the same conveon asin the single

pulse controktudy insubsection3.4.1
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Table3.4: Currentcontrolsimulation parameters.

Parameter Value
Speed 4000 rpm
Currentreference 20 A, 2 % hysteresis band
Motoring early conductiofCase 7) Jon =10 do = 120
Motoring late conductioCase 8) on= 60 ot = 170°
Generating early conductig€ase 9) on=19C it = 30C°
Generating late conductig@ase 10) on =240 it = 35C°

In Case 7 hardswitching is applied in motoring mode with early
conduction angles of0 and 120 degrees electrical at 4000 rps.the turmron
angle is close to the unaligned posititime phase current riseglickly to 20 A
reference, due tthe low magneticircuit inductance Once the current reaches to
the upper band of the hysteresis contrpilehardswitchingmode both switches
are turned ofto apply negative Ddink voltageto reduce the phase curreihe
hysteresis controller continsi® keep the phasairrentwithin the hysteresis band
until therotor position for theurn-off angle isachievedAt the turnoff angle both
switches in tk converter arturned offand negative Ddink voltage isapplied to
demagnetise the phad2uring conduction,t can be observed ikig. 3.19 that the
switching intervals become less frequent to controlpti@se currenas therotor
moves tothe aligned positiorHigher induced voltage and phase inductance near
the aligned positionesultsin a currentwith a smalkerrate of change

In Fig. 3.20 (Case 8) the current waveforris shown for motoring mode
with later conduction angles of 60 and 170 degrees electrical at 4000 rpm using

hardswitching. Due to the later conduction, which is closer to the aligned position,
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the magnetic circuit inductance is higher. This results initldeiced voltage
magnitude becoming large quickly relative to the -IDR voltage after the
conduction starts. The later conduction results in the phase current to build much
slower as shown ifig. 3.20, whencompared to the early conduction casé&im

3.19. This results in the phase current not being in the hysteresis bantbfay a
time. Once the turoff angle is applied at 170 degrees electricdlig 3.20, again

due the high magnetic circuit inductant®e current decreases slowly ukg a
significant tail current and extends the conduction to the negative torque region.

. . o . o .
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Fig. 3.19: Phase currenwaveformusinghardswitchingcurrentcontrol for early
motoring modeconduction(Case 7)
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Fig. 3.20: Phase curremaveformusinghardswitchingcurrentcontrol for late
motoring mode conductiofCase 8)

In Fig. 3.21, the torque ripple due to the hysteresis controllsmg hard

switching can be observed for the early conduction motoring modettasever,

58



M.A.Sc.Thesis| Ahsan Zahid
McMaster University | Electricalind ComputeEngineering
the largest torque ripple is attributed frahe commutation region. The torque
ripple can be reduced if the conduction angles are selected specifically to do so.
The averagetorque magnitudeis affected due to the delayed conduction
angles of 60 and 170 degree electrigalCase 8 ashown inFig. 3.22 In the phase
torque it can be observed that each phase torque comptakas time toise, this
results in an excessively long commutation pemaith a reducedhysteresis
interval Further negative phase torque is produced, due to the tail curaiéing
into the generating mode regidrhis results in a small@verage torquandhigher
torque ripplethan the one observed in the early motor conduction angiCase

7)in Fig. 3.21

®

Avg. Torque: 5.289 Nm
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N EN
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Fig. 3.21: Torque waveform usingardswitchingcurrent control for early
motoring mode conductiofCase 7)
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Fig. 3.22 Torquewaveformusinghardswitchingcurrentcontrol for late
motoring mode conductiofCase 8)
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Next, Case 9 is analyzedith early geerating mode conduction angles of
190 and 300 degree electrieal4000 rpmasdepictedin Fig. 3.23. At the turron
angle theinduced voltage becomesggativeand due to the highanductancenear
the aligned positiarthe phase current takadonger time to increaseAt the tun-
off ande, the phase currerdecreases rapidly due toduced voltagenagnitude
decreasingapidly relative to th®C-link voltagemagnitudeln hardswitching,to
reduce the phase currebbth switches aréurnedoff, for alongerperiodin the
earlyconduction generation case

The generation conduction ignalyzedat 4000 rpm with the conduction
angles o0f240 and 350 degree electriad shownin Fig. 3.24. Once the tun-on
angle is appliedhe phase current beisitp increase butas a faster rise tim&his
is because, with thdelayed conductigrthe magneticcircuit inductance is much
lower at the phase turan. Similar to the early motoring conducti@asein Fig.
3.19 (Case 7)the switching frequency imcreasingas the rotor moves closer to

unalignment.
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400 T T T T T T T T T T T T T T T T 30
Phase Voltage
— — —Induced Voltage -120
Phase Current

N

o

o
T

o, Voltage [V]
)

[ Current [A]

S

=]

S
T

-400 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 L 30
100 120 140 160 180 200 220 240 260 280 300 320 340 360 20 40 60 80

Rotor Position [electrical degree]

Fig. 3.23. Phase current waveform usihgrdswitching current control for early
generating mode conductig@ase 9)
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Fig. 3.24: Phase currewaveformusinghardswitchingcurrentcontrol for late
generating mode conducti¢Gase 10)

In Fig. 3.25, the phase and total torque are plotted for generating mode with
early conduction periodt can be observed that the torque tdkegerto build up
after he turnon angledue tothe smallerate of change ithe phase current. After
the turnoff angle is applied the torque reachegero relatively quickly. The slow
torque response adds to the torque ripple during commutd&iamlar to the
motoring current control cases, thérque ripple due to commutation can be
improved with specific conduction angles.

In Fig. 3.26, the phase and total torque are ploftedyeneating mode with
late conductiorperiod. There is no positive torque generatiathereis no tail
currentdecaying into thenotoring region.The only significant source of torque
rippleis from the commutation regigandlike all cases before, it can b@nimized

by selecting conduction angles that minimize the commutation region.
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Fig. 3.25: Torque waveform usingardswitchingcurrent control for early
motoring mode conductiofCas 9)
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Fig. 3.26: Torquewaveformusinghardswitching currentcontrol forlate
generatingnode conductioiCase 10)

In Table3.5, the average torquand source current are shown édirthe late
and early conduction regiorfer motoring and generating mad&he highest
average torque arsimallest torque ripple was observed wkarly conduction was
applied in motoring modgCase 7)The largest negative torqueas also observed
in early generating mode with the smallest torque rifpéese 9)Interestingly the
largest torque ripplebserved was for the generating mode late conduf@iase
10) and was largely attributed frorthe commutation region, as the torque

production becammarginal near the aligned positi@rig. 3.24 andFig. 3.26).
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Table3.5: Simulation results focurrentcontrolusinghardswitching

4000 rpm at 20 A Average torque Phase current Average source

current reference [Nm] RMS [A] current [A]
Case 7 cg::::fzcg 5.3 6.9 7.6
CaseB g::: f?@ 3.3 6.5 4.8
Cased C(;‘;:; 13%(; 4.8 5.1 6.4
Casel0 C;Z:f:: 23‘;(; 3.2 5.2 4.2

3.4.37 Current Control i Soft-switching

In Section 3.4.2currentcontrol wasusedwith hardswitching but soft
switchingis used more ofteto control the phase curreimt SRM drives The key
difference insoft-switchingis that duringthe conductionperiod,the motor phase is
shortcircuited by turning onone switch and turning off the other switohthe
asymmetric bridge converters shownin Fig. 2.17(c). In (3.1), thehysteresis

controlconditions forhardswitchingare showrfor motoring mode:

QOO QOIGRDEENQ 7

'y Tt -
0 QOOQOINDTEGEIQ
. A Qo®OQOINE®E EIQ O
w Q ~ ? w o o ! 3 1
oW QOOQOINRTE Ga'Q O (3-1)
QP 0udHhQOINEQE GO Q 0
v m £ NI ORI Q

wherew Qs the phase voltage applicatiamdw "Q p is theprevious phase
voltage In (3.2), the hysteresis control conditions $oft-switchingare showrfor

motoring mode
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There are benefits to usisgftswitchingwhen compared toardswitching
in motoring modeThe rateof-changeof phase currentan be lowelwusing soft
switching since zero voltage is applied as the phase voltagsoit-switching
instead of negative DAnk voltage inhardswitching This results in a lower
switchingfrequency resulting inthe torque ripple withinhe conduction regiorno
improve In softswitching during hysteresisontrol, only one switch is opated
instead of twoThis can help reducing bottonduction andwitching losses.
3.4.3.1i Current Control using Soft-switching at Low-speed

Similar to the hardswitching hysteresiscontrol case, the motoring and
generatingoerformanceare compared usig soft-switchingat 4000 rpnusing the
conditionanglespresented imable3.1. The effects of hard and sefwitching are
also comparetbr the same conduction angles

In Fig. 3.27, the phase current is shown for motoring mode with early
conductionangles of 10 and 110 degseelectricalusing soft-switching As
compared to hardwitching case (Case 7) Fg. 3.19, soft switching results in a
smoother current waveform during the conduction period.

In Fig. 3.28, late motoring conduction angles of 60 and 170 degree electrical
are used with sofwitching.As compared to the haswitching case (Case 8) in
Fig. 3.20, the current waveform is similar withsmaller switchingrequencyin the

conduction interval.
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Fig. 3.27: Phase currenwaveformusingsoft-switching currentcontrol for early
motoringmode conductioiCasell).
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Fig. 3.28: Phase current waveform usisgft-switchingcurrent control for late
motoring mode conductiofCase 2).

In Fig. 3.29, the phase and totabrque are plotted for early motoring
conduction using soft-switching Compaed hardswitching with the same
conduction anglegCase 7 irFig. 3.21), the average torque 7s5% smaller butthe
torque ripple isalso slightly lower Essentially soft-switchingandhardswitching
have very similar performance when observing torgaeeforms as the only
difference is due to the change in switching frequency during conduvgtiben
using softswitching in motoring modehe average swce current draw is 7.0 A.
Soft-switching resulted in a 7.9 % decrease in source current dsagompared to
hardswitching.

In Fig. 3.30, the torque waveforms aréped for late motoring conduction.

Softswitching results ira very smalteduction inaverage torquandtorque ripple
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when compared to halvitching (Case 8 inFig. 3.22). Essentially, the torque
performance was unchanged between the two switching modes. As for the source
current, when using sefiwitching and hardwitching the current drawn was the
same. However, the harmonics from saiitching are expected tme smaller in
magnitude due to the source current in -sefitching experiencing a smaller

change in magnitude compared to hawdtching.

Avg. Torque: 4.889 Nm
T

Electromagnetic Torque [Nm]
L o =2 v ow A o oo N

Rotor Position [mechanical degree]

Fig. 3.29: Torquewaveformusingsoft-switchingcurrentcontrol for early
motoring mode conductiofCase 1).

Avg. Torque: 3.270 Nm
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o
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o
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20 40 60 80 100 120
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Fig. 3.30: Torquewaveformusingsoft-switchingcurrentcontrol for late motoring
mode conductioiiCase 2).

In Fig. 3.31, the samesoft-switching control in (3.2) as in the motoring
modeis applied for early geneiah usingconductiorangles ofLl90 and 300 degree
electricalat 4000 rpmAfter the turron angle is appliedhe phase current begins
to rise When the phase current reactiesupper hysteresis band, the asymmetric

bridge convertershort circuits the phasas persoft-switching requirementsin
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generating mode, thshorted pase results ithe phase curremd risewith a larger
slope rather than decreaseas it would in motoring modeThis is becausein
generating mode, when zero phase voltage is applied, the induced voltage is
negative. As the induced voltage is smallentphase voltage sing (33) and (3.4)

the resulting rat®f-changeof phase current is positiv& hus the phase current
increasesOnce, the turoff angle is appliednegative DGEink voltage is applied

to the phase. Athemagnitude of thenduced voltage ismallerthan themagnitude

of the phaseoltage, the phase curramtducesThis shows that the se$witching

in motoring mode cannot be applied in generating mode; otherwise it results in
uncontrolled peak current. oFsoft-switchingto work in generating mogdsome

modificatiors need to be appliefbr current regulation

— - (3.3)

- (3.4)

Speed: 4000 rpm | T : 190.000° I Tore reft

:300.000° | I__:20.000 A
400 T T T T T T T T T T T

T 1 1 T80
Phase Voltage

Induced Voltage
Phase Current — 40

-160

200 -

20

0

b4 Voltage [V]
o
?, Current [A]

-200

-400 L 1 1 1 1 | 1 | L 1 1 1 1 | | L 1 1 80
100 120 140 160 180 200 220 240 260 280 300 320 340 360 20 40 60 80

Rotor Position [electrical degree]

Fig. 3.31: Phase currenwaveformusingthe same sofswitching control in
motoring moddor early generation mode conduction.

In (3.5), a modified hysteresisontroller ispresentedo controlthe phase
currentwith softswitchingin generating modél’he main difference ithatwhen

the phase current is higher than tipper hysteresisand negative Ddink voltage
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Is applied rather than zer@Vhen a negative DGnk voltage is applied, as the
induced voltage magnitude is lower than the phase vatagmitude, especially at

lower speed operation, the phase current reduces. As the phase voltage is negative,
the phase current is supplied to the soutimavever,athigher speeds thmagnitude

of theinduced voltagecan be greatethan theDC-link voltage resulting in the

phase currento increag, depending on the rotor positi@and phase current
magnitude.

In softswitching in motoring mode of operation, when the phase current is
smaller than the lower hysteresis band, positiveliDkC voltage is appkd to
increase the phase current. In saffitching for generating mode operation in (3.5),
freewheeling mode is applied where the phase winding is-shouited. This
results in the magnitude of the induced voltage being smaller than the phase voltage.
The phase current rises. However, since the phase winding is not connected to the
source, no power supplied or drawn from the source. The rise of the phase current
is due to the power drawn from the prime mover.

With hysteresisontrol model in(3.5), the only timecurrent is drawnrbm
the power source iduring the initial phase excitatiowhere positive D@ink
voltageis applied across the phasending. This is essential, 2an SRM does not
have an independent source of excitation and it needswotldeainitial excitation
from the sourceror the remaindesf the hysteresis contrabnly zeroand negative
DC-link voltageis applied.In generating modevhen the SRM phase is free
wheelng, the phase current rises by drawing mechanical power from the prime

mover.Once the SRM phaseconnected across negativediik thephase current
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Is suppliedback to the power sourc&/ith the generatingnode soft-switching
hysteresis controllemnore sairce current should be supplied baokthe power

sourceto improve the generation capability of the SRM.

QOO QOIGOQEFENQ T

LA QOGO QOIGEQE GA'Q T
A Qb O QoiENoREE Q O
o Q N Q0O QIR E da'Q O (3.5)
vo, O QOO QOIORQEEIQ O ¢z
0 QP 0¢dQoIRQE &GO Q0
w T gt LRI Q

*Used for initial excitation.

In Fig. 3.32, the hysteresis control conditiornia (3.5) are usedor early
generation conductioangles ofl90 and 300 degree electricBly using thenewer
hysteresis controllezonditionsonce the phascurrent reaches thwpper hysteresis
band, the SRM phase is supplied by negativeliD voltageto reducethe phase
current When the phase current reaches the lower hysteresisthar8RM phase
is short circuitednd sinceto the induced voltags smallerthan the phase voltage
the current begins to ris@nce the turroff angle isachievedthe SRM phase is
demagnetized.

In Fig. 3.33, the softswitching hysteresis conditions in $B.are used to
control the phase current in generating mode with later conduction angles of 240
and 350 degrexelectrical. Similar, to the caefore the phase current is controlled

within the hysteresis band.
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Fig. 3.32 Phase currenwaveformusingsoft-switchingcurrentcontrol for early
generation mode conducti¢Gase B).
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Fig. 3.33: Phase current waveform usisgft-switchingcurrent control for late
generation mode conducti¢Gase 1).

In Fig. 3.34, the torquavaveformsare plotted for the generating mode with
early conductions. By using the new hysteresis condittbegphase currenis
controlled usingsoft-switching As a result thetorque is also controllednd dos
not rise uncontrollably. When comparing ttaal torque from generating mode
usinghardswitchingthe average torque usisgft-switchingreduced by 4.2 %, and
the torque rippleremains similar Soft-switching does not affect the torque
production capabilitysignificantly, andit can be improved by selecting specific
conduction angle® reduce the torque ripple duecdommutation

In Fig. 3.35 the phase and total torque is plotted for late generation
conduction while using the new safivitching control. Essentially, the torque

performance was unchanged for the same conduction angles.
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Fig. 3.34: Torquewaveformusingsoftswitchingcurrentcontrol for early
generation mode conducti¢Gase B).
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Fig. 3.35. Torque waveform usingoft-switchingcurrent control for late
generation mode conducti¢Gase 1).

Whensoft-switchingusedin generating moddhe source current supplied
to thepower source is expected todiferentwhen compared tinehardswitching
case.When comparinghe source current using soéind hardswitching during
early generating conductiqcomparing Case3land Case 9)there was a&light
reduction in the source current when ussaft-switching In Fig. 3.36 and Fig.
3.37, the source current usitgrdswitchingandsoft-switchingis shownfor early
generation conditins When observing thbardswitchingsource currentsource
current is drawn durinthe conduction periqdutthe source current dravterval
is very small within the hysteresis bandwWhile using softswitching the
freewheelingntervak arelarger butdoesnot draw current fom thesource This

differencein operationresults insmall difference in theaveragesource current
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waveformgfor hard andsoftswitchingcases. However there are differences in the
instantaneous source current wavefe The softswitching case has far less
switching which requirs less filtering and potentially asmaller capacitance
Furthermore, witrsoft-switchingconduction the switching lossesan bereduced

as only one switch conducts to control the plasesnt

Sped: 4000 rpm | T 2 190.000° | T2 300.000° |1 (avg): -6.412 A
30

m/4/4
IV VLW IV IV L)

1 I 1 I
40 60 80 100 120
Rotor Position [mech. degree]

2
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=)

Source Current [A]
o
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-30

Fig. 3.36. Source curnet usinghardswitchingfor early generatior{Case9).

. . o . o .
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Fig. 3.37: Source currentisingsoft-switchingfor ealy generatiofCas 13).

In Fig. 3.38 and Fig. 3.39 the source curreris plotted for the samkate
generatiorconduction anglesf 240 and350 degree electricébr hard(Case D)
andsoft-switching (Case #). Similar source currenbehaviour is observed when
comparinglate generation conduction. ThHwrdswitching case supplied back

slightly highersource current comparedgoft-switching
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Fig. 3.38: Source currentisinghardswitchingfor late generatioiCase D).
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Fig. 3.39: Source currentisingsoft-switchingfor late generatioiCase %).
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3571 Conclusion

In conclusion, the SRM cahe controlled in motoring mode as well as
generating mode using single pulse con&adl currentcontrol. The single pulse
control is effective when operating at high speddse currentcontrol schemen
motoring and generating modeses the samleysteresiontrol conditionswhen
usinghardswitching The hysteresisontrolconditions need to be modifiéar the
controller to operate in generating modeith softswitching Different
considerations need to be givfor generating mode when selecting conduction
anglesto maximize theperformanceMotoring and generatingnodescanbehave
differently despite the inductance profilase symmetric and mirrored around the
aligned positionFurthermore, as the rotor speiecreases beyond the base speed
of the motorthe phase current cannot be controlled by the hysteresis controller

using hard or sofswitching
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Chapter 4. Optimization Objectivesto
|mprove Generaing Mode
Performance

In this chapter the conduction angles for the asymmetric bridge converter
areselectedusing an optimizer. Thprincipal purposes to determine thepecific
optimizationobjectiveparameterso improve thegerformance in generating mode
as opposed to matog mode which has different requiremenighe 4-phase 8/6

SRM from Chapter 3 is used fthre optimization.
4.17 Optimization of Conduction Angles

The classical control in a switched reluctance machine redbesslecton
of conduction angles and treairrent reference for a given operating condition.
Selecting conduction anglesn be based on different objectives and constraints.
As it will be presented in this chapter, these objectives might differ in motoring and
generating mode of operatiofts performance improvement.

The selection of the conduction angles for the control of an SRM can be
accomplished by maximizing or minimizing specific fitness functions using an
optimization algorithmFor SRMs the average torqu&MS value otorque ripple,
andRMS value ofphase curentcan be thebjectives usefbr the motoring mode

region. The averagerquecan be determined using:
Y — YO — (4.2)
where’Y is the average torquié{— is theinstantaneousotor torque at a specific

rotor positon, and— and— are rotor positioarepresenting the start and end of
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one complete electrical cycl&he RMS value oftorqueripple (Y'Y ) andRMS

value ofphase currertO ) are defined in (4.2) and (4.3), respectively

% —  Y— Y Q— (4.2)

0 — 0—Q— (4.3)

where'O— is theinstantaneouphase current for a given rotor positiorhese
optimization objectives caalso be configured as a relation of one another to be
usedin a single fitness function. For example, #werage torque ripple afmMS
value ofphase currentan be configured & 7O to optimize formaximum
torque per ampere representing thotorefficiency.

The optimizer can also be provided wiihkear and nodinear constraints

The conduction angle selection is a linear constraint:
PP (4.4)

where'Qis anarbitrary positive constantused to configuréhe uppetoundary of
conduction. A nodinear corstraintcan be a limit on thRMS phase current
0 0 (4.5)
where'O is the user defined RM@hasecurrent constraint.
Thereis a magnitude of optimizeravailable to be used to improve specific
aspects of th&&RMs dynamicperformance. @e such optimizer is the Genetic
Algorithm (GA) optimizer.The GA optimizer selects working conditions using

natural selectionThe optimizer startsvith randomworking conditions, and the
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user can define the starting population size. All the workioigditions are then
evaluated for specific fitness functioasd constraintsTheworking conditionsare
selected using their fitness functigalueto produceoffspring thatcombine their
par ent 06 s Tha optimizene-evaluatesto produce nevoffspring until the
working conditions do not deviate any furthend the solution converged.o
ensure that a locaptimal pointis not found, mutations are introduced randomly
to vary theoffspring The genetic algathm canbe used for single objective or
multi-objectiveoptimization In a single objective casthe performance ditness
function is maximized or minimized; foexample, the average torque can be
maximized This will possibly lead to othgrerformance characteristidetreating
such as the torque ripple and phase current increddulti-objectiveoptimization
can be usedo optimize for a magnitude of objectivasd find various working
conditions known as @&aretofront. The user can then manually selectvitoeking

condition that favour a specific objective.

4.27 Optimization to Maximize Absolute Average Torque and

Minimize Torque Ripple Using Current Control

In an SRM drive, typical objectives that are used to determine the
conduction angles in motoring mode of operation are maximizing the average
torque andminimizing the RMS value of torque ripple. These objectives are
targeted in motoring mode to achieve a high torque output and smoother operation
with lower torque ripple. In this section, these objectives are applied both for

motoring and generating modée observe how they impact the performance in
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generating mode of operation. For this purpose, the objectives are selected to
maximize the absolute value of average torque and minimize the RMS value of
torque ripple.The optimizr issuppliedwith variousspeed and current reference
casesto determine various working conditignend a torquspeed map is
developedfor motoring and generating modes
4.2.11 Motoring Mode

For the motoring mode casdhe average torque maximized,and the

torque ripple is nmimized.The constraints for the optimization at@own in (4.6)

WN — T
WM — Py
— —  wm (4.6)
— — puym
(] @ T

The turn-on angle isconstrained betweer®0 and 90 degres electical, and the
turn-off angle isconstrained betwee®0 and 180 degres electrical. Hence, the
minimum conduction interval i90 degreeselectrical, and the maximum
conduction interval i480 degrees electrical. Thhase current is constrained to 60
Arwmvs. The optimizerfinds working conditiondor speeds from 500 rpm to 8000
rpm with 500 rpm intervalsThe current referends varied from 0 t®0 A witha
5 A stepinterval.

In the first case hargwitchingcurrentcontrol is usedAs a multi objective
optimizer is utilized, a Pareto front is obtainefbr the two objectivesWhen
selectingthe working conduction angleor a specific operating poiritom the

Pareto front,the absoluteaverage torque production fioritized as it was
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observed thathetorque rippleobjectivedoesnot vary significantly for the given
motor characteristics

In Fig. 4.1(a), the contour plot for the RMS value of therqueripple is
shown. As the average torquecreasesthe RMS value oftorque rippleincreases
This is becausehe higher torque demarréqures a larger conduction interval,
which also increases therqueripple, shown inFig. 4.1(e). Also, as the average
torqueincreases higher phase current is drawn to ntbettorque demandh Fig.
4.1(c) and (d), the turon and turroff angle contours are showrAs the speed
increaseshoth theturn-on and turroff angles are advancedxy occurring earlier
than the unaligned and aligned positioespectively But the increaseni torque
does notesult in the conduction angles to advance

In Fig. 4.2, the torquespeed envelope is shown for motoring mode using
softswitching current control. The exact same hysteresis band and current
sampling conditions akehardswitching are used. IRig. 4.2(a), the RMS torque
ripple is plotted. Similar to the hasiitching case in Fig. 4.1(a), the torque ripple
increases as the average torque increased. The phase current contoaregses
as the average torque increases, showkign4.2 (b). In Fig. 4.2(c) and (d), the
turnron and turroff angle contours are shown for seftitching. Sinilar to the
hardswitching case, as the rotor speed increases the conduction angles advanced
and the conduction interval increases as the average torque increases, siigwn in
4.2(e). The torquespeed envelope for sedtvitching is similar to that of hard

switching.
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Fig. 4.1: Torquespeeccharacteristic oan8/6 SRMin matoring mode using
hardswitchingwith theaverage torque maximized atatque ripple minimized
(a) torque rippleRMS contout (b) phase curreRMS contour, (¢) turn-on angle
contout (d) turn-off angle contour(e) conduction interval contaur

80






