University of Strathclyde

Department of Electronic and Electrical Engineering

Design, Analysi s, ancd
o f
SRM Dri ve for El ect |

by

Ali A. Abdel-Aziz
B.Sc., M.Sc.

A thesis presented in fulfilment of the requirementdiierdegree of

Doctor of Philosophy

2020



This thesis is the result of the authoroés ori

has not been previously submitted for examination which has led to the award of any degree.

The copyright of this thesis belongs to the author under the terms of the United Kingdom Copyright
Acts as qualified by University of Strathclyde Regulation 3.50. Due acknowledgement must

always be made of the use of any material contained in, or deroradthis thesis.

Signed: Ali AbdelAziz Date: 30/07/2020



Acknowledgement

| would like to express my sincere gratitude to my supervisors Prof. Barry Willianir &ichled
Ahmed for their continuous support of my studies, related research and for their patience,
motivation, and immense knowledge. Throughout my research pere)y provided
encouragement, sound advice, good teachingnaryideas, and without them thilsesis could

nat have been possible.

| also would like to offer my profoundest gratitude to Prof. Ahmed Massoud, Prof. Ayman Abdel
Khalik and Prof. Ragi Hamdfpr their important role in my research career.

Thanks to all my colleagues and all PEDEC staff for their support, useful discussions and
encouraging atmosphere which helped me to complete my research. On a personal level, Mohamed
Elgendy, Mohamed Diab, #med AbdelRahim, and Richard Pollock have all lefte with

remarkable memories

Last but not the least, | would like to thank my family; my parents and my brothigreir extra
support and care throughout writing this thesis



Contents:

D= o IO N - U O O o Y = PR PPPPPPPRP
ACKNOWIBAGEIMENL ...ttt e e e e e e e e e e e e e e e e annnssaaeeeeeeeaaeeeeees
A D S b T 8 Gl B e aas
ACT ONY MS € € .. 8 ettt e eeer e e e e i
LISt OF SYMDIOIS. ... e e e e ennn e e e e e e e e e e eeees Lii
Chapter 1 INtrOTUCTION........cooiiiiiii i eeee s eeena bbb e e e e e e e e e e e e s emmreeeeeeeeas 1
1.1 Background and MOtiVatiQN...........coeeiieeieeeeiceeeiiciei e e e e eeeee e e e e e e e e e e e e eaeeanaens 1
1.2 Electric motor for vehicle propulSion............cccccevviivieeee e 4
0 S I T O 1 4T ] (o PP PPPPPPPPPPPN 5
1.2.2 Squirrel cage induction Motor (SCIM)...........euviiuiiiiiii i e eeens 5
1.2.3 Permanent magnet synchronous motor (PMSM).............oovviiiiicrieeveeevininnnnnd 5
1.2.4 Synchronous reluctance motor (SYNREI)...........ccceiiiiiiiiieccici e 6
1.2.5 Switched reluctance motor (SRM).........cooiiiiiiiiiiiiiee e 6
1.3 Objectives Of the theSIS..........uuuiiiiiii e 7
1.4  Outlines Of the theSIS.......ooii et e e e e e e e e e 8
RETEIEINCES. ...ttt e mnne e 9
Chapter 2  SRM FUNAamMENTalS........coooiiiiiiiiiicee e 12
2.1 CONSIIUCTION ....ceiiiiiiie et eeeenes bbb e e e e 12
2.2  SRM TOrque ProUCTIQN . .....eeieiiiieiiiiiie ettt rmmme e 13
2.3 SRM Equivalent circuit and model............ooouuiiiiiiiciee e, 17
2.4 SRM CONEIOL...coiiiiiiiiiieeeee e 19
2.5 SRM DBSIgN. .. ittt er— e ————————————— 20
2.5.1 Selecting number of phases and pales..............coooviiiicciiii e 21

2.5.2 Sizing stack length, stator and rotor diameters, and air.gap........ccccoeeeeveveens 22



2.5.3 Sizing stator and rotor POIE @rCS...........uuuuuiiiiiiieeeeriiirrr e ereera s 22

2.5.4  Sizing stator and rotor back iron widths, and ga@hts...................cccceeeee. 23
2.5.5 Estimating number of turns and current density..........ccccceeeevvvieeeeieii e, 24
2.6 Acoustic noise and torque ripple reducCtion............cccoeeeeeeiieeeeciiiie e 26
2.7 SUIMIMIAIY ¢ttt eeeea e e et e e e e et ettt e e e e e b mmme et e et e e e e e s ae e bbb smmn e b s 26
REIEIEINCES. ... e e 26
Chapter 3 Review of Power Converters for the SRM............uuiiiiiiiiiiceciiiiieeeeeen 28
G 30 R 11 (0T [ ¥ Lot 1 o] o NPT PP P PP PPPPPPPPPPPR 28
3.2 Classification of power converters for the SRM............cccvviiiiiieemiiiiiiiiiieeeeeeeen 29
3.3 Hard SWItChING CONVEITELS..........uuiiiiiiiiiiiiiieeetiiiit ettt e e e e e e e e e e e e e e e e e e e e e e 30
G0 24 R =1 To [ oI oo YT (=T 3PP 30
3.3.1i  Asymmetric half bridge (ASHB) based converter.............ccccceeeeviceeennns 30
3.3.1ii  CommON PhasSE CONVEITEL............uuuuruuuiiiimmeeeeeeeiiee e e e e emenra s 33
3.3.Liii ComMMON SWItCH CONVEITEL......ccciiiiiiiiiiie e rccee et 34
3.3.2  DiSSIPAtIVE CONVEIEIS .. uuuuuiiiiiiiie e e e e eee e ceeeice e e e e e e e e e ettt eeee e e e e e e e eeeeeeeeeennaans 35
3.3.2i R-AUMP CONVEIEL......eitiiiei e eeme e e 35
3.3.2i Modified R-AUMP......uueiiiii e 36
3.3.3  MAQNELIC CONVEITEIS ... .uuuiiiiiiiiiiiieiee e ettt et et e e e e e e e e e e s et e e e e e e e e e e e e e e e e e s e e anes 36
3.3.4  CapaCItiVE CONVEITEIS.....ccoiiiiiiiiieeiiieees st seeens e e e e eeeeeeeeeas 37
3.3.4i C-AUIMP CONVEITRL. ...ttt ettt e e e e e e e emmr e e e e e e e e e e e e e e e e e 37
3.3.4ii  Modified C-dUMP CONVEITEL.......ccciiiiiiiiiieieeieeeiiti e eeeeeeeeees 38
3.3.4iii  Split dC lINK CONVEIEL.........eiiiiiiiiiiiiii e ieee e 39
3.3.4iv. PasSIVE DOOSE CONVEIEL..........uuuiiiiiiiiiiiieeeiiiiiiie et 40

3.4 SOft CNOPPING CONVEIEIS......oiiiiiiiiiiieee e 41

3.5 Comparing POWEr CONVEITEIS ... ..cccvuvuiiieeeierrrimmmreiiseeeeseessinseeeseessmmmsesssneeeeseessnnn 41



(R E (S]] (61T RO 42

Chapter 4 A NeutratPoint DiodeClamped Converter with Inherent VoltaBeosting for a

FOUFPNASE SRIM DIIVE.....coiiiiiiiiieiii e e eeens e e e e 44
ot R [ 01 (oo [FTod 1 o] o PO PPPPPPPPPPPP 44
4.2 Asymmetric NPC converter with voltagmmosting capacitorS..........ceeeeeevvievevieenn. 48

4.2.1  MOEONNG MOUE......eiiiiiiiiiiiii et eeenannes 48

4.2.2  Braking MOGE.........ccoooiiiiiiiiiiiiiee e e e e e aeere e 52
4.3  Sizing of the DOOSt CAPACITOLS........ccvviiiieeiiii e 53
4.4 SIMUIALION RESUILS......oeiiiiiiiiiiiii e eer s 57
4.5 EXperimental RESUILS............ouiiiiiiii i errer e e e e e e e e e e e e aeeen s 62
4.6 Machine performance COMPANISONL........uiiiiiieeee e e ceeeiieeie e e e e e e e eerne e e e e e e e 65
4.7 Converter performance COMPAriSON............cooevvuuuuiimmmeeeeeeeeeeeerrraan s aeaesennnnn 67
T Y1 01 0 1= OO UPPRTPPRRY 41
RETEIEINCES. ...ttt eeene et e e e e e e e e e e e e annees 71

Chapter 5 Theory andOperation of the SRM with Rotor Conducting Screens............... 74
5.1 INTTOAUCTION. ...ttt eeeei ettt eeee e et e e e e e e e e e e e e e e e e e s s ammme e e e e e e e e e aaaans 74
5.2 SRM with rotor conducting SCrEeNS...........cooviiiiuiiiieeen e eeeeeeenneeeea d D
5.3 Calculation of effective unaligned inductance for screened SRM....................... 78

5.3. 1 FIUX PAIN L.ttt 80
5.3.1i  Airgap reluctanCey "......ccooiiiiiiiiiiiiiemme e 81
5.3.1ii  Stator pole reluctanCey i @) ....ccoeeeeeeerieiie e 82
5.3.1iii  Rotor pole reluctanCeY I [ .. eeee i eeeeeee e emmee e 82
5.3.1iv  Stator back iron reluctanCe,i [........cccureeieiiiiiiiiicceeieeeeeee e 83
5.3.1v Rotor back iron reluctanCe i [i...........cooeeeiiiiiiiieee e 83

5.3.2  FIUX PAIN H2....eiiiiiiiiiiiiieeeee e 33



5.3.2i Air gap reluctanCey . ...ooo oo 83

5.3.2ii  Stator pole reluCtanCey i Qh......ccovrrieeeiiiiiiiii e 85
5.3.2iii  Rotor pole reluCtanCEY I Q. .. uuvrrrriiriiiiiiieieeeceeerieeee e e e e e e ammmr e 85
5.3.2iv  Stator back iron reluCtanC,i Q.......oooeevieviiiiieiietieemeeee e e e eeees 85
5.3.2v  Rotor back iron reluctanCel i Q.........ccooeviiiiiiiiiiiieeee e 86
5.3.3  FIUX Path #3...eeii o eeeeeeeenaaaaaaad 36
5331  Airgap reluctanCey "C.......ccccciiiiiiiiieii e 87
5.3.3ii  Stator pole reluctanCey i Q).....ccooeeeeeeiieiiiiiieiice e 88
5.3.3iii  ROtor pole reluCtanCEY I G........uuvrirriiiiiiiiieeiceeeieieee e 88
5.3.3iv  Stator back iron relUCtanC, i GO.........oooveeeueeeeieeiee e e e eeeaees 88
5.3.3v  Rotor back iron reluctanCel i Gi..........oouueeeiiieiieeeieeee e e e e e e eenees 88
5314 FIUX PAIN B 89
5.3.41  Air gap reluctanCey "L ... 89
5.3.4ii  Stator pole reluCtanCey i T.....ooeeeieeeeieeie e eee 90
5.3.4iii  Stator back iron reluctance,i T..........ccceeeiiiiiiiiiieeniee e 90
5.3.5  FIUX PAth #5...eeeii e 91
5.3.51  Air gap reluctanCey " ......ccccuuiiiiiiiiiie it 92
5.3.5ii  Stator pole reluCtanCey i Ul......ccveeiiiiiiiiiiieceeeee e 92
5.3.5iii  Stator back iron reluctance, i W...........ccoveiiiiiieiiiemie e 92

5.4 ValIATION. ...ttt et e e e e e e e e e e e e e e e e e 93
5.5 SUMIMIAIY ..o e an e e e e e e 94
RETEIEINCES. ...ttt ettt mnne e a e 94

Chapter 6 SRM Power Dasity Improvement using Rotor Conducting Screens and DC Link
V4] ¢= Vo =30 =70 T 1= 1 [ o TSRS 96

70 M 101 £ (o Yo (U T o1 1o ] TR 96



6.2 SRM Dynamic performance with rotor conducting SCreens..........ccceeveeeeeeeeeevnnnns 98

6.2.1 Performance at base SPEEQ...........cciiiiiii i i i e 99
6.2.2 Performance above base Speed............ccceeeiiiiieeeei e 99
6.2.3 Performance below base speed...........cccoeiiiiiieeei e 99
6.2.4 Effect of screen material...........ooooiiiiiiiiiccc e 102
6.2.5 Effect of screen thiCKNESS..........uuuiiiiiiiiiiii e 104
6.2.6 Effect of Screen shape............oooiiiiiiioee 104
6.3  Optimal SCreen SEIECHION. .........coiiiiiiiee e 105
6.31 Multi-objective optimization (MOO)..........ccccuumiiiiiiiiiieeeiiieeeeee e 105
6.3.2  FEATESUIS... ..ot e e 110
6.4 Power density improvement with screens and voHamEsting.............cccceeeeeeennn.e. 112
5.5  SUIMIMIAIY . c. i iiit et erme ettt e e e rrae e e e et e e e et e e e et e e e e mmmr e e e e e e enans 113
RETEIEINCES. ...ttt eenr e e e e e et e e e e e e 113
Chapter 7 Overview of Torque Ripple Minimization in SRM Drives..........cccceeeeeeenn. 115
4% R [ 0110 To [ o 1 o] o WO PSP PP P PP PP 115
7.2 Torque rippé minimization approaches...........ccccvvvviiiiieeee e 117
7.3 Machine design approach to torque ripple reduction...........ccccoeeeeieeeeiceeeennn. 117
7.4  Control approaches to torque ripple reduChion...............cevvviiieeciiiiiiiiiiiiiieeeeeeenn, 119
7.5 Torque sharing funCtioN (TSE)......ouviiiiiiii e 120
7.6  Current profiling using artificial neural network (ANN)...........cooeeeiiiiiiiieeeineeennn 124
7.7 Direct instantaneous torque control (DITC).......cccccuuiiiiiiiiireeiiieeeeeee e 126
7.8 SIMUIALION TESUILS.......iiiiiiiiiiiiiie et e e e e rmmne e 127
T7.8.1  TSF IESUILS. ..ottt e e e e e e e e e e e e e e e e s s e e e e as 128
7.8.2  Avrtificial neural Networks resultS...........ooooiiiiiiiieee e 132

7.8.3 Direct instantaneous torque control reSUlLS...........coouviiiiiiceeii e, 134



7.9 SUIMIMIAIY ettt emme e et e et e e e e e smeer e e e s e e e eaa e e e et e e e s mmmea e e e eenn e e e enans 134

RETEIEINCES. ...ttt eeer e e e e e e e e 134
Chapter 8 New Off-line SRM Torque Control FUNCLION.............ceiiieiiiii e 140
8.1 INIFOTUCTION......ciiiiiiiii ettt et e e e e e e e s s rmmns e eee s 140
8.2 SRM Torque Poduction ANgle TNEOIY.......ccooiiiiiiiiiieeee e 142
8.3 Proposed offine torque control function (TCE)..........uuuueiiiiiiiiiiiceeeiieeee e 145
8.3.1 Modelll Single/two phase operatiQn..................uvvvemicreeeeeeeeiiiiieeee e eee 147
8.3.2 Mode #2 two/three phase Operation..................uuuviiccciieeeeeeiiiiiiee e 150
8.4 Zero TR speed range of the proposed TCF mode.#1i..........ccoovvviiiacceieneennnnn. 151
8.4.1 Mode #1i without vOItagddo0StiNg...........coeiiiiiiiiiiireer e 152
8.4.2 Mode #1i with (45%) voltag®0oO0StiNg........ccoevriiiiiiiieeee e 153
8.5 Zero TR speed range of the proposed TCF mode.#25..........ccccoevviiiacceeeeeeennnn. 155
8.6 SIMUIALION FESUILS.......coii i ereee bbb e e e e e s eere e 159
8.6.1 SRM performance using proposed TCF mode #1i without vebagsting.....159

8.6.2 SRM performance using proposed TCF mode #1i with 45% veliagsting.. 162

8.6.3 SRM performance using proposed TCF mode #2i (ASHB converter)....... 164

8.7 DISCUSSION. ..uittiiiiee et ittt ettt et e e e e ek e ena bt e e e e e ekttt e e e e e e e s mn e s s nnnreeeeeeeas 166
8.7.1 Effect of turn on angle (advancing/retarding the conduction period).......... 167
8.7.2 Effect of phase winding reSiStanCe...............uuvuuiiiiiccceeeeriiiees e eeeeanns 168
8.7.3 Operation between maximum z&NY o épeed limit and base speed........ 169
8.7.4 Operation at low speeds with square wave currentl@sofi............................ 170

G TS IS YU 1 01 0 = Y PP 172
REFEIENCES. ... e e 172
Chapter 9 Conclusions and Future ResearCh............ccooooiiiieeeiiiiie e 173

9.1  Summary and CONCIUSIONS. .........uuiiiiiiiiiiieee e e e e e et e e e 173



92 Aut hor 6s cC.oOnL. . b UL i Qe 175

9.3 FULUIE IESEANCKL.....ci it ee et eee et rme e e e e e e e e e e 177
APPENAIX AL ..ot e et eaan——a— e e e e e e e eeeee et et n———aaaaeaaeaateeerarrrrrnnnan 179
APPENAIX B er e e e e e e e e e e e et et nn——aaaaaaaeaateeeeaarrarann—n 180
Y o] 01T 0 o [ TP PSP PP PRPP 181
APPENAIX Dottt e e ettt et e e e e e e e e e e e e amnr e e e e e e e e aeee e 185
APPENAIX Bttt ere ettt e e e e e e e e e e e m—— e e e e e e 191
Y o] 01T 6 [ PP PPPUPPPPPPP 195

Y o] 01T 0o [ PP RPRPP 196



Abstract

Automobiles are regarded as a major source of greenhouse gases which cause a serious
environmental problem, hence researchers are oriented towards transportation electrification.
Different types of electrical machines are available for electric vehicl¢ #BMications mainly;
thepermanent magnet synchronous mogquirrel cage induction motaand switched reluctance

motor (SRM).

The SRM can be a suitable candidate for this function. However, high torque ripple and relatively
low power density have beehe justification for its nomadoption in EVs. This thesis focuses on
tackling these challenges to pave the way for the SRM to penetrate the electrified transportation
sector. The thesis considers the machine, the conyvamtethe control when facingese adoption
challenges

In simplistic terms, the current into and out of an SRM (at phase curresariand turroff) can

n

be expressed hy Q2 % bThe objective is to force the current into and out of the machine as

quickly as possible, that isirough maximizing thé& % derm, thereby increasing the beagmeed,

whence output power. The inductive telurs related to the machine design and specifically low

L is required (forV fixed) at only phase turon (higherL is required at the turoff to maximize

the machine cenergy). This task is accomplished by deploying rotor conducting screens which
are basically nomagnetic electrically conducting materials such as aluminium and copper. The
screens fill the rotor intgpolar air gaps. When thetor rotates flux passes through the screen
inducing voltage, whence current, which in turn generates flux opposing the original stator flux.
As a result, the unaligned inductance is minimised which increases the conversion area and
therefore more torque developed. The material, thickness and shape of the screen are studied to
select the optimal design that results in torque improvement. The effect on efficiency is
highlighted,being an important factor in B8/ A procedure for calculating the effectivalwe of
unaligned inductance for screened motors using the flux tube method is presented. Finite element

analysis results for different cases are given to validate the claims.

Another torque improvement approach is to incréé;% éat both phase turan and turroff) by

effectively increasing the terii, in @ HQ % bwhich IS a converter parameter. A brief review



of available power converters is presented A new asymmetric npotral diodeclamped
converter (NPC) with inherent voltage boostiagiesented. The inbuilt NPC clamping capacitors
are used for both voltage level clamping and also as dc rail vditaggting capacitors to increase
motor output power. A detailed design procedure for sizing the Joapstcitors is outlined.
Simulation abng with experimental results validate the proposed converter.

Different torque ripple (TR) minimization strategies including direct instantaneous torque control,
torque sharing functigrand current profiling using artificial neural network® assessagsing
MATLAB/Simulink. The effect of voltagéoosting on minimizing TR is investigated. A new
torque control function (TCF) which fully utilizes the dc link voltage is proposed. It will be
substantiated that the new TCF dramatically extends the zero€ER sgnge, reduces switching

lossesand is applicable to any SRM with oventapg phase torques.



ANN
ASHB
ATC
BEV
BLDC
CCcC
DITC
DSP
emf
EV
FEA
FLT
FPM
HBCC
HBTC
HEV
ICE
ILC
LUT
MMC
MOO
MPC
NPC
pf

PM
PMSM
PWM

Acronyms

Advance Angle Control

Artificial Neural Network
Asymmetric half bridge

Average Torque Control
BatteryElectric Vehicle

Brushless DC Machine

Current Chopping Control

Direct Instantaneous Torque Control
Digital Signal Processor
Electromotive Force

Electric Vehicle

Finite Element Analysis

Full Load Torque
FerritePermanent Magnet
Hysteresis Band Current Controller
Hysteresis Band Torque Controller
Hybrid Electric Vehicle

Internal Combustion Engine
Iterative Learning Control

Look-Up Table

Modular Multi-Level Converter
Multi-Objective Optimization

Model Predictive Controller
NeutratPoint DiodeClamped
Power Factor

Permanent Magnet

Permanent Magnet Synchronous Machine
Pulse Width Modulation



SCIM
SG
SRM
SynRel
TCF
TR
TSF

Squirrel Cage Induction Machine
Smart Grid

Switched Reluctance Machine
Synchronous Reluctance Machine
Torque Control Function

Torque Ripple

Torque Sharing Function



T W > > o

€

€

List of symbols

Neural Networknput

CrossSectional Area

Constant of the Current c/cs Equation
Flux Density

Neural NetworkBias

Coefficient of Friction

Rotor Back Iron

Stator Back Iron

Neural NetworkWNeight

Dump Capacitor
EquivalentCapacitance

Incremental Increase in Input Electrical Energy
Change in Stored Field Energy
Change in Coenergy

Part of Energy Converted into Mechanical Energy
Rotor Outer Diameter
Stator Outer Diameter
ShaftDiameter

Induced Voltage

Neuron Transfer Function
Set of Pareto Frontier
Sampling Frequency
Switching Frequency

Rotor Pole Height

Stator Pole Height

Current

Phase Windingnitial Current



=]

Cs

O TV T Cs

-

< < <3

SERNSE

=g

Rotor Inertia

Numberof objectives in MOO problems
Constant Representing the Product of Electrical and Mag
Loading of SRM

SRM Duty cycle

Magnetic Flux Patlh.ength

Air GapLength

SRM Axial Length

Coil End Length

Stack Length

Phase Winding Inductance

Coefficients for Calculating Inductance
Bifilar Winding Inductances

Aligned Inductance

Dump Inductor

Half Way Inductance

Unaligned Inductance

Number of Phases

Number ofPhases Conducting Simultaneously
Number of Turns per Stator pole

Number of Stator Poles

Number of Rotor Poles

Pole of the Current Characteristic Equation
Power

Number of Solutions

Net Input

Phase Winding Resistance

Dump Resistor

Equivalent Resistance

Air Gap Reluctance



< < <<

A

N < & C o

—x —x C(

» o cc

Rotor Pole Reluctance

Rotor Back Iron Reluctance
Stator Pole Reluctance

Stator Back Iron Reluctance
Neural Network Output
Individual Phase Torque

Total Developed Torque

Load Torque

Demand Torque

SRM Winding Current Decayime
Set of Solutions

DC link Voltage

Number of Inequality Constraints in MOO
Number of Equality Constraints in MOO
Duty Cycle

Rotor Pole Arc

Stator Pole Arc

Weight factor

Efficiency

Permeability of Air

Relative Permeability of Fe
Rotor Position
Aligned/UnalignedRotor Position
Turn Off, Turn On Angle

Overlap Angle
RotorStatorPole Pitch
Stroke Angle

Flux Linkage

Flux

Rotor Speedrad/s and rpm



Chapter 1

Introduction

This chapter presents a brief overview to the thesis, highlighting the motivation behind the
research. An introduction to electric vehicles points out the requirements to be satisfied when
selecting an electric motor for propulsion. Based on this specification, the switched reluctance

machine is selected. The last section summaries the struttamethesis.

1.1  Background and motivation

The global climate change crisis has caused researchers to explore cleaner energy systems. The
transportation sector is second placed in carbon emission. Hence, researchers are oriented towards
transportation elecfication. The penetration of electric vehicles (EVs) could drastically reduce

the greenhouse emissions resultingigreener environment {1]. Fig. 1.1 shows the expected
reduction in greenhouse gas emissions between 2020 and 2030 by electrification of transportation

system. More than 500 Megatons £3#quivalent is anticipated to be removee?|1

Mt 002 equivalent
w
o
o
/
g

(0]

_600 1 1 1
2020 2022 2024 2026 2028 2030

Fig. 1.1 Avoided greenhouse gases emissions forecast



An EV could solely depend on a battery as a power source, whence it is termed a battery electric
vehicle (BEV). Alternatively, and predominately, the EV could be equipped with an internal
combusion engine (ICE) and a battery source, termed a hybrid electric vehicle (HEV). In BEV,
the vehicle range covered depends on the storage magnitude of the battery which limits the range
to about 500km [B]. The absence of ICE in BEVs offers lower noise wmitinch lower pollution,

as opposed to HEV. Hence, BEVs are better suited for urban cycles. Fig. 1.2 shows the main
components comprising a BEV. In simplistic form, BEV consists mainly of a battery, an-on/off
board battery charger, a power converter, anghtbpulsion motor.

Char ger

Propulsion Gear Wheel
motor

Power
converter

Battery

Fig. 1.2 Main components in BEV

Millions BEV
= N @
- ;NG W,

e
3]

2013 2014 2015 2016 2017 2018
Fig. 1.3 BEV utilization worldwide between 2013 and 2018

Fig. 1.3shows the penetration of BEVs worldwide over five years between 2013 and 2018. The

deployment of BEV in 2018 is almost 13 times that in 2018se results show that BEVs are

2



gaining much interest in the market. Moreover, it is expected that passenghrtioBREVs will
reach about 150 ition by 2030 as illustrated in Fig. 1.4.

150

—_

[\e]

(8]
~

-
o
o

T

o\

Millions BEVs
~
w
\

50 - 0O

O 1 1 1
2020 2022 2024 2026 2028 2030

Fig. 1.4 Passenger losluty BEV forecast

A merit aiding the penetration of EVs is that they could be integrated into snis{8Gs), thus
representing a portable storage system. EVs could be charged during off peak periods and then

used as a power source during peak periods.

Apart from using batteries as the main power source, fuel cells could be ugeulitte the
requiredpower [£4]. The chemical reaction between hydrogen and oxygen generates electricity
to drive the propulsion motor. Any excess energy is stored in batteries ecapteitors. Water,

which is the byproduct of the chemical reaction, is ejected througpipes.

Generally, three levels of charging aneilable for charging EVs {3]. Level 1 charging, which
represents the slow mode, is availafstam singlephase 230V outlet@usually takes place in
private garages overnight). However, no special powtets are needed and anlooard charger

is sufficient. A thregophase 400V ac power supply is used for the level 2 charging mode, which
provides a faster and shorter charging time. For rapid EV charging (lewdddit half an hour),
600V DC is deployedBoth level 2 and 3 charging require an-bfard battery chargefFig. 1.5
showsbattery chargenstallationsn the world between 2013 and 2018, where more Shaitlion



battery chargers were installed by 20ABhoughprivate slav chargers hold thédns shargslow

and fast public chargers are gaining interest.

(e}

5| |Private slow chargers -
I Public slow chargers
2] I Public fast chargers
54/
® -
s 3l
w
[
)
=2r
=
1 [

2013 2014 2015 2016 2017 2018
Fig. 1.5 Battery chargeinstallations worldwide between 2013 and 2018

1.2  Electric motor for vehicle propulsion

The electric motor is theore of the EV, hence it should satisfy certain specificatizasely;

High power density (W/kg and \&/ ).
High torque density (N.m/kg and N.a/).
High torque to inertia ratio.

High efficiency.

Compact size and low weight.

Low cost.

Robust and faultolerant.

Wide constant torque/speed range.

=4 =4 4 4 A4 -4 A -4 -

Low vibration and acoustic noise.

Different types of electrical machines are available for EV applicafibit$. In the following
subsections the merits and limitations of eaxgthineare highlighted.



1.2.1 DC movr

DC motor, which is one of the old members in the family of electrical machines, could perform
the EVtask due to its torquspeed profile that fits with the traction requirensantaddition to its
simple speed control. Citroen Berlingoais EVwhich uilizes the DC machineHowever,it has
alargeheavystructure, low efficiency and reliabilitfthe need forbrushmaintenance reduces its

competitiveness the EV market.

1.2.2  Squirrel cage induction motor (SCIM)

Power electronicbreakthroughpaved the way for AC machines to set foot in industry and hence
propulsion applicationsThe guirrel cage induction motor (3K2) has a rugged, simple
construction, with low cost arldw maintenance@nd isone of the most developed competitors in

EV market Nevetheless, it has a narrow torgapeed characteristics duet®breakdown torque
characteristicslts cooling process is complicated as heat is generated in the rotor copper bars.
Also, the IM has low fault tolerance due to magnetic coupling betastributed stator windings.

Low efficiency and low power fact@specially at light loadsilong with low inverter utilization

are major shortcomings thate yetto be resolved. Renault Kangoo, Chevrolet Silverado, Dodge
Durango anBMW X5 are examplesf IM-based K's [1-7].

1.2.3 Permanent magnet synchronous motor (PMSM)

Onesalient featuref thepermanent magnet synchronous moRWMEM) is its high power density
due to the inherent PM excitation which is not preserihe SCIM. The PMSM offers a wide
torquespeed range with high efficiency. Hence, it is considered thechiste traction motor F1
8]. The PMSM is adopted as the propulsion motorthe Nisan leaf, Hyundai Sonata, Honda
Accord and Toyota Prius which is one of thestselling EVs. However,PMs are prone to
demagnetization, therebihas low fault toleranceSupply limitations and escalating raearth
material prices for the PMSMasforced the market to search for suitablectrical machine
alternatives. Ferrite permanent magnets doemesent an alternative to ragarth magnets. They
only offer one third of the residual flux, can be easily demagnetized, andahewer torque

density than rare edwrPMs[1-9]. Consequentlyresearch is focusing on magifiete machines.
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1.2.4 Synchronouseluctance motor (SynRel)

Usingthesynchronous reluctance mot&@yhRe) as the main drivetrain is possible as this type of
motor, generally, does not contain permanent magnets (PM) in its constrdelifn However,
this motor is characterized by lopf (which increases the converter VA), high core loss, high
torque ripple, low efficieay, and low torque density {11]. Improving torque density of SynRel
machines is possiblgith the aid of PM as in BMW i3 and the tesla model 3.

1.2.5 Switched reluctance nar (SRM)

The switched reluctance motoBRM) is a dark horsén this arena [112]. It has advantages of a
stable, robust and simple structure with low cost. lts{faldtrant capability, high torque, and wide
constant power range are some SRM merits. dibgence of PMs (which do not result in a
mechanically, thermally, and environmentally stable rotor) and rotor windings simplifies the motor
geometry; thus, facilitating the cooling process as most heat is generated in the stator. Moreover,
this allows themotor to operate in harsh environments antdigh rotor temperatures-[ii3]. The

Holden Commodore is an example of EVs utilizing SRM.

Recent developments in the design of high power SRM for EV are promisidj.[Wsing a low

loss super core significyp improves the efficiency ahe SRM to be equal, if not better than, an
equivalent sized PMSM. However, the ldess material has lower saturation flux density which
reduces the torque density implgirsome geometrical optimizatido improve the effi@ncy
without sacrificing the torque density. The new designs are competitive with the PMSM with

respect to power density, efficiency and torgpeed range {15].

Fig. 1.6 shows some commercial EVs, while Table 1.1 gives a brief comparison béteeen
SCIM, PMSM and SRM.



(a) Citroen (DC) (b) Dodge (SCIM) (c) Toyota (PMSM) (d) BMW (SynRel) (e) Holden (SRM)

Fig. 1.6 Commercial EVs

Tablel.1 COMPARISON BETWEEN DFFERENT PROPULSION I@TORS

SCIM PMSM SRM
Size Moderate Moderate Compact
Weight Moderate Moderate  Low
Cost Low High Low
Ruggedness High Low High
Power density Moderate High Moderate
Constant torque speed ran| Moderate Wide Wide
Efficiency Low High Moderate
Permanent magnets No Yes No
Power factor Low High Low
Cooling Complicated Moderate Simple
Fault tolerance Low Low High
Torque ripple Low Low High
Noise and vibration Low Low High
Power converter Modular Modular  Specific

Despite the merits of the SRM, there are still some limitatidrish hamper the rapid penetration
of SRMs in the EV market. The main drawbacks are lower power density when compared with
equivalent sized PMSM and highly ntinearcharacteristics, resulting in high torque ripple (TR)
which in turn generates undesirable vibratiorifl. All EVs need a power converter but that for

the SRM differs from the conventional EV converter, whether SCIM or PMSM based.

1.3  Objectives of the thess

The aim of the thesis is to develop an SRiWel as illustrated in Fig. 1,60 be competitive with
an equivalent PMSM drive, for EV applications. The proposed drive should satisfy the mentioned

specifications where the SRM drawbacks must be alleviated.
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Fig. 1.7 SRM drive

The main components of an SRM drive are: the electrical machine (motor/generator) for
electromechanical energy conversion, a reversible power contedppropriately energize the

phase windings, and finally a torque controller (incorporating ripple minimization). The thesis
covers all the major parts of the drive. The motor design aspect is studied, where rotor conducting
screens are employed to impeothe torque density of the motor. A power converter is proposed
which increases the base speed of the SRM, and hence extends the constant power region and
increases the SRM power density. Also, the problem of torque ripple is studied. A new torque

controlfunction (TCF) is proposed to extend the zero TR speed range.

1.4  Outlines of the thesis

The thesis is composed of nine chapters, which are briefly summarized as follows:

U Chapter 1gives a brief introduction on EVs and the available motors used for propulsion.
Justification of why this SRM research needs to be conducted is presented.

U Chapter 2highlights the construction and salient electromagnetic features of the SRM. A
guide on dsigning SRMs is presented. Control methods below and above base speed are
demonstrated.

U Chapter 3reviews available SRM power converters. The merits and drawbacks of each
converter are given. Emphasis is given to power converters which can enhance the powe

capability ofthe SRM by increasing the base speed.



U Chapter 4proposes a new asymmetric neufralnt diodeclamped converter with inherent
dc link voltageboosting for SRM drives. Analysis of different modes of converter
operation, along with design eafions for sizing the voltageoosting capacitors, are
detailed. Simulation and experimental results will validate the effectiveness of the
proposed converter.

U Chapter 5studies the concept of rotor conducting screens for torque density improvement
of theSRM. A procedure for calculating the unaligned inductance for screened SRM using
the flux tube method is detailed. Finite element analysis (FEA) results confirm the validity
of the proposed method.

U Chapter 6explores the effect of thickness, material, ahdpe of rotor conducting screens
on SRM performanceA multi-objective optimization (MOO) problem based on the
concept of nordominated sorting is formulated to elicit the optimal screen with respect to
the developed torque, efficiency and weight of added material. FEA results for different
screens are prested. Finally, a section is devoted to investigate Sitvformancewith
rotor conducting screens fed by the dc link voltagest converter.

U Chapter 7represents analysis and a surveytlod different approaches and methods for
reducing SRM torque ripplélwo main categoésare highlighted namely; the machine
design approach and the control approach. Some control methods are selected, discussed
and assessed using simulations.

U Chapter 8presents a new TR minimization approach for SRM drives. The new approac
is based on maximum utilization of available dc link voltage (either with or without
voltageboosting). The new method extends significantly the zero TR speed range.
Moreover, the concept is generalized to allow more than two phases conducting
simultaneasly.

U Chapter 9highlights the main conclusions, contribution, and gives insight into possible

future SRM research for EV applications.
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Chapter 2

SRM Fundamentals

This chapter introduces tremnstruction and theory of operation of the SRM. The principle of
torque production is discussed along with the machine equivalent circuit. SRM control methods
are demonstrated over the entire speed range. Finally, SRM design steps are detailed.

2.1 Construction

The SRM is one of the oldest members in the family of electrical machines. The first8Rs

traced back in Glasgow, Scotland in 1838. Simply, it is a double salient machine (both the stator
and rotor have salient poles usually made of laminatambsikteel) with a concentrated winding

on the stator poles, and neither windings nor permanent magnets on the rotor poles. Each two
opposite stator poles are connected either in series or in parallel forming a phase. When the proper
stator poles are excde rotor poles tend to rotaf@lign with stator polesjo minimize the
reluctance of the flux path. Proper, and sequential excitation of stator poles allows continuous

rotation of the rotor.

Different combinations for the number of stator and rotor p@les and( respectively are
available, some of the researched combinations are summarized as folbjvsvfierem is

number of phases:

Singlephaseif=10) SRM: 2/2

Two-phase ii=2() SRM: 4/2

Threephase I=30) SRM: 6/4, 6/8, 12/8, 18/12, 24/16
Fourphase ifi=40) SRM: 8/6, 8/10, 16/12, 24/18
Five-phase ifi=50) SRM: 10/8, 10/12

Six-phase in=63) SRM: 12/10, 12/14

= =4 4 4 A -

Fig. 2.1 shows a cross section of(a816 SRM having a stack length. O , d, D are the shaft

diameter, rotor diameter, and outer stator diameter respectiuelf). are the stator and rotor pole

12



heights respectivelyd , @ are the stator and rotor back iron respectivelyl are the stator

and rotor pole arcs resgtively.a is the air gap length. Number of turns per stator pdie is

A
v

Fig. 2.1 Cross section of 4 8/6 SRM

2.2 SRM Torque production

Since SRM is a double salient machitleen phase winding inductance is dependent on rotor
position and current excitation level. Torque is produced by the tendency of a rotor pole to align
with the excited stator pole so that the reluctance of the magnetic flux path is minimum. The basics
of electromechanical energy conversion are sufficient to explain the process of SRM torque
production [22]. Fig. 2.2 shows the flux linkagie current,aii, characteristics for two rotor
positions namely; the aligned and unaligned positions. The reluctarsie ge#p dominates the
unaligned reluctance; thus, the characteristic is linear, but the reluctance of the core cannot be

neglected for the aligned position and thereforestheharacteristic becomes ntinear.

13



Aligned position

Fig. 2.2 Flux linkage- current é-i) characteristics

The energy balance equation for the electromechanical system is given by (2.1).
Electricali/p = mechanicab/p + increase in stored field energy + losses (2.1)
Considering a differential tim@ @nd ignoring system losses, (2.2) holds.
Qw Qw Qw (2.2)
where
Q w represents the incremental increase in input electrical energy in time ifedval
Q w represents the part of energy converted into mechanical energy in time it@rval

‘Q w represents the change in stored field energy in time intereal

When the rotor moves from the unaligned position to the aligned position, thereby minimizing the

reluctance of the flux path, the incremental change in input electrical power is given by:

Qhd QWO  WM_ i BB O (2.3)

The change in stored field energy is given by:
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Qw i Bd o »i ®wo O (2.4)
The changén mechanical energy is calculated using (2.2.4) and given by (2.5)
Quw i 206 Qw (2.5)

The area OAB is the increase in-eoergy from the unaligned to aligned positionsT i§ the

torque causing the differential angular displacenizsthen the torque can be defined as:

w 19 (2.6)

where the caenergy is obtained from (2.7).
W [ONO) (2.7)

If saturation is neglected (which is not the practical case, but for simplificationg-the
characteristics is |inear and t he fLasdgfinddi nkag
by (2.8).

0 Q (2.8)

The torque equation is themplified to:
Y o€ "QT— (2.9)

Although (2.9) is a simplified version of the torque equation, some useful conclusions are:

1 Torque production depends on current squared. This feature allows controlling each phase
winding with a single switckince the current need not be bipolar. Hence, an economical
power converter is possible, especially for home appliance applications. Also, the SRM

develops a high starting torque, as with DC series motors.

15



1 The rate of change of inductance with rotor positdetermines the sign of the torque.
Thus negative (generating/braking) torque is possible enablingjt@mdrant operation of
the machine.

1 The torque production is a discrete process which gives rise to undesirable torque ripple.
A mutual effect betweephase windings is minimalkdience, may be neglected without
affecting the fidelity of the SRM model.

1 SRM winding independence increases machine fault tolerance. Therefore, operation is
possible even with a faulted winding.

1 One outstanding SRk&ature ighat there need be no converter shibwbugh failure mode
(as opposed to conventiondl 8notors fed by a DEC inverter) even when there is a

power switch short circuit.

Fig. 2.3 shows a typical inductance profile (inductance is assumed to vary linedrlyotoit
position, that is, core saturation is ignored).

where —E OEQA BT & OACEG and 0 and 0 are the unaligned and aligned

(unsaturated) inductances respectively.

Fig. 2.3 Typical inductance profile

The relevant angles in Fig. 2.3 are defined by
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— e — 1 1 (2.10)

—  — (2.11)
— — 1 f (2.12)
—  — (2.13)

The SRM inductance profile is divideato five regions as follows:

i. 0-—: In this region, the inductance is a minimum, which is the unaligned inductance. No
torque can be produced as the inductance is fixed, that is, no change in inductance with respect
to rotor positionas per (2.9).

ii. —-—: Overlap between stator and rotor poles takes place, the inductance starts to increase
from its minimum unaligned value to the maximum aligned value. Since the rate of change of
inductance with respect to rotor position is positive, thatds, 1, the SRM is operating in

the motoring mode producing positive torque if current is injected into the phase winding.

iii. —-—: Complete overlap between stator and rotor poles occurs and the inductance is the
aligned value. With nahange in inductance with respect to rotor position, no torque is
developed. This region depends on the ratio between stator and rotor pole arcs. This region does

not exist if both the stator and rotor have the same pole arc.

iv. —-—: The rotor polenoves away from the stator pole decreasing their overlap area. Hence
the rate of change of inductance with respect to rotor position is negative, producing a negative

(generating/braking) torque provided that current exists in the machine winding.

v. — - —: This region is as the first region and it does not contribute to torque production.

2.3 SRM Equivalent circuit and model

Since the interaction between SRM phase windings is minimal, the muadleftween different
phases iggnored, and the voltagequation is expressed by (2.14).
Q

' 0Y 2.14
) QY,Q‘ (2.14)

o

wherew is the dc link voltage an@ is the phase resistance.
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The rate of change of flux linkage can be divided into two parts, and then the voltage equations is
defined by:

G W 0~ Qe (2.15)

wherg is the rotor speed (rad/s

The three terms on the righind side in (2.15) represent the winding resistive voltage drop, the
inductive voltage drop, and back electromotive force (emf) of the $&¥dectively. Fig. 2.4
shows the equivalent circuit for a single phase of the SRM.

[ R L

_’_IV\/\,_NYY\—

+ -+
V= e Q)

Fig. 2.4 Single phase equivalent circuit for SRM

The total developed torque, is the smnmation in time of all phase torques and defined by (2.16).

"y Y (2.16)

Finally, the guation of mechanical motion:is

Q
“ o B v 2.17
Y Ugg O Y (2.17)

wherel is the rotor inertiad  is the coefficient of friction, andy is the load torque.

Due to the high notinearity of the SRM, developing a mathematical model is a tedious task.
Hence,2Dlookup t abl es ( LUT si}—clanaaeristics and-i-—tcltaraderistics.e o

These facilitate an accurate model that accounts foflinearity and avoids a sophisticated
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mathematical model. The data used to create thedpdibles is obtained either experimentally
or from FEA. The simulation diagram for a single phase of an 88Ny LUTs is shown in Fig.
2.5.
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Fig. 2.5 Simulation diagram for a single phase of an SRM

2.4 SRM control

The control method depends on the motor spedl].[Below the motor base speed (the speed at
which the back emf equals the dc link voltage), current chopping control (CCC) is used. With this
control technique, the motor develops its rated torque, and the speed is controlled from zero to
base speed by controlling the phase currents either usiygtardsis band current controller
(HBCC) or pulse width modulation (PWM). Above base speed, the phasents cannot be
controlled and the motor enters the single pulse mode. The motor speed is controlled by adjusting
the turn on and turn off angles. Hen this mode is referred to as advance angle control (AAC).
Above base speed, the motor cannot produce rated torque. However, controlling the turn on/off
angles allows the motor to operate at constant poRery). Fig. 2.6 shows the torgispeed

characeristics highlighting both control modes.
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Fig. 2.6 Torque/Speed characteristics

2.5 SRM Design

Unfortunately, SRM design, especially for EV applications, is not a straight forward task. The
double salienstructure increases the saturation effect in the pole tips. Fringing is not insignificant.
In addition, the design should account for different specifications including torque density,
efficiency over wide speed range, and vibration and acoustic noisael€liign process starts by

initializing the machine dimensions using analytical formulas. FEA is then used to fine tune the

initial design. This section gives a brief description on the basics for SRM initializatin [2

Due to theavailable spaceonstraints fothe propulsion motor in EVs, an SRM with high torque
density is required. Improving the machine torque density implies improving the electrical and
magnetic loading of the machine. Magnetic materials with high saturation flux density will
enhanceSRM magnetic loading thereby improving the torque density. However, core losses will
increase reducing SRM efficiency. Cobalt iron material which is characterized by high saturation
flux density and low core loss is availalidat with high cost [25]. Hence, selecting suitable
magnetic material requirégadeoff between cost, efficiency and torque density.

The air gap length plays a crucial role in torque densitgmall air gapenhance SRM torque

density. However, very small air gaps are naicgcal in EV applications due to road conditions.
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The electrical loading of the machine could be improved by utilizing rectangular wires which
increases the slot fill factor (ratio between area of conductor and slot@welhg techniques as

with water jacket cooling also improvBRM electrical loading and thereby the torque density.

2.5.1 Selecting number of phases and poles

The first step in SRM design is to choose the number of phases, stator poles, and rotor poles. The
selection is generally based on #Hpplication. For instance, in low cost high speed applications,
where performance could be sacrificed in favour of,dds small home appliances, usually a
singlephase or a twphase SRM is selected. The singlease SRM cannot inherently reliably
sef-start. Increasing the number of SRM phases regltiee torque ripple, improve the fault

tolerance capability and imprav8RM performance, at the expensfeconverter costs.

The switching frequency for a phase of the SRM is calculated using (2.18):

Q l—u (2.18)
Considering (2.18), if the number of rotor poles is increased (while keepingrhiger of phases
unchanged) [B] torque ripple will be reduced, and an economical converter could be used. Coil
end winding will be smaller allowinigcreased stack length while maintaining the overall machine
axial length unchanged. Hence, torque density will be improved but the switching frequency will

increaseresulting in higher core losses.

If the number of rotor poles is increased (while kegpite numbeof stator poles unchanged)[2

7] the interpolar rotor air gaps will be narrower. Henttee unaligned inductance will be
significantly higher than that of the conventional SRM. The unaligned inductance increase will
reduce the energy conversiarea thus decreasing the developed torque. Additionally, the current
rise time at phase turn on is prolonged as a consequence of higher unaligned inductance which

implies using higher dc link voltages to increase the current rate of rise.
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2.5.2  Sizing stackdngth, stator and rotor diameters, and air gap

The output torque equation is defined by (2.19)
Y 007Q (2.19)

whereK is a constant in the range of 10.3 to 34.5 kNifapresenting the product of electrical
and magnetic loading of the SRM. Using (2.19) and for the required output torque, the product of
the stack length and the square of the rotor diameter is knownityAratio between the stack

length and rotor diamet " qis advised in [28]. Hence, the stack length and the rotor diameters
are initialized. The ratio between the stator diameter and rotor dié@i%ﬁs p&r pd. Thus, the
stator diameter is initialized. Mechanically (inertia), for higher spebds,ator diameter should

be minimised.

Reducing the SRM air gap increases the torque density of the SRigical SRM air gap length
for SRM is between 0.25mm and 1mm. A rule of thumb given-@| [@oposes the air gap to be
0.5% oftherotor diameterSmall air gaps are not suitable in EV applications, since, the drivetrain

is affected by road conditions which may produce severatuorand mechanical stress14].

2.5.3 Sizing stator and rotor pole arcs

Selecting adequate stator and rotor pole arcspsimie importance. Miscalculations could lead to
self-starting problems. Hence, to assure torque production at all rotor positions, the stator pole arc

is calculated using (2.20).
I — (2.20)

Usually, the stator pole arc is selected sligbthaller than the rotor pole arc to allow more stator
slot area to accommodate the winding. For a complete unaligned position to be achieved, (2.21)

should be satisfied.
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(2.21)

2.5.4  Sizing stator and rotor back iron widths, and pb&ghts

Fig. 2.7 shows a crossectional view of a stator pole, accommodated a winding. The coil end

length @n be approximated using (2.2Zhen the total axial length is calculated using (2.23).

0 — €0 ®© (2.22)
qU

D 0 cb (2.23)

The optimal ratio between the stator diameter and the total axial IQ]gth is 2.46 as

suggested in FA1]. Hence, the stator back iron is initialized. A large stator back iron is desirable
to reduce vibration, increase maciical strength, and ease saturation. However, an excessively

large value will reduce the availablease for the stator winding {22].

The stator pole height is calculated by:
M €0 €Q & (2.24)

The rotor pole height should be sevdrales larger than the air gap to increase the conversion
area (by reducing the unaligned inductance). The rotor back iron has the same constraint as the
stator back iron regarding saturation. Hence, the rule of thumb in (2.25) gives an initial value for

the rotor pole height and back iron.
Qo € QOEf (2.25)
Finally, the shaft diameter is given by (2.26)

0O €Q 0 o (2.26)
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Fig. 2.7 Crosssectional view of stator pole

2.5.5 Estimating number of turns and current density

Using (2.14), and neglecting stator phase winding resistance, the maximum flux linkage per pole

at speeds (assuming the conduction angle for each phase is the strole-arg is given by

(2.27)
. ¢'w
. — 2.27
Y P (2.27)
The maximum flux is defined by:
. T 00 Q ca OETI € (2.28)

where,6 is the saturation flux density (typically 1.7T)

Combining (2.27) and (2.28), the number of series turnpqiers calculated from:
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5 ¢ 2.29
TO060 Q <o OET ¢ (2.29)

DeterminingSRM current density is of prime importance as it is related to the cooling method

adopted. In CCC theurrent level is maintained at the peak value defined by (2.30).

O rma (2:30

whereP is the motooutputpower("Y1 ), nis the number of phasesnducting simultaneously,
d is the motor efficiency, an@ is the SRM duty cycle.

Assumingthe conduction angle for each phase is equal to the stroke Hmagi¢he rms phase
current is defined by:

o J— (2.31)

The current density is directly related with the phase rms current using (2.32).

lv-l)u

0 —= 2.3
b (2:32

where,0 is the slot area an@ is the slot fill factor (ratio between copper winding and slotsyrea

The slot fill factor depends on tlsenductorshape and the slot form. Increasing the valu@ i
desirable to reduce the current giéypm The slot fill factor is low (40%) if loosely bundled
conductors are used. This value increases to 60% if rectamguidnctorsare used. Finally, the

slot fill factor could be improved to reach 80%, if the conductors are customized to fit the slot
shape.

If the SRM is designed to be totally enclosed, then the current density siabeiceed SA/mA
This value increases to 10A/mifior fan cooling andwith liquid cooling the curnet density should
be less than 30A/m
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2.6 Acoustic noise andorque ripple reduction

SRM electromagnetic attraction forcasedivided into two components namely; tangential and
radial components. The former is directly related to the developed torque of the machine. That is
maximizing this component is one of theads while designing the SRMutthe radial conponent

does notcontribute to the process obtational torque productionlt is the main reason for
vibration, stator deformation and acoustic noise. Hence, eliminating, or at least minimizing, this
componehnwill improve SRM performance. It is shown in {£3] that skewing the stator and the
rotor of a thregophase 12/8 SRM reducebration and acoustic noise.sdmple solutiorproposed

in [2-14] usesstator spacers, which are nonmagnetic materials as ceramarted betweethe

stator poles, to redueator vibratiorand thereby the acoustic noise.

The problem ofotationaltorque ripple arises due to the discrete nature of torque production. This

topic will be studied in detail in chapters 7 and 8.

2.7 Summary

This chapter presented the SRM structure highlighting the most common stator/rotor pole number
configurations. The process of torque production, based on principles of electromechanical energy
conversion, was discussed. SRM operation either in nngtoor generating modes was
demonstrated based on an approximate inductance profile. Although the SRM has a simple
equivalent circuit, LUTSs for flux and torque (for different excitation levels and rotor positions) are
needed to reflect the severe Aorearity of the machine. Controlling the SRM below and above
base speed was illustrated, highlighting the difference between CCC and AAC. Finally, detailed
design steps for initializing SRM dimensions were presented.
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Chapter 3

Review dPower Converters fothe SRM

This chapter classifies and reviews the most common power converters fessitiie SRM.The
difference between hard and soft switching converters is demonstidtedmain merits and
drawbacks of each topology are highlighted. Finally, a comparisorebetthhe power converters

is presented to elect the most suitatdaverterfor EV applications.

3.1 Introduction

The SRM cannot be connected directly to any ac or dc supply but, needs a suitable power converter
for its operationThe main task of the convertierto appropriatelyenergize and denergize each

phase winding to assure continuous rotation of the SRM. Various types of conkaxebgen
proposed forSRM drives. The type of converter chosen plays a crucial role in cost, size and
performance of thdrive. The converter must be able to fulfil the following requirements in order

to improve SRM driveperformancg3-1]:

1 Fast magnetization and damnagnetization of SRM phases:Fast magnetization allows
the current in the phasendingto reach the ferene@ withinashort time thusincreasing
the SRM base speeBecreasing the dmagnetization time by extinguishing the phase
current quicklyeliminateghe current tail and prevents tB&M from entering the negative
torque production regiormo bestperform this task, thdc supply voltagecanbe boosted
during the magnetization and-deagnetization periods.

1 Phase overlapThe converter must be able to energize the incoming phase-anedpze
the outgoing phase simultaneously.

1 High efficiency: To increase SRM drivefficiency, the demagnetization energy should
be efficiently returned to the supply dretter, stored andsed to energize the next phase

instead of being dissipated as heat energy in the winding resistance.
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1 Minimum cost: A converter iseconomic if it can provide excellent performance vath
minimum number of switching devices. Decreasing the number of switches reduces the
switching losses, number of gate drive cirguarsd the overall cost of the converter.

1 Fault tolerance: A high reliability converter must be considered for critical applications
which allows continuouSRM rotation even after a phase failure

1 Low complexity: Simple design and control algorithm apeeferredfor the SRM
converter.

3.2 Classification of power converters forthe SRM

Generally, there are two criteria for classifying SRM convdstpes the first classification is
based on the number obnverterswitching devices, while the second classification depends on
the method of commutatiof3-2]. Classifying convertettypes according to the number of
switching devices doe®t reflect the strengdand weaknessof each converter.fus the second
criterion, which classifies the types of converters regarding the commutagtimod, is adopted

as shown in Fig3.1 Otherconverter topologies exist, however, this chapter only reviews the
common converters.

-Assymetric half bridge

Bridge G -COmmon phase

-Common switch

Dissipative “Rdump
P -Modified Rdump

Converter
types
-Gdump

Capacitive -Modified Gdump
P -Split dc link converte

-Passive boost

Fig. 3.1 Classification of power converters for SRM
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3.3 Hard switching converters

The majority of the used convertenrehard switchedGenerally, hargwitching converters have
simple circuitry which is easier to implemetitansoft switching converters. The hasditching

group is composed of four subgroups; bridge, dissipative, magnetic and capacitive.

3.3.1 Bridge convertes

The bridge converter is the dominant convetigpeused for SRM drives. Asymmetric half bridge

(ASHB), commonphase andcommonswitchconverters are the main types of bridge converters.

3.3.1i Asymmetric half bridge (ASHBDased converter

The ASHBbased SRM convertes the mostommon. Spoperation of this converter is presented
in detail[3-3]. The ASHB converteuses two switches and two diodes for each phase as shown
in Fig. 3.2for a4d SRM.

3 1 s ) X Dvi
Ph, Phg Phe Php
VDC:%
D, Sz D, Sa Ds Ss Ds Sﬂ[

Fig. 3.2 ASHB converierfor a 4 phase SRM

Three states are available for operation of the ASHB conyerdenely magnetization, free
wheeling, and denagnetization stateas shown in Fig. 3.3 and described d&ogiven phase, for

exampled'Q.

Magnetization @ : This state is obtained by turning on switchésnd™Y of the phase to be
energized, as shown in Fig. 3.3a. The @dlink voltage is applied on the phase, thus the current
builds up.
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Freewheelingw: Two switch patterns are possible for this voltage level. The first pattérn is
on, while the other switch, off. The second pattern 1§ on, with“Y off. The two possible
patterns are illustrated in Fig. 3.3 parts b and @eetsvely, where zero voltage is applied across

the phase winding. The twV) states can be used alternately to balance losses and heating.

De-magnetization, & : The last state is with switch&g and"Y off, as shown in Fig. 3.3d. The
de-magnetiation energy via the motor winding pumped back to the dmk, reducing the

winding current to zero before the phase enters the negative torque production region.

(@ w (b) T
o k
I 1D
| TII 2
| |
1+ —— |
VDC__| l I 3
I : Ph
D
|
|
Ll
d) o

Fig. 3.3 ASHB converter states: (a) Magnetization, (b), (c) Fubeeling, and (d) Denagnetization
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Table 3.1 summarizes the possibavertervoltage levelswhile Fig. 3.4 illustrates the typical

voltage and current waveforms for the three states.

Table3.1 ASHB CONVERTERSTATES
Level Fig 3 state State/KVL

® 3(a) w RYRY
, 3(b) O RY
T g
3(c) O hY
@ 3(d) ® HORO
A
Voltage
M agnetization
Vel ---- TN —

N s

e f----- [ \/\/\/

Current

] Ay

N
don Free-wheeling ot

Fig. 3.4 Typical voltage and current waveforms using ASHB

Advantages:

Independent control of each phase without overlap.
Three voltage levels are available namelgy hwh
Low complexity.

High fault tolerance.

= =2 A4 4 -

High efficiency as stored magnetic energy in phase winding is fed back to the dcilivgk dur

de-magnetization.
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Drawbacks:

1 Increase in the number of semiconductor devices as each phase requires two switches and
two diodes.

1 More conduction loss since twericonductorconnected in series with tleenducting
phase winding.

1 The relatively low magetization and demagnetization volta®its motor base speed.

The SRM requires a specific converter as opposed to AC motors reqainiodf-the-shelf Ji
inverter. Table 3.2 gives a brief comparison betwéee ASHB and 3i inverter. Although the
ASHB is not commerciallgvailable, is hathe outstanding featur# the absence of shoot through
fault. The use of commercially available semiconductor modules is not an advantage in EV
applications, since proprietary modules aable given the high volume of EV. The number and

rating of the semiconductors within the package dominate the relative module cost.

Table3.2 COMPARISON BETWEEN3G INVERTER AND ASHB
30 inverter ASHB

Modularity Modular  Non-modular
Number of switches 6 2m
Voltage rating of switches @ ®
. O O
rms current rating — -
48 Ma
Number of diodes 6 2m
Utilization of dc link voltage| & c o
Shoot through failure Present  Not present

3.3.1ii Commonphaseconverter

The common phase convert&4] is an improved version of the ASHEasedconverter. It has
the same advantagasthe ASHB convertebut with areduced number of switch€k.5 switctes

per phase)Fig. 3.5 shows the comm@haseconverter for al SRM.

The converter uses the double bridge topology with phases A and C in one bridge, sharing a
common leg incorporating switchh& The other two phases, B and D, are in an independent bridge
with a common switchép. This sharing is pssible sincéhe two phases sharing the same switch

(in the same bridge) ate 1t (electrical)out of phase. Hence, monductionoverlap will occur.
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The main drawback of this topologg/that it is only eféctivefor SRM withaneven number of

phasesTheconverterfault tolerance is reducedtlat is,for a fault in the common switch in either

of the two bridges, the phases incorporated in that bridge will be lost).

Fig. 3.5 Common phase convertdor a four phase SRM

3.3.1iii Common switch converter

To further reduce the number of semiconductor devicakd®SHB converter (hence reduce

convertercost and volume), the common switch conventas proposef3-5] as in Fig. 3.6.

S
J

[

<
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S Sg)

>

S
J

.3 D& Phs ' Ph% D.& Pw3 D&

%)

S
J

Fig. 3.6 Common switch convertefor a four phase SRM
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In this topology, each phase has an independent switch. A main s8jistsharedbetweenall
thephases which redusehe switch countta p. Despite, the loveonvertercost compared to
the ASHBbasedconverter the fault tolerance of the converter is much redu@éis topology
offers good performance only at low speefis high speeds the effoing phase camot be de-
magnetized quickly (as the common switch is turned on) which increases the currémgriglly

producing negative phase torque, which subsequently rethecéotal developed torque.

3.3.2 Dissipative converters

The dissipative converter is considd thesimplest SRM converteidt utilizes the minimum
number of switches. Only one switch per phase is sufficiHm energy stored in the phase
windingis dissipated in a dump resistor instead of being returned to the supply. Thus, it is not an
energy efficieh converter and camot be used for high power application. Two versions are

available namely; theddump[3-6] and the modified Rlump[3-7].

3.3.2i R-dump converter

Fig. 3.7 shows the "Hump converterwhere he energy stored in the phase winding is dissipated
in the dump resistorY . This topology hs low efficiency, and requirespecial cooling for the

dump resistor. Hence, it is suitable for low power, low cost applications.

R d
R O |
| = ' ~ )
Ph,3 D& Phs D:& PNl D, Phos D&
VDC=%
S| S| S| el

Fig. 3.7 R-dump converterfor a four phase SRM
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Fig. 3.8 Modified R-dump converter

3.3.2ii Modified R-dump

A modified version of the Rlump converter iglustrated in Fig. 3.8wherean extra switchS is

connected in parallel with the dump resistbne time constant for current decay-+s——.

Decreasing the duty cyclg will increase the effectivealue of dump resistance for rapid current
extinction. Increasing the duty cycle will decrease the effective value of dump resistance
improving the efficiency during currestitching

3.3.3 Magnetic converters

The idea ofa magnetic converters is to transfer the magnetic stored energy in the SRM@hase
coupled winding. The transferred energy is then returned to the supply, or used to energize the
next incoming phase. Fig. 3.9 illustrates the connectianbifilar converter[3-8], which usesa

single switch per phasevhich is the main advantage. Only two modes are available viz;
magnetization, and é@agnetization modes. TI®&/ freeewheeling mode is not possible with this

configuration.
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Fig. 3.9 Bifilar converter for a four phase SR

O ) D e @ are the bifilar windings inductances

This converter doesot dissipate the denagnetization energy but-teses it. However, it has
limitations. The main drawback is that eg@RM phase must be coupled with another winding
which increasesSRM manufacturing complexity and reduces the copper aredh@ostator
winding. Imperfect coupling between the SRMilar windings results in voltage spikeduring
phase turroff, implying the use of snubber circuitgid an increase in semiconductor voltage

ratings

3.3.4 Capacitive converters

The capacitive type converter gsse dunp capacitor to store the dleagnetization energy. The
stored energy is returned back to the supply or used to energize the next inS&tMmzhase
winding. Gdump, modified G&ump, split dc link, and passive boost are types of capacitive

convertersas folows.

3.3.4i C-dump converter

Fig. 3.10 shows a-@ump converterwhichbelongs tahe& p family (that is,the number of

semiconductor switches equals the number of SRM phgalsis one)3-9].
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Fig. 3.10 C-dump converterfor a four phase SRM

The stored energy in the SRidhase winding is dumped into tltapacitord . The capacitor
voltage is maintained at twice the supply voltage , in order to apply @ on the outgoing
phase for rapid current extinguishifidhe dumped energy is returned back to the dc link using the
buckcircuit composed ofYRO o & .

The main disadvantages of this topology is the need of a bulky capacitor, and a buarkeconv
(which includes a large inductoffhe raing of the semiconductor devicesdouble the dc link
voltage ¢w . To maintain the dump capacitor voltageat , the switching frequency 6Y will

be high increasing switching losses.

3.3.4ii Modified C-dump converter

An attempt to improve the performance ofd@mp converter was shown in-{®], where he
inductor in the buck circuis omitted The energy stored in the dump capacitor is directly used to
energize the next incoming phase instead of pe@turned to the dc link. Fig. 3.11 show the

modified Gdump converter.

Although omitting the inductor and reducing the switching frequencyybthe rating of the
switches remaingw , as with the @ump converter. Circuit control is complicatedth poor

performance at high speeds.
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Fig. 3.11 Modified CG-dump converterfor a four phase SRM

3.3.4iii  Split dc link converter

The split dc link converter has one switch per phase which reduces the switch eblint [3

D,
S’ﬂ B
C —/—
1
Ph,
PhB
Cc L
2 —
3 | D,

Fig. 3.12 Split dc link converterfor a four phase SRM

However, it requires an SRM with even number of phases. Only half the dc link voltage is utilized

for magnetization and dmagnetization, of incoming and outgoing phases respectively, which
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prevents the current from building up and decaying quickly. Tedsiges the base speed of the
motor. The converter does not tolerate any phase failure or phase imbalance. Fig. 3.12 shows the

conventional split dc link converter.

3.3.4iv Passive boost converter

Enhancing SRMperformance at high speeds is presented ih2[3 A boostcapacitor with a
blocking diode are inserted within the dc link. Thengiggnetization energy of the outgoing phase

is stored in the boostpacitor The resultant increasing voltagecreassthe current fall time
thereby effectively extending the positive torque production range, before operating in the negative
torque region. The stored energy (which increases the dc link voltage) then feeds the next incoming
phase, thus allowing faster cent buildup which increases the motor base speed. Fig. 3.13 shows

a common phase converter with becapacitors.

D, D,
¢ -
DAx S, C_I Dc
Cil _ 1+ G
A S T W =
s P& s

Fig. 3.13Common phase converter with boasipacitorsfor a four phase SRM

The converter uses the double bridge topology with phases A and C in one bridge, sharing a
common leg incorporating switch& The other two phases, B and D, are in an independent bridge
with a common switchgs. The dc link blocking dides and capacitors allow boosting of the dc

link voltage by forcing recovered current to charge the capacitors to voltages in excess of the dc
sourceVpc. The tweindependent bridge topology allows bettettageboosting (since no phase
overlap occurs in each bridge) with a minimal number of switchks.drawback of this topology

is that it requires semiconductor devices with ratings above the dc link valegaiings depend
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on theboostvoltage).Because bthe dc link blocking diodes, circuit modification is need for

regenerative braking.

3.4 Soft chopping converters

To improveSRMper f or manc e,

t he

converteros

S Wi

tchi

switching frequency results in higher switching lossmss more electromagnetic interference. Soft

switching techniques using resonant circuits are proposed for high switching appliftiG&hs

Convertercomplexityand cosmakes it impractical foEV applications hencds notpursued

3.5 Comparing power conerters

In this chapter, several converters have been presented covering the most common used power

converteran SRM drives. This section compares these different topologies to selectthes t 6

converter for EV applications. Table 3.2 evaluates someeaithilable converters terms ofthe

number and ratings of switchespnverter controlcomplexity, the need for SRM design

modifications, fault tolerance (ability of SRM to continue rotation after switch failure),

performance at low and high speeds, rate of current building up and decay, efficiency, available

voltage levels, the need of srher circuits, and constraints on number of SRM phases.

Table3.3 CoOMPARISONBETWEEN DIFFERENTPOWER CONVERTERS

Bifilar R-dump C-dump Split dc link Shared phase + boo:
Number of switches m m m+1 m m+2
Rating of switch w w 20 @ W
Control complexity simple Simple Complex Simple Simple
SRM modification Yes No No No No
Faulttolerance High High Low Low Moderate
Performance Medium Low High Medium High
Current build up andecay| Medium Slow Medium Slow Fast
Efficiency Medium Low High High High
Voltage levels & h o o o foh ® enw hew o h o
Snubber circuits Yes No No No No
Number of phases Any Any Any Even Even
® YoO@ERWIi Ho I ® W
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From the analysis in Table 3.2, the converter with shared phase and \outagieg (Fig. 3.13)

is a promising power converter for SRM drives.
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Chapter 4
A NeutralPoint DiodeClamped Converter

with Inherent VoltagdBoosting for a FowPhase SRM Drive

This chapter proposes a new asymmetric neptadt diodeclamped (NPC) multilevel converter

for a fourphase switched reluctance machine drive. The inbuilt NPC clamping capacitors are used
for both votage level clamping and also as dc rail voltAgesting capacitors to increase the
output power of the motor, particularly foigh-speedeV applications. The new converter allows
regenerative energy to be recovered back to the dc supply for rapid machkneg, thus
increasing overall drive efficiency. Analysis of the different modes of converter operation, along
with design equations for sizing the voltdgeosting capacitors, are detailed. The effect of
capacitance on boost voltage and increased nmasespeed is presented. Simulation and

experimental results will confirm the effectiveness of the proposed converter.

4.1 Introduction

As with the PMSM, the SRM cannot be connected directly to any ac or dc supply but, needs a
suitable power converter for operation. Chapter three reviewed common converters used with the
SRM. Among these converters, the asymmetric half bridge (ASHB) cenvessed on two
switches and two diodes per phase is the most popular converter for SRM drives. Recent
developments in EVisivolve increagng the dc link voltage from around 400V dc to 8GQV00V

dc [4-1]. Hence, the voltage rating of the converter musteiase. Higher voltage rated power
semiconductor devices not only imply slower response with lower overall efficiency but also

higher cost and size. Thus, multilevel inverters become a viable soluijn [4

In [4-3], a fivelevel neutralpoint diodeclamped (NPC) converter and an asymmetric modular
multilevel converter (MMC) were compared for high voltage, high power applications. However,
only the full dc link voltage is utilizedHence SRM performance at different voltage levels is not

exploited. In [44], a fault tolerant converter based on the NPC topology was proposed. However,
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the main drawback is half the switches withstand the full dc link voltage-3htfke performance

of a threelevel NPC converter was compared with the conventional ASHB camv&Vith the

same overall rating, the NPC has the advantage of lower losses and current ripple, and lower
machine noise. However, motor performance (Nm/A) is improved only at low speeds (below base
speed). Since the SRM can be deployednigin-speedapplications, its performance (W/kg) must

be enhanced at higher speeds. Also, the NPC converter requires large dc link capacitances.

Enhancing singlphase SRMperformance at high speeds is presented48],[44-7]. A boost
capacitor with a parallel dieds inserted in series with the dc link. The boostialjage provided

by the capacitor aids the winding current to rapidly bupdand decrease thus, increasing the
motor basespeed. The application of the boasipacitor is extended to pgbhase SRMrni [4-8]

- [4-11]. Butcurrentoverlap between incoming and outgoing phases reduces the beadtage

effect.

In [4-12], a new converter, with comparable performance as the ASidBerter is presented.

The converter uses half the number of diodes, hewthe same number of switches is required.
A ring converter is proposed in-f43]. However, the converter is only suitable for asmase
SRM and severe distortion in the phase currents is present. In addition, thelématice of the
converter is ingrior. Two offthe-shelf inverters are exploited in-f#4] and [415] to enhance
SRM faulttolerance. The converter uses 12 switches which drastically increases converter cost,
plus the converter is only suitable for thggase SRMs. In [46], standardig-pack plus dual
modules are integrated for a thgigase SRM. Since the converter is based on commercial power
components it is more economical than ASHBo allow phase overlap between successive
phases, only half the dc link voltage is utilized forgmetization and denagnetization. A three
phase inverter is used in-}&] to feed a sbphase SRM. Although the inverter is commercially
available, the sbphase SRM usesdifferent winding configuration which imposes limitations in
the fabrication of ta SRM drive. In [418], a new stator winding configuration is presented which
allows higher voltages during deagnetization, but the SRM needs winding reconfiguration
which increases production costs. Also, the higher voltage is only applied at phask (tvat

is, the performance at phase turn on is not enhanced).
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Fig. 4.1 Fourphase SRM converter topologies: (a) Common phase converter with vbtiageéng (Fig.3.13),

(b) New NPC converter with voltagmosting, and (c) New NPC converter with voltdgmsting and

regenerative braking circuitry.
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The use of commercially alable semiconductor modules is not an advantage in EV applications,
since proprietary modules are viable given the high volume of EV. The number and rating of the

semiconductors within the package dominate the relative module cost.

In this chapter, a me asymmetric NPC converter, shown in Fig 4.1b, with inherent veltage
boosting, is introduced for a fophase SRM. It is based on the passive boost convertagin
4.1a, as introduced in 3.3v4 Fig 3.13, which uses the double arm, common switch topdtogy
better voltage boosting with a minimum number of switches. Fig 4.1c shows the extra dc link
circuitry necessary for regenerative operation, which is also applicable to the boost circuit in Fig.
4.1a.

In the proposed NPC converter, intail voltage évels are transient (dwelled at for few
microseconds, sufficient to ensure switch voltage sharing). Small sized capacitors are deployed
instead of the large capacitances normally associated with the conventional NPC converter. The
de-magnetization energyfdhe outgoing phase is stored in the NPC convespdit dc link
capacitors, hence decreasing the current fall time thereby effectively extending the positive torque

production range, before operating in the negative torque region.

A
Voltage
VD +Vboost —— — = g
C
Current
VDC— - With
boosting
/ \ >
don ot
_VDC
'VDC'Vboost

v
Fig. 4.2 Voltage and current waveforms in singlalse mode
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The stored energy (which increases the dc link voltage) then feeds the next incoming phase, thus
allowing faster current buitdp which increases the motor output power. The typical voltage and
current waveforms are illustrated in Fig. 4.2 for sifqglésemode of operation (at and above base
speed). The new converter (Fig. 4.1c) also allegeneratiornergy to be fed back to the supply,
instead of being dissipated, for rapid machine regeneratalang, thus increasing overall drive

efficiency.

4.2 Asymmetric NPC converter with voltage-boosting capacitors

The new converter in Fig. 4.1b (as with the circuit in Fig. 4.1a) uses the double bridge topology
with phases A and C in one bridge, sharing a common leg incorporating series connected switches
Sac1 and Sca. The other two phases, B and D, are in an independent bridge with common series
connected switchess§ and Spo.

The dc link blocking diodes and capacitors allow boosting of the dc link voltage by forcing
recovered current to charge the capacitorgoltages in excess of the dc soukég. The twe
independent bridge topology allows betteltageboosting (since no phase overlap occurs in each
bridge) with a minimal number of switches. In Fig. 4.1c the dc link swich(and diodes R

and D) is for regeneration where the stored energy in the phase winding is not dissipated, but

returned to the dc link.

The NPC converter switch voltage clamping feature is used to exploit series connection of
switchesWhen changing switch states, the NPC rule of an outer switch is always first off and last
on, is retainedThe analysis of this converter in the motoring and braking modes is presented in

the following subsections.

4.2.1 Motoring mode

In the motoring mode of apation, the dc link switchY is off and link diodesO andO

conduct. Current is injected into the appropriate phase winding during the increasing inductance
region for motoring action. According to the states of the phase switches, theteoaffers five

voltage levels, as shown in Fig. 4.3 and described in the following text for a given {pkase,
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First voltage level, & : This voltage level is obtained by turning on the four switéN&YH'Y

and"Y of the phase to be energized as shown in Fig. 4.3a. Any capacitor boosting effect helps the
current in the phase winding to build up quickly reaching the desired reference value, thus
increasing the motor output power. The dc link capacitors discharti@atsthe voltage on the

motor winding falls and equals the dc source voltage

Second voltage levele w : The second voltage level is realized by two possible switch
combinations. The first is witlyA'Y and"Y on while"Y is off. The secon@¢ombination is with
"YRY and"Y on with "Y off. These two states are demonstrated in Fig. 4.3 parts b and c,
respectively. Assuming that the boost capacitors are discharyed, tihe dc link voltage source,
only half the dc link voltage € & is applied on the phase winding. This is a transient (dwell)

state and alternation between these two states enables NPC capacitor voltage balancing.

Third voltage levelwy: Three switch patterns are possible for this zero voltage level. The first
pattern is’Y and”Y on while the other two switche%/ and"Y, are off. The second pattern™é

and"Y on withY and™Y off. The final pattern iSY and"Y on while theother two switcheSY and

Y are off. The three possible patterns are illustrated in Fig. 4.3 parts d, e and f respectively, where

zero voltage is experience by the phase winding. The {oapstcitors are unaffected.

Fourth voltage level, € w : Thisvoltage level involves two switch patterns. The first pattern is
"Y on while the other three switch&diY and"Y are off. The second pattern™¥on while"YRY
and"Y are off. Fig. 4.3 parts g and h illustrate the two patterns, where is applied across
the phase winding aralternation between the two patterns enab&sacitor voltage balancing.

This transient state ensures switch voltage sharing.

Fifth voltage level, & : The last voltage level is with all the switcHa$iYRY and"Y off, as
shown in Fig. 4.3i. The dmagnetization energy via the motor winding charges the boost
capacitors in series, to a voltage greater thét#educing the winding current to zero before the

phase enters the negative torque productgion.

Table 4.1 summarizes the possible voltage levels of the proposed converter, where alternation of

the transient half voltage states ¥ allows boostcapacitor voltage balancing.
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Table4.1 PROPOSEDNPCCONVERTEROUTPUT VOLTAGE STATES

Fig. 4.3 dc link initial dc link final Capacitor
Level State/KVL
state voltage voltage voltage
© 3(a) YRYR b RYRY &) &) IR 6 2 L
, 3(b) YHO b5 RYRY , , 67269
€W . W w Y
3(c) "YR'Yh hHO RY 0y0Zz
3(d) O RYRY
o 3(e) "YRO Fo RY ) [ 62 612
3(f) "YR'YRO
, 3(g) 0 HORY , 6 96 Z
€W S w w .
3(h) "YhO ho hO 07209
w 3(i) 0o h M HO @ @ w 0yoy
Table4.2 NPCCONVERTEROUTPUT VOLTAGE STATE SEQUENCES
Two QuadranOperation
(one direction ofotation)
Increasing L Decreasing L
Motoring with™Y off Braking/Regenerating witlY on whenw T
) Center Pulse End First +V Center Pulse End
First +V
+V and OV -V (energize) -V and OV -V
OVYAW -V | 0V VAW -V
+VVWOVYW+N @Y @Y (| -VY%WOVY¥AY-V @Y @QY(I
N oY (e)Y (a)
QY OVY +V or or
Below . . . . then ) . . . .
(a )Xo (d)Y (b)Y (@ OY {O)Y (i o (i Y @Y QY@ ©OYMHOYC(i
base speed| . . . +V YL2\Y OV i i
q¥ (e)Y (a) alternating with W (d alternating with
o e o a e
CaxW OV oy@ wwovy WD 6 sy aveg v
. a Y (f i
@Y (&Y (i) @) v o 0)
Above hase |g¥ OVY +V VY OVY -V | g OVY +V VY OVY -V
o na L . na L
speed  |q¥ (e)Y (a) @Y (e)Y (i) | (e)Y (a) (@Y (e)y (i)
States in bracketsas per Fig. 4.3 When changing switch states, an outer switwhys first off and last on
o tri-state all switches off, state (i) weld state(always fort%2V) ,  <sthteissshownin red italics
Y single state changed Y two states simultaneously changed bold statei one of two alternating states

51



Table 4.2 summarizes the sequence of states during motoring below and above base speed and
during regeneration. The half voltage states are transitional, and dwelling is long enough to ensure

switch voltage clamping (sharing). The allowable state transitoe shown in Fig.4.4.

(a) +Q

bf \C + %0
(d)f( )\ /A/' )\(f O;
NSNS
\(i)f ®

Fig. 4.4 Converter switch states and allowable single and simultaneous double state transitions.

4.2.2 Braking mode

Fig. 4.5 shows converter operatiortie braking mode (zero voltage states are Fig. 4.3 (d) (e) (f)).

Regenerative braking does not involve the boost capacitors.

Any current in a phase during the decreasing inductance period produces a negative (reversing)
torque. Current is injected into tpkase winding with all switché¥R'YRY and"Y on (Fig. 4.5a

which is similar to state 4.3(a) but the beoapacitors are not involved), thus producing negative
(reverse hence braking) torque.this mode, the dc link switcly is turned on #er the boost
capacitors discharge to . By turning off all four switches, (the state in Fig 4.5b, which is similar

to state 4.3(i), except the boastpacitors are not involved), braking with regeneration occurs,
with current fed back intoo via the dc link switchY and diodesO and’O . The braking
(current) requirement and limit is controlled by interposing zero voltage states, 4.3(d), (e), (f),

within the-V state.

The current should reach zero before the start of the increasigfande. Stored energy in the
motor associated with that pole is fed back to the dc supply thus providing efficient and fast

regenerative braking action, without the voltage on each foapstcitor increasing aboveud .
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Fig. 4.5 Regenerative braking mode: (a)Magnetization, and (bjn2gnetization

4.3 Sizing of the boost capacitors

Each boostapacitor voltage rating Isalf the maximum dc link voltage expected after boosting.
The dc link capacitance in this application is not based on the normal NPC converter requirement
of providing full load energy at the intermediate voltage levetsw . Capacitance is based on

the boosting property of the proposed topology. Relatively low capacitance will result in an
excessive over voltage, necessitating higher voltage rated devices. Relatively large capacitance
results in no significant boost voltage (as with the conventioR& Bonverter)ln [4-6], and [4

11] a formula facilitates sizing of the boasgtpacitors. SRM magnetic ndinearity is neglected,

with a linear model being adopted. In94and [410], no direct formula is presented to size the
boostcapacitors. Also, psecurrent overlap crucially affects boosting behaviour. In the
following section, a design approach for sizing the beapacitors is presented that accounts for
SRM magnetic notinearity. The proposed double arm topology eliminates the problem afphas
current overlapFig. 4.6 shows aRLC circuit modelling the SRM during emagnetization at the

end of the torque producing period.
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Fig. 4.6 Equivalent RLC circuit for the NPC based SRM drive during thendgnetization period

The equivalent capacitor initial voltage at the beginning of thmalgnetization period is the dc
link voltagew , while the initial current in the phase windiisggiven by [419]:

° f@mo (4.3

whereP is the motor powem is the number of phasesnducting simultaneously,is the motor

efficiency, andQ is the SRM duty cycle.

The equivalent resistance and capacitance are calculated 41@nand @.3) respectively.

Q0— hO
Y Y] —a (4.2

0 €0 4.3
The phase inductance is defined by (4.4) which accounts for SRM magnetinewrty [4-20].
0-HQ 0 Q 0 QAT®— 0 QAT & — (4.4)

The coefficient®d "D QAT R "Qare defined by:

0 Q eed Q0 0 Q (4.5)
0Q €0 Q O (4.6)
0 eed Q0 O 0 (4.7)

54



where
0 is the unaligned inductaneeurrent independent.
0 "Qis the aligned inductancecalculated at currerib.
0 "Qis the halfway inductancecalculated at currerid.
The inductances can be calculated using FEA or experimentally.

Applying KVL for theRLCcircuit in Fig. 4.6, assuming constant induceatthe instant of phase

turn off:
p v~ s

With the initial conditions given by (4.9) and (4.10):
O— O (4.9)

o )
o 0

5 Y O w (4.10)

Q
Q
The current expression is defined by (4.11) for the overdamped case (narmally—).

W Q60 4.19)

wheren andr) represent the poles of the characteristic equation, defined by:

Y Y
f] h - - L (4-13

Using the initial conditions) ando are defined by4.13 and @.14) respectively:
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5 ‘ 4.13
n n
.Y @
s o T T (4.14
n n

The time for the motor winding current to decay, is denotedl byand calculated using:

11 &
5 (4.19
B

n

When the current in the motor winding decays to zero afterdimethe voltage on the capacitor

(o o )is

(4.19

s p
w 0 O =
0

JlO
o)
|
Q

Solving (4.16), the boostapacitance is determined in terms of the boost voltage (dc link voltage

in excess o¥/pc).

Although the scope of the chapter isetxploit the series connection of switches, exploiting the
multilevel feature would allow reduced current ripple, hence noise, especially at low speeds. In
this case, the capacitance should be adequate to supply significant energy to the motor phase.
Equaton (4.17) describes capacitor voltage ripple.

. YO

Q §28 417
°Vo (4.17)

For 5% voltage ripple, the capacitance is:

O

w6 0 (449

P

where™Qis the sampling frequency.
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Equations (4.16) and (4.18) could be used to size the capacitor to imperf@nance at both

low and high speeds.

4.4 Simulation Results
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Fig. 4.7 Variation of (a) basspeed and (b) boesbltage with capacitance.
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The 25Nm 1500rpm SRM specifications used inFE#A, MATLAB\Simulink simulations and

experinentation are given in Appendix. Ahe sampling frequency used for simulation is 40kHz,
and the motor drives a constant load of 25Nm.
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-1000 —Current 50
0.37 0.375 0.38 0.385 0.39
Time [s]
(a)
Upper capacftor voltage
450 ¢
2.300 =
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o . (@2}
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= =
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Time [s]
(b)

-vapatcitors: Gapphdse Voltage artd current at base speed and (b) |
capacitorsp andd voltages.
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Fig. 4.7 shows the variation of basgeed and booswltage with dc link capacitance (upper +
lower capacitance foone arm) at different dc link voltages. The motor ksseed and hence

output power (power = torquespeed) increase using boost capacitors.

For 300V boosv ol t age, based on Fig. 4.7, 65¢kF, >450"
voltage is fixedto 600V. The voltage and current waveforms for one motor phase using the
selected capacitance are shown in Fig. 4.8a and the balanced&oastor voltages are shown

in Fig. 4.8b. Because two phases share a common central converter leg, small ¢onremthé

decreasing inductance regions, (due to voltage spikes in Fig 4.8a).

Fig. 4.9 shows the voltage and current waveforms below base speed, at 1&2&fhe dc link
voltage € @ (which is alternated between states 4.3(b) and 4.Ba)}edal y f or 1les
transient state to ensure voltage sharing between phase switches tasfiieg diode® and

O are only transient current rated if switch state 4.3(e) is not employed.

800 —Voltage 31
== Current
600 29
2. 400 27 <
g 200 ~— 25 3
0 23
-200 21
0.94466 0.9447 0.94474 0.94478
Time [s]

Fig. 4.9 Phase voltage and current waveforms during excitation at low speed.

The PWM adopted in this control strategy uses only 0% and 100% duty cycles for the switches
(that is,at each sampling instant if the error signal in phase current is positive, the appropriate

switches are turned amtil the next sampling instant. Otherwise, the appropriate switches are
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turned off) This PWM strategy enables the sampling (phase curreqt)eihcy to be twice the
switching frequency for more accurate operation with lower switching losses and current ripple
noise. Device losses are symmetrical about the central leg (but not uniformly distributed).
Capacitor balancing takes precedence overrating of the +%pc states.

SRM torque/speed and output power/speed characteristics with and withoutdymastors are
shown in Fig. 4.10Below base speed, current chopping control is applied for constant torque
operation. Above basgpeedthe advace angle control method is employed for constant power
operation. The proposed voltageosting method (50%) increases the motor Ispsed from
1735rpm to 2130rpm, giving 23% increase in the output power (W/kg) at base speed. This
improvement allows # SRM to compete with PMSM in terms of power density.

32 — Torque (4*65uF) 6000
30 |— Torque (4*105uF) £
== Torque (No boost) 15000
28 — Power (4*65uF) —
— Power (4*105UF) / 14000 S
; 26 =——Power (No boost) / (200V,2025rpm E
el B
300V,2130rpm
O 24 /(ov,1¢35r} ) AN ) 3000 @
g22 / \\ g.
= / 12000 £
20 4 \ x O
N4 NN 1000
NN

0
0 500 1000 1500 2000 2500 3000 3500
Speed [rpm]

Fig. 4.10 Torque/speed and power/speed characteristics

To assess braking mode performance, the SRM is motored for 0.4s with current injected in the
rising inductance region. After receiving a braking command all the phases are briefly turned on
(including those switches on, remaining on) simultaneously tovalle boost capacitors to
discharge (td/oc) into the machine windings and then all the switches are turned off until the
current decays. Current is then injected in the falling inductance region (the phase sequence is
reversed) to allow regenerative bragias shown in Fig. 4.11a. This is the simplest, but not

necessarily the optimal reversing/regeneration method.
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Fig. 4.11 (a) Regenerative braking and (b) Voltage and current waveforms during regenerative braking
chopping).

Fast and efficient braking action is achieved without dissipating energy (regeneration). The dc
supply is disconnected after the motor comes$b, otherwise the motor will rotate in opposite
direction (reverse). Since the SRM back emf is negative when current is injected in the falling

inductance regior] (¥ — 1), a soft chopping current control mode (GV) is applied during
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motor brakinginstead of hard chopping current control (+V,) as shown in Fig. 4.11b to

minimize switching losses during braking.

4.5 Experimental Results

Fig. 4.12 shows the experimental test rig used for drive validation. A dc source voltage of 100V is
utilized, theboset i ng capacigropand tlersamplindbfieduengy is 20 kHz. The
effect of voltage boosting on SRM performance is compared in two different cases; single pulse

mode and currergwitchingmode.

T Converter

Fig. 4.12 Experimental test rig

Fig. 4.13 shows the phase voltage, current, capacitor voltages, instantaneous torque and speed, in
each case. Below base speed (that is, custeiithingmode), where the torque is constant, the
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speed is controlled by adjusting the phase reference current. Allowing the current to build up

quickly enables the SRM to operate at higher speed.
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Fig. 4.13 Experimental results: current chopping mode (a) without voltage boosting and (b) witichpasitors,
single pulse mode (c) without voltage boosting, and (d) with baaysdcitors. Phase voltage (CH1), phase cur
(CH2), upper capacitor voltage (CH®)wer capacitor voltage (CH4), and instantaneous torque.
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Fig. 4.13a shows SRM performance without voltage boosting, where the phase voltage is equal to
the dc link voltage, while the capacitor voltages are maintained at half the dc link voltage. Since
the available dc link (source) voltage (without boost) is insufficient for the current to build up
quickly, the speed is 165 rpm.

Fig. 4.13b establishes that motor performance in the current chopping mode is enhanced, since the
phase voltage is equal to thde source voltage (battery) plus boost voltage. The extra voltage
supplied by the boost capacitors allows fast current fupldThe speed increases to 290 rpm
(froml65 rpm without boost) at the same | oad

the outer/inner switches to assure equal voltage stress on the switches as presented in Fig. 4.13b.

Above base speed, the speed is controlled by adjusting the turn on/off angles and the SRM operates
in the constant power region. Fig. 4.13 parts ¢ asdalv SRM performance without and with
boosting voltage respectively in the singiélse mode. The extra voltage offered by the boost
capacitors allows the current of the incoming phase to build up quickly, thus increasing the motor
speed from 380 rpm to 6&pm at the same load torque. Also, the outgoing phase current decays
faster in the presence of the increasing booltage. The exaggerated improvement in the motor
speed obtained experimentally (around 75%) is due to the accentuated boost voltagedcctompa

dc source voltage.

To emphasize the importance of voltage boosting on current build up, the rise time of phase current
with/without voltage boosting for the two cases; current chopping mode and single pulse mode, is
presented in Fig. 4.14 parts aldnrespectively.

The simulated and experimental tortgeeed characteristics are compared in Fig. 4.15a, while
Fig. 4.15b shows the simulated and experimental output power. The effect of a beoktigg

is shown to have significant effect on the mdiasespeed, meaning the rated torque region is
extended, with a corresponding increase in output power. The deviation between the experimental
and simulated results is due to the modelling of the SRM using FEA, along with ignoring machine

core loss.
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Fig. 4.14 Experimental voltage and current rise time: (a) current chopping mode (with and without volte
boosting) and (b) single pulse mode (with and without voltage boosting)

4.6 Machine performance comparison

Two machine types (SRM, and PMSM) are compared in Table 4.3, based on their typical relative
power to weight ratio [€1]. In Table 4.3, the SRMowerto weight ratio suffers because of a

compromised base speed due to the inabdifptce sufficient current into (or from) the machine
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at higher speeds (power = torquspeed). DC rail voltage boo&0%) increases the speed at
which full load torque can be delivered (from 1735rpm to 2130rpm), hence improving the power

to weight ratio(by 23%) to be competitive with that of a PMSM, for a given source voltage.

3 = 4*75uF cap (sim)
28 === N0 boost (sim)
' > 4*T5UF cap (exp)
26 4 No boost (exp)
E - —— - -
Z.24 \ \
g \ \
o 2.2 e
S \
2
' L
1.8 \
1.6 -
0 200 400 600 800 1000 1200
Speed [rpm]
(a)
200
X %
x
150 /

[

Output power [W]
3

[&)]
(@]

—4*75uF cap (sim)
== N o boost (sim)
X 4*7T5uF cap (exp)
0 4€ No boost (exp)

0 200 400 600 800 1000 1200
Speed [rpm]
(b)

Fig. 4.15 Experimental versus simulated characteristics with and without dc link voltage boosting: (a
torque/speed and (b) output power/speed.
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Table4.3 RELATIVE PERFORMANCE OFTWO MACHINE TYPES
Relativepu PMSM SRM SRM + Boost

Power @ o 1.0 0.8 T80 Frido

SRM power to weight ratio: 200V boost

4.7 Converter performance comparison

The proposed topology facilitates lowsting semiconductor devices, which have the merits of:

1 Lowercost.

1 Smaller size.

1 Higher efficiency.

i Faster response.

The proposed topology, which is based on the NPC, adds minimal cost to the converter when
compared with the conventional asymmetric topology (Fig 4.1a with regeneration circuit and Fig

4.1c). Theproposed converter utilizes two series dc link capacitors per arm instead of one.

However, each capacitor is rated only half the dc link voltage. Thus, the overall cost of the

capacitors isiear the same since the total enemglyence volume are near trense.

Conventionally, VA is used as a measure to compare the power ratings of semiconductor devices.
Since, the proposed topology allows connecting switches in series, each switch is chosen to
withstand only half the dc link voltage with the same curretimgaAlthough, the number of
switches (and gate drives) increases in the proposed topology, the overall VA does not change.
Regarding the main diodes, they block the full voltage, as in the conventional asymmetric
topology, with the same current rating-he clamping diodes are additional components. The
voltage rating of the clamping diodes is half the dc link voltage and only have a transient current
rated. Table 4.4 summarizes a cost comparison between both topologies. The dc link switch and

diodes (foregeneration) are excluded as they are the same in both converters.

Extra gate drive circuits and voltage sensors are required with the proposed topology, but the
advantages of deploying loweating semiconductor devices, especially for high power

appliations such as EVs mitigate the extra cost.
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The PWM adopted in this control strategy (applicable to both converters) uses only 0% and 100%

duty cycles for the switches which enables the sampling (phase current) frequency to be twice the

switching frequencyor more accurate operation with lower switching losses and current ripple

noise.

Although the adopted control strategy is more complex, it allows device losses to be symmetrical

about the central leg which is a drawback in the prior state of the aré@ntopology causing

asymmetry stress distribution (unless the control strategy is changed, hence losing simplicity).

Table4.4 CosTCOMPARISONBETWEEN CONVENTIONAL ASYMMETRIC AND ASYMMETRIC NPC CONVERTERS

Conventional asymmetrical converter

Asymmetrical NPC converter

with voltageboosting with voltageboosting

Rating Quantity Total Rating Quantity Total

Switches @ xI 6 6w x| 0.50° x| 12 60 xI

Switches total 6w x| 60 xI

Main diodes @ xI 6 6w X I @ xlI 6 60 x|

Clamp diodes - - 0 0.50° xmdr1°) 6 0.1 x|

Diodes total 6w x| 6.120° x|
Current transducers 2 2
Voltage transducers 2 4

I” Transient current rated diode at 40kHz sampling frequency
W M@ Qd a6 OEX i 0

6000 . . :
—
L / J
5000 y
Py
4000 - yd ]
< /
- /
® 3000 - / J
- /
n? / ——Common phase converter
2000 - / ——Common phase with boost| -
y 4 Proposed NPC with boost
1000- 7 ]
/
0 - L L 1 |
0 500 1000 1500 2000 2500 3000
Speed [rpm]

Fig. 4.16 SRM autput power using three different converters
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To further highlight the merits of the proposed converter, a comparison between prior art
topologies (either without or with voltage boosting as per Fig. 4.1a) and the proposed converter
(as per Fig. 4.1c) is carried out. Fig. 4.16 comp&feM output powe at different speeds using

the three converters. The effect of voltdgposting (either itheprior art topology or the proposed

NPC converter) is significarand improveshe output power by 23%ver theprior art topology
without voltageboosting.

Fig. 4.17 compares the conduction and switching losses of the three conv8derEonductor
switchedrom the same manufacturer (IXYS Semiconductor), with main parameters given in Table
4.5, are deployed for\alid comparisonThe main diodes haveforwardvoltagew p& vlin

the proposed topology, fast recovery Schottky diodes with transient current rating are deployed as
clamping diodes since thew states are transient states dwelledpforito assure equal voltage

stresses on switches.

500
-Conductlon loss

-SW|tch|ng loss
400
B I I

500rpm 1000rpm 1500rpm 2000rpm 2500rpm 3000rpm

Power [W]
S
(=]

o
o
o

o

Fig. 4.17 Power loss for three different converters
Left: prior art topology without boost, Middle: prior art topology with boost, and Right: Proposed NPC con

The prior art topology without voltageoosting has the lowest conduction and switching losses as
the semiconductor devices are rated @ailthedc link voltage. However, the proposed topology

has lower switching and conduction losses below and above base speed when comp#red with
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prior at topology with voltagéboosting. The lowated and fast semiconductalevices
significantly improveconverterefficiency.

Table4.5 RATINGS OF SWITCHES

Point Common phase Common phase Proposed NPC
without boost with boost with boost
Switch IXFK32N80OP IXFB30ON120P IXFR48N60P

Voltage rating (V) 800 1200 600
Current Rating (A) 32 30 32

Turn on resistancey() 0.27 0.35 0.15

Turn on rise time (ns 24 60 25

Turn off fall time (ns) 24 56 22

SRM drive efficiency with the three converters is illustrated in Fig.4.18. The proposed NPC

converter with voltagéoosting has better efficiency at all speeds than the prior art topology with

voltageboosting.The proposed converter has better efficiency thaprior art topology without

voltageboosting at high speeds.

90 T ‘I |
- ’x == —a—';‘(_“‘--—_*
85 [ X’ - - - -*’ - i
<80 o i :
—_— 4
a / 7’ ’
E} 757 ,’ ¥ =X Common phase converter
2 1/ —% Common phase with boost
W70 - , , Proposed NPC with boost
’
! //
655, :
!
/
60* L | | L
500 1000 1500 2000 2500 3000

Speed [rpm]

Fig. 4.18 SRM drive efficiency using three different converters
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Table 4.6comparegshe three different converter topologies

Table4.6 COMPARING THE PROPOSE NPCAND PRIOR ART TOPOLOGY ONVERTERS

Point Common phase Common phase Proposed topology
Without boost With boost
Switching stress(about center le Unsymmetrical Unsymmetrical Symmetrical

Switch efficiency High Low High
Switch response Fast Slow Fast
Switch size Medium Large Small
Current ripple Low High Low
Acoustic noise Low High Low
Power density Low High High
Base speed Low High High

Cost of semiconductor devices Low Medium Medium
Cost of gate drivers Low Low High

Cost of capacitors - Similar Similar
Cost of voltage sensors - Low High

Control complexity Low Low Higher

4.8 Summary

A novel asymmetric NPC converter with inherent dc link voltagesting capacitors for a four

phase SRM drive was presented. Analysis of the proposed converter during motoring and braking
resulted in a design approach for sizing the dc link boost capacitbe proposed converter
improves SRM drive performance at low and high speeds. The boost voltage increases the motor
base speed, hence output power and efficiency. The SRM power to weight ratio with voltage
boosting capability is competitive with the PMSand has the advantage of a higher torque to
weight ratio. Regenerative braking can be deployed for efficient andrédshgaction. The new
converter allows series connection of fast,-Moltage, efficient switches. Topology penalties are
increased nmber of gate drives and increased control complexity when introducing NPC

intermediate dwell states.
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Chapter 5

Theory and Operation of the SRM with Rotor Conducting Screens

This chapter investigates the effect of utilizing ralarctricalconducting screens within an SRM.
Conducting, normagnetic materialsuch as aluminm or copper are inserted into the interpole
regions of the rotor. The effective unaligned inductance decreases which in turn increases the
conversion area allowing the SRM to develop more pow&rprocedure for calculating the
effective umligned inductance for screened motors using the flux tube method is presented. Finite

element analysis results establish the validity of the proposed calculation method.

5.1 Introduction

In simplistic terms, the current into and out of an SRM (at pbasent turron and turroff) can

be expressed by
W 0=, (5.2)

The objective is to force the current into and out of the machine as quickly as possible, that is,
through maximizing th& % derm, the basepeed, whence output power can heréased. The

inductive termL is related to the machine design and specificallyldyor V fixed) at only phase
turnron will increase the conversion area, and hence increase the output power, as shown in Fig

5.1. (Highel is required at the turoff to maximize the machine eenergy).

The concept of conducting screens was proposed -b] [® increase the output torque.
Conducting, nofimagnetic materials such as alumim or copper are inserted in the interpole
regions of the rotor. The conducting sere@ncounter a timearying flux due to motor rotation,

which induces a voltage. The induced voltage produces eddy currents, which in turn produce flux
that opposes the original stator pole flux. The opposing flux results in a decrease in the effective

undigned inductance. However, the impact of reducing the unaligned inductance on the developed
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torqgue was not positivén [5-2]-[5-4], the rotor conducting screens were tested for-fhase

(8/6), twophase (4/2), and singlghase (2/2) SRM, respectivelilthough the deployment of

rotor conducting screens improved SRM torque per unit volume, the effect of thickness, shape,
and material of the conducting screens on SRM performance, including screen loss, was not
investigated. Hence, there is no guide awdddor the optimal selection of the conducting screen

to yield good performance at low cogtlso there was no attempt to calculate the effective

unaligned inductance for an SRM with conducting screens.

In this chapter a detailed calculation method basediux tubes is presented to calculate the
effective unaligned inductance farscreene@RM. The proposed method (which is based on the
flux tube method) [55] is validated by FEA using four different SRMs. The dynamic performance

and optimal selectionf@otor conducting screens are discussed in chapter 6 in detail.

5.2 SRM with rotor conducting screens

Torque is dependent on the difference between the aligned and unaligned inductances (which
represents the increase ineoergy), and increasing this diffece produces more torque and

hence, output power as shown in Fig. 5.1.

Aligned position

T=4

Decreasing
Unaligned
~ Inductance

Fig. 5.1 Flux linkagei currenta-—i characteristics of SRM with and without conducting screens
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In order to decrease the unaligned inductance (without affecting the aligned inductance), the spaces
between rotor poles can be filled with rovagnetic, electrically conducting material such as
aluminium or copper, as shown in Fig. 5.2; this material isnexddo as the conducting screen

flux barrier) The conducting screens are electrically isolated from the rotor and there is no

electrical connection between the conducting screens.

Rotor
Screen

p A
\l

Fig. 5.2 Rotor conducting screens, in the interpole regions

A
Voltage
(Vo
Current
/With SCreens
-~ - s Current
/- N without screens
~ —
4
don d;)ff
Y B
v

Fig. 5.3 SRM voltage and current waveforms with and without conducting screens
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Due to motor rotation along with stator coil excitation, the conducting screens encounter a time
varying flux, which in turn induces voltag€ ® d @ ). @he induced voltage produces circulating

eddy currents that produce fluX( (i). The produced flux opposes the original flux from the stator
poles. The opposing flux (which increases the effective flux air path length and reduces the
effective area) results in a decrease in the effective unaligned inductance. The decrease in the
effective unaligned inductance allows rapid current building up at initial winding excitation, as

demonstrated in Fig. 5.3, which increases the motor output torque.

To gain insight into the effect of rotor conducting screens on the SRM performance, Fig. 5.4 parts
a and b show the flux path for unscreened and copper screened SRMs, respectively, when one
stator phase is excited. Fig. 5.4b shows that the reaction fieldqed by the eddy current in the
copper screen opposes the stator magnetic field, hence preventing the flux lines from crossing
through the rotor interpole region, unlike in Fig. 5.4a. The reluctance path lengtbhreased and

the ared\ is reduced, ths decreasing unaligned inductah¢eincel® ! ¥

5.3 Calculation of effective unaligned inductance for screened SRM

In the early design stage, it is tirmensuming to use FEA to predict motor performance. Any
change in the motor geometrical dimensions, nemobstator/rotor poles, turns number, excitation
current or firing angles will dictate a new model to be built and simulated, involving a time
consuming process{8]. Thus, suitable analytical methods can provide a compromise between
accuracy and speed calculation. The torque depends on the conversion area (area OAB in Fig.
5.1) which is the increase in-®mergy when the rotor moves from the unaligned to the aligned
position. Reducing the effective unaligned inductance will increase the convemsagrhance
increase motor output torque. Generally, the conducting screens will have negligible effect on the
aligned inductance, since the rotor pole arc is generally greater than the stator pole arc, so flux
fringing and leakage are minimal. But the effee unaligned inductance will be affected
significantly. To predict motor performance, the effective unaligned inductance should be known.
In this section, the flux tube methodT$is used to calculate the effective unaligned inductance.
Fig. 5.5 showghe flux paths in the unaligned position, where five flux tubes are sufficient to

describe the flux paths.
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Flux path 1
Flux path 2

Flux path 4
Flux path 5

Fig. 5.5 Flux paths

Fig. 5.6 shows the magnetic equivalent circuit used to calculate the effective unaligned inductance.
Y AY AY RY AT "X are the reluctance paths for the stator pole, air gap, rotor pole, stator back
iron, and rotor back iron respectiye The different reluctances are calculated using machine

geometrical dimensions.

For nominal current rating, air gap reluctance dominates the unaligned reluctance resulting in
linear flux linkage current,_ “@characteristics; hence, core satumati® not involved, which

simplifies the analysis.

Generally, reluctance is defined by

Yoy (5.2)
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wherel is the length of the flux path is the crossectional area, and AT ‘A are the
permeability of air and Fe relative permeability respectively. The reluctances for the five flux paths

are formulated in the following subsections.

v =|h JII :{v— 7w 1>

%

Fig. 5.6 Magneticequivalent circuit

5.3.1 Flux path #1

Fig. 5.7 shows flux path #1 with relevant angles required for derivation. The flux path involves
the rotor back iron, the stator back iron, the rotor pole, the stator pole, and the interpolar rotor air
gap. Hence, five reluctances are used to completBuhgath. The flux path length and cress
sectional area are calculated as follows. The flux is assumed to leave the stator pole at the tip, and
to enter the rotor pole & from the pole tip.[( is rotor pole ard, is stator pole arc, ardis

the number of turns on one stator pole.)
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Hux path 1

Sator pole

Conducting screen

Rotor pole

Shaft

@)
NI

Fig. 5.7 Flux path #1

5.3.1i Air gap reluctancey

The length of the air gap flux path is the arc BC, as shown in Fig. 5.7, which is:

6 QEQQH 6 € 086 06— (5.3)

EB, EC and— are calculated using (54%.6), respectively.

06 86 60 (5.4
06 06 00 (5.5)
— 0on — — (5.6)

The angles— and— are defined by (5.7) and (5.8), respectively.
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4700, . (5.7)

A
— OAT'Oéyo-O (5.8)

The lengthAB, AE, DG andDE are given by (5.9 (5.12) respectively.

06 € QOEl (5.9)

50 e QATed €0 (5.10)

06 €Q a Al Oe 6©f €0 (5.11)
00 €Q &a OKEI— of (5.12)

The crosssectional area is the average of the stator and rotor areas. The flux is corftheato

the stator pole arc and %4 of the rotor pole arddence, the area is defined as:

5i Qi 0 Q D €Q & ©f (5.13)

5.3.1ii Stator pole reluctancey,

The flux travels the length of the stator pole. Hence, the length of the flux path is defined by (5.14),
while the area igiven by (5.15).

& 'Q £0Q30 (5.14)
51 Qd Q 0 (5.15)

5.3.1iii Rotor pole reluctancéy

Equation (5.16) defines the length of the flux path in the rotor pole, which represents the mean

flux path. The area is given by (5.17).

a QEOQ0 (5.16)
51 QM €Q & (5.17)
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5.3.1iv Stator back iron reluctancy,

The length of the flux path in the stator back iron is defined by (5.18), while the area is given by
(5.19).

AQEAQE“ O © (5.18)
b1 QM G (5.19)

5.3.1v Rotor back iron reluctancg,
The flux path length in the rotor back iron is defined by (5.20) and the area is given by (5.21).

aQENE“ 0 (5.20)
b1 QM @ (5.21)

After calculating the required reluctances, the inductance for flux path #ik:

0 , ‘ , , , (5.22)

5.3.2 Flux path #2

Flux path #2 is illustrated in Fig. 5.8, where the flux is assumed to leave the stator bk at

from the top of the stator pgland to enter the rotor pole at the middle.

5.3.2i Air gap reluctancey

The length of the air gap flux path is the arc BC, given by:

aQEQW 6 € 06 06— (5.23)

EB, EC and— are calculated using (5.209.26), respectively.
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06 06 00 (5.24)

06 06 00 (5.25)

— Wmn — — (5.26)
I
|‘\

Sator pole |
| Hux path 2

. A'lB
Conducting screen —1 ~q

Rotor pole

Saft

1)
NP

Fig. 5.8 Flux path #2
The angles— and— are defined by (5.27) and (5.28), respectively.

— OAI90, 4 (5.27)
— 0A100,4 (5.28)
The lengthsAB, AE, DG andDE are given by (5.29) (5.32) respectively.

06 € QOEl (5.29)
50 eQAled ©0Q €0 (5.30)
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06 €Q & AleG— €0 (5.31)
00 €Q & OKI— (5.32)

The crosssectional area is the average of the stator and rotor areas. The flux is confiffe@to

the stator pole height and | of the rotor pole arddence, the area is:

i Qe 0 Q 0 eQ a I (5.33)

5.3.2ii Stator pole reluctance,
The flux travelsyaQ of the stator pole, hence the length of the flux path is defined by (5.34), while

the area is given by (5.35).

A QEQQG Q (5.34)
851 Q& QO (5.35)

5.3.2iii Rotor pole reluctancéy
Equation (5.36) defines the length of the flux path in the rotor pole, which represents the mean

flux path. The area is given by (5.37).

& QEQQIQ (5.36)
51 QM €Q & I (5.37)

5.3.2iv Stator back iron reluctanc¥,

The length of the flux path in the stator back iron is defined by (5.38), while the area is given by
(5.39).

aQENQE “ 0O ® (5.38)
b1 Q0 @ (5.39)
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5.3.2v Rotor back iron reluctance,

The length of the flux path in rotor back iron is defined by (5.40) and the area is given by (5.41).

AQENE“ 0 (5.40)
61 Q0 & (5.41)

Finally, the inductance for flux path #2, is:

0 , ‘ , , , (5.42)

5.3.3 Flux path #3

>

Sator pole

Conducting screen

Rotor pole

Shaft

NI

@
\

Fig. 5.9 Flux path #3
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Fig. 5.9 shows flux path #3 which is similar to path #2 except for some different dimensions. The
flux is assumed to leave the stator pol&.&, and to enter the rotor poleglt from the rotor

pole tip.

5.3.3i Air gap reluctanceyY
The length of theiagap flux path is the a8C, given by:

A QEDH 6 € 06 06— (5.43)

EB, EC and— are calculated using (5.445.46), respectively.

06 006 00O (5.44)
06 06 0O (5.45)
— Wmn — — (5.46)

The angles— and— are defined by (5.47) and (5.48), respectively.

— OAT00, (5.47)
A

— 0A106,4 (5.48)

The lengthsAB, AE, DG andDE are given by (5.49) (5.52) respectively.

06 € QOEl (5.49)

60 eQATed >0Q €0 (5.50)
06 €Q a AleO— 6f €0 o (5.51)
00 €Q a OEl-e 6 (5.52)

The crosssectional area is the average of the stator and rotor areas. The flux is con¥#ffeato

the stator pole height and%4 of the rotor pole arddence, the area is:
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51 Qcx 0 8Q 0 €Q a ©f (5.53)

5.3.3ii Stator pole reluctancey,
The flux travels onlysQ of the stator pole, hence the length of the flux path is defined by (5.54),

while the area is given by (5.55).

a QE00 60 (5.54)
51 QOQD (5.55)

5.3.3iii Rotor pole reluctancéy
Equation (5.56) defines the length of the flux path in the rotor pole, which represents the mean

flux path. The area is defined by (5.57).

a4 QE008Q (5.56)
51 QM €Q & of (5.57)

5.3.3iv Stator back iron reluctancy,

The length of the flux path in the stator back iron is defined by (5.58), and the area is given by
(5.59).

AaQEQE“ 0O (5.58)
61 Q0 ® (5.59)

5.3.3v Rotor back iron reluctance’,

The length of the flux path in rotor back iron is defined by (5.60) and the area is given by (5.61).

aQEQE“ 0 ® (5.60)
b1 Q0 @ (5.61)
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The inductance for flux path #8, is:

cO

5.3.4 Flux path #4

The fourth flux path is shown in Fig. 5.10.

Hux path 4

— |A ~
Sator pole ™ -

Shaft

Fig. 5.10 Flux path #4

(5.62)

The flux flows from one stator pole to the adjacent stator pole through the air gap and returns via

the stator back iron. The rotor is not involved in this flux tube. The three reluctances,

'Y RY PAT X |, for this flux tube are calculated fadlows.

5.3.4i Air gap reluctancey

The length of the air gap flux path is the B&

4 QEQQDH 6 06—

OB and— are calculated using (5.64) and (5.65), respectively.
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b6 006 060 (5.64)

— — ¢— (5.65)
where,
—is the stator pole pitclf ( 5 )
06 € QOET (5.66)
00 eQATed ©70 (5.67)
AAT0O0. .
—  OAT 56 (5.68)
The crosssectional area is given by:
01 QuB®QL (5.69)

5.3.4ii Stator pole reluctancey,

The flux travels¥sQ of the stator pole. Hence, the length of the flux path is defined by (5.70),
while the area is given by (5.71).

A QEQQG Q (5.70)
51 QB (5.71)

5.3.4iii Stator back iron reluctanc¥,

The flux path length in the stator back iron is BFedefined by:

A QEOQID0 § O— (5.72)

OE and— are calculated using (5.73) and (5.74), respectively.

00 00 00 (5.73)
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— — — (5.74)

where,
00 € QO ETf (5.75)
00 €eQATed Q O (5.76)
— O0AT90,4 (5.77)

The crosssectional area is given by:
61 Q0 ® (5.78)

The flux is assumed to link onk of the number of turns per phaséj2Hence, the inductance

for flux path #40 is calculated using:

; © 5.79
Y'Y ey ev (5.79)

5.3.5 Flux path #5

The last flux path is illustrated in Fig. 5.11. The flux leaves the stator pole to enter the stator back
iron, passing through the air gap. The flux path is assumed to represent the perimeter of a quarter
circle with centre at poinA and radius of a quaat the stator pole height@ The reluctances are

calculated as follows.

Hux path 5
A

X C
Sator pole

Fig. 5.11 Flux path #5
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5.3.51 Air gap reluctancey
The length of the air gap flux path is defined by (5.80), which represents the lengtiBGf &t

area is given by (5.81).

a4 QEOQE “© 60 (5.80)
51 Q& QO (5.81)

5.3.5ii Stator pole reluctancey,

The length of the flux path in thetator pole is defined by (5.82), and the area is given by (5.83).

aQENO® Q0 » (5.82)
51 Qd Qb (5.83)

5.3.5iii Stator back iron reluctanc¥,

The length of the flux path in the stator back iron is defined by (5.84), where the grean by
(5.85).

a 'QENOOQ (5.84)
b1 Q) @ (5.85)

The flux is assumed t o N)hemdetheinducianca fortflux eatht#d, r ns |
0 is:
cO

Y By ey ev (5.86)

Finally, the effectiveunaligned inductance is the sum of the unaligned inductances for the five

flux tubes, calculated using:
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0 0 (5.87)

5.4 Validation

Static FEA is used to validate the proposed flux tube method for calculating the effective unaligned
inductance of SRM with conducting screens. The proposed method is validated using four different
SRMs, shown in Fig 5.12, with sp#cations given in appendices A and B

8/6 SRM 6/4 SRM

0 Wt a TIaTA

() (b)

8/6 SRM 6/4 SRM

U C Tata 0 o’ A

() (d)
Fig. 5.12 Four SRMs with rotor conducting screens: (&), 4 SRM#GDb) 3i, 6/4 SRM1, (c) 4i , SRM8, and
d)3i, SRM3
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Table 5.1 compares the value of unaligned inductances obtained using mathematical calculations
(as proposed in the previous sectiorhviihe values obtained using FEA. A step voltage is applied

on the phase winding in the static FEA, heficg Q ds established and the effect of the screen is
observed. Otherwise, (if a constant DC voltage is applied to the phase winding) therenwill be
rate of change of flux and the screen will not be exploifdsk good engineering correlation

between the analytical and the static FEA values validates the proposed flux tube method.

Table5.1 UNALIGNED INDUCTANCE VALUES FORSCREENEDSRMS

SRM SRM-1 SRM-2 SRM-3
Proposed method 4.66 5.95 4.62 14.9
FEA 4.87 5.55 4.74 13.46
% error -4.3% +7.2% -2.5% +10.7%

5.5 Summary

This chapter investigated the effect of utilizing rotor conducting screens to desRidseffective
unaligned inductance. A detailed analytical method, based on flux tube method, is proposed to
calculate the effective unaligned inductance for a screened SRM. The proposed method was
assessed on four different SRMs (twWoSRMS and two 4 SRMs), where acceptable agreement

between the proposed method and FEA was recorded.
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Chapter 6
SRM Power Density Improvement using

Rotor Conducting Screens and DC Link Voltage Boosting

This chapter investigates SRM power density enhancement when using rotor conducting screens
anddclink voltageboosting. The utilization, dynamic operation, and optimal selection of rotor
conducting screens are explored. The effect of thickness, material resistivity and shape of the
conducting screens on the SRM performance is studied. A-ahjédive optimization problem

based on the concept of rndominated sorting is formulated to elicit the optimal screen with
respect to the developed torque, efficiency and weight of added material. FEA results for different

screens are presented.

6.1 Introduction

In the previous chapter, the concept of rotor conducting screens was expounded. It was shown that
when filling the rotor interpolar air gaps witklectrical conducting, nofmagnetic materials
(referred as conducting screens) such as aluminium or coppatage is induced in the screens

due to flux variationThe induced voltage produces eddy currents, which in turn produce flux that
opposes the original stator pole flux. The opposing flux results in a decrease in the effective
unaligned inductanc& he cecrease in the effective unaligned inductance allows a rapid current
building up. Hence, an increase in the conversion area and thereby the developed torque is

expected.

Fig. 6.1 shows the variation of inductance for half a cycle (from the unalignednedlposition)

for screened and unscreened SRMs, withSR&1 specifications in Appendix.Arhe unscreened

SRM has an unaligned inductance of 10.78mH, while this is reduced to 4.87mH in the presence of
conducting screens. This 55% decrease in the effecmatigned inductance increases the

conversion area (OAB to OR) by 18% as shown iRig. 6.2thus improving the SRM developed
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torque. The aligned inductance decreases by 2%, which is insignificant compared to the reduction

in the unaligned value.

60

Inductance [mH]
w o w
o o o

N
o

= No screen (Curve fit)
=—=With screen (Curve fit)
No screen (FEA)

X Wth screen (FEA)

Aligned

Fig. 6.1 Variation of inductance for screened and unscreened SRMs
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Fig. 6.2 Flux linkagei current,a i, characteristics
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6.2 SRM Dynamic performance with rotor conducting screens

In this section, the effect of rotor conducting screens on SRM dynamic performance is explored,
over the entire speed range. Varying screen thicknestgrial conductivity, and screen shape is

shown to alter the SRM developed torque. A common phase converter topology (as per Fig. 3.13)
is used for all simulations.

40

50
——No screen
30 - ——5mm Cu screen 40
= 5
Z 2%
20 o
5 =2
3 E’ 20
10
10 -
——No screen
~——5mm Cu screen
0r— : : : 0o— : : :
32 35 40 45 50 55 60 5 32 35 40 45 50 55 60 5
Angle [degree] Angle [degree]
(a) (b)
3 T
——No screen
25 ——5mm Cu screen
Average loss of screen
2 L
<
[75) 15 [
N
(@)
-
1 L
0.5r
32 35 40 45 50 55 60

Angle [Degree]
(©)

Fig. 6.3 SRM performance (FEA) with and without conducting screens at 1500rpm:
(a) Phase currents, (b) Developed torque, and (c) Screen loss
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6.2.1 Performance at base speed

Fig. 6.3 compares the performance of an unscreened SRM and a 5mm Cu screen SRM. Both SRMs
opeaate at base speed (1500rpm) with o ¢ and— T X. At base speed, the SRM back

emf equals the dc link voltage, hence the SRM operates in goffe mode. The unmodified

SRM delivers rated load, 24Nm, 4kW.

Fig. 6.3a shows that the reductimnthe effective unaligned inductance allows the current in the
phase winding to build up quicker for the screened SRM than for the unscreened machine. The
rms phase current increases from 11.7A in the unscreened SRM to reach 14A in the screened SRM.

Thisimplies an increase in the stator winding ohmic loss.

Fig. 6.3b illustrates that the increase in phase winding current reflects on the developed torque,
where a 29% increase in the developed torque is recdbileck the theory of operation of rotor
conducting screens is based on eddy currents, a new loss component (eddy current loss in the
screens) occurs, as demonstrated in Fig. 6.3c, specifically 1.3kW in a 4kW machine.

6.2.2 Performance above base speed

The performance of 5mm Cu screen SRM against unsmié@RM at 3000rpm is investigated in

this subsection with— ¢ @and— T T. Fig. 6.4a shows an increase in the phase current

due to the reduced effective unaligned inductance. The screened SRM recorded 12.95A rms
current, while the unscreen&RM operates at 9.46A rms current. An increased conversion area

is observed in the enhancement of the developed torque. The unscreened machine recorded only
12Nm, while the 5mm Cu screen SRM achieved 16.74Nm, as shown in Fig. 6.4b.

6.2.3 Performance below baspeed

To cover the entire speed range, the effect of conducting screens on SRM performance well below

base speed is investigatedh — o ¢ and— T X.
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Fig. 6.4 SRM performance with and without conducting screens at 3000rpm:
(a) Phase currents, and (b) Developed torque

Fig. 6.5a shows that 5mm Cu screens assist the phase winding current to reach the chopping period

faster. However, there is no benefit to buwifglthe current faster since both SRMs are adjusted to
deliver the full load torque of 24Nm as shown in Fig. 6.5b.
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From this simple study, it is concluded that conducting screens are beneficial at and above the base

speed. But below base speed rotor cotidgascreens increase the loss without any performance
gain.
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Fig. 6.5 SRM performance with and without conducting screens at 500rpm:
(a) Phase currents, and (b) Developed torque

101



6.2.4 Effectof screen material

Fig. 6.6 compares SRM performance at 1500rpm (base speed) with different thickness copper

screens. The turn on/off angles are the same for the screened and unscreened SRMs, where
o0 ¢ and— T X.

40
—No screen
30 ——15mm Al screen
3mm Cu screen
<
© 20
5
o
101
0 1 1 1 1 1 1
32 35 40 45 50 55 60 5
Angle [degree]
@
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40 #‘ N ﬂ“‘ﬁ
g ‘ |
) / \/ /
(0]
5
o) 20 f
|_
10
——No screen 15mm Al screen 3mm Cu screen
0 1 1 1 1 1 1
32 35 40 45 50 55 60 5

Angle [degree]
(b)

Fig. 6.6 Performance of SRM using different screen materials:
(a) Current waveforms, and (b) torque waveforms.
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The first screen is 3mm copper, while the second screen is 15mm aluminium. From Fig. 6.6a, the

decrease in the effective unaligned inductance accelerates the prona@ssrafbuildingup.

40

— No screen
——1mm Cu
2mm Cu
——3mm Cu
——5mm Cu
——15mm Cu

w
o

Current [A]
N
o

-
o

0 1 1 1 Il 1 1
32 35 40 45 50 55 60 5
Angle [degree]
(a)

50

w B
o o

Torque [N.m]
N
o

101

‘—No —1mm 2mm 3mm 5mm 15mm|
N
32 35 40 45 50 55 60 5

Angle [degree]
(b)

Fig. 6.7 Performance of SRM using different screen thickness:
(a) Current waveforms and (b) torque waveforms.
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As a result, the developed torque increases from 24.1 Nm (unscreened) to reach 29.25 Nm
(screened) as illustrated ig. 6.6b.

The electrical conductivity of copper i ¢ p W& with densityy w gaith . The electrical
conductivity of aluminum is® p T'Wa with densityc ¢ TQifd . The SRM with 3mm copper
screens is able to deliver the same output torqubeeskStnm aluminium screen machinBhis
highlights that electrical conductivity plays an important role in the behaviour of the induced eddy

current.

6.2.5 Effect of screen thickness

Fig. 6.7 compares SRM performance when different thickness copper screens are deployed. The
turn on/off angles are the same for the screened and unscreened SRM-whereg ¢ and

— T X. The speed is the base speed 1500hponeasing the screeghickness to fill the entire
interpole gap yields the best torque enhancement. However, extra copper (implying more weight

and cost) is needed.

From this basic study, it is evident that the electrical conductivity of the screen material, along
with its thickness, have a significant effect on SRM performance. Using a film screen with low
conductivity results in higher resistance to the induced voltage, hence the eddy current is smaller.
Increased resistivity does result in a reduced eddy current decagoinsiant.

6.2.6 Effect of screen shape

The theory of rotor conducting screens relies on the eddy current effect, where eddy current loss
in the screens is inevitable. Since machine efficiency is of prime importance in applications as
EVs, different screeshapes are compared in terms of developed torque, Cu winding loss and
screen loss. Results for different Cu screen shapes (of arounebBmmthick) are summarized

in Table 6.1, where the rotor rotates at 1500rpm-@atkwise, with the same twon/turnoff

angles. The screen shape plays an important role in determining the developed torque and screen
loss, as shown in Table 6.1. Trimming the conducting screens (as with shapes 7 in Table 6.1)

reduces the screen loss. However, a reduction in the devetopged tesults.
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Table6.1 RELATIVE FEA PERFORMANCE OF DIFFRENT CU SCREEN SHAPES ATL50(RPM
Screen Average o/p torque [Nm] Winding loss [kW]  Screen loss [kW]

SRM 24.1 0.44 -
1 u 30.76 0.625 1.27
2 " 30 0.6 1.04
3 30.57 0.625 1.29
4 30.26 0.625 131
5 30.46 0.63 13
6 a 29.9 0.615 1.34
7 27.34 0.53 0.52

6.3 Optimal screen selection

From the previous analysis, material, thickness and shape of screen have crucially influenced SRM
performance. In this sectiaamultiobjective optimization problem based on the concept of non
dominated sorting is formulated to elicit the optimal scregh mespect to the developed torque,
efficiency and cost of added material. FEA results for different screens are presented.

6.3.1 Multi-objective optimization (MOO)

Generally, optimization means finding a solution that maximizes/minimizes an objective function
When there is more than one objective function the problem is named-olnelttive
optimization. Usually, in MOO problems, the objective functions are in conflict. Trying to

optimize one function may result in a degradation in the other objective dnactHence, a
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compromise between these objectives is desirable. Without loss of generality, the optimization

problem is of the form [4]:

b Q& QECAY QQ & FQ 6 8 FQ &
L maaer QO Th QQphH8

(6.1)

(6.2)

wherek is the number of objective functionsis the number of inequality constraints, ansl the

number of equality constraints.

In MOO problems there is no single optimal solution, but a set of solusafisfying a

predetermined definition of optimality. Hence, a trafiebetween the objectives is achieved

according to the perspective of the decision maker. A Pareto optimatigmoimated) solution is

a point that improves at least one objective withietrbgrading the remaining objectivesqf as

demonstrated in Fig. 6.8.

Mini rH ze: (%)

B
___________ _?

A C
—————— -9

Minimize: £,(x)

Fig. 6.8 lllustration of dominance

In Fig. 6.8 point A dominates point B as the former has minimum values for both objective

functions™Q ¢ @ Also, point A dominates point C as they both have the same valige of

However, point A has lower value @ than point C.
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Mini rH ze: f,(X)

Pareto frontier

>

Minimize: £,(x)

Fig. 6.9 lllustration of Pareto optimal frontier

Finally, when comparing point B with point C, either dominates the other as each point is better
than the other in one objective and worrsanother. The point which is not dominated by any

other point (point A in this case) is termed a+ulmminated (Pareto optimal) point.

The set of Pareto optimal solutions is called a Pareto frontier as shown in Fig 6.9. Usually, it is
preferable to knovall the solutions in the Pareto frontier to allow the designer to select the most
adequate solution among different alternatives. The problem of generating the Pareto frontier is
based on nodominated sorting, where all the solutions are compared td sderordominated

ones. Hence, nedominated sorting is applied to assess the obtained solutik®}s[B54].

The sequence of applying nolominated sorting on a set of solutiolds,containingQ solutions

(i i M H )to generate the Pareto frontiEr,can be described as follows:

1. Transferi from U to F to initialize the process.

2. Compard withi . Three cases can be realized namely; dominated , theni stays
in F andi is deleted. Ifi dominates theni is transferred td- andi is deleted.
Otherwise, bothh andi are nordominated (they both belong to the Pareto frontier) and
they are placed iR.
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3. Compard with all the solutions irF. If i

is dominated by any solution Fy deletel

Any solution inF dominated by is deleted. Otherwisé, is also nordominated and is

transferred td-.

4. Repeat step 3 until all th@ solutions inU are checked. After completing all comparisons,

These steps are summarized in a flow chart as shown in Fig. 6.10.

the soltions inF form the required Pareto frontier.

To illustrate the process of nalominated sorting, a simple example is considere8].[6ive

solutions for a three objective minimizatioroplem are given in Table 6.2.

Table6.2 FIVE SOLUTIONS FOR THE THREEOBJECTIVE MINIMIZATION PROBLEM(EXAMPLE)

Solution Q Q Q
1 0.2 0.7 0.5
2 5 1.1 0.6
3 0.7 0.5
4 0.1 2 1.2
5 0.1 15 0.8

The procedure for creating the Pareto frontier is summarized in Table 6.3, where solutions 1 and
5 are the noominated solutions forming the Pareto fronker

Table6.3 PROCEDURE FOR CALCULAING THE PARETO FRONTIER(EXAMPLE)

Step Solutions inF Solutions inP Comparisons
0 - 1,2,3,4,5 -
1 1 2,345 -
2 1 3,45 28&1
3 1 4,5 3&1
4 1,4 5 4&1
5 1,5 - 5&1, 5&4
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Fig. 6.10 lllustration of nondominated sorting process
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6.3.2 FEA results

Since the theory of rotor conducting screens relies on the eddy current effect, screen eddy current
loss is inevitable. As machine efficiency is of prime importance, different screen shapes are
compared in terms of developed torque, weight of added material, and efficiency to elicit the best
screen candidates (generating the Pareto frontier).

More than 100 screens shapes are compared, with rotor 1500rpaioaktvise rotation, using
the same tun-on/turnoff angles for all cases as in Appendix Shapes of screens representing the
Pareto frontier are shown in Fig. 6.11 with results summarized in Table 6.4, which only considers

screens with at least 10% increase in developed torque.

S £
f

(b)
(c) (d)

Fig. 6.11 Optimal screen designs: (a) design a, (b) design b, (c) design (¢y)adesign d

The results presented in Table 6.4 represent the optimal screen designs. Each screeraff a trade
between the three objective functions viz., developed torque, weight of added material and
efficiency. A 3.5 cost ratio between copper and aluminium sigy¢jest aluminium screens are
lighter and cheaper than copper screens. However, torque improvement using aluminium screens
is inferior to that of copper screens. Shifti
6cd and o6 do paofthedlux pathsherge stightly incaeasing the unaligned inductance

0

compared t design 6ab6. This slight increase
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eddy current loss, improving the efficiency. However, this improvement in efficiéasy

compared

produces
ef f

t o

the highest

i ciency

design 0ad)

i s at

torque wi

of design 6adé with

the cost
th the |

a

sl ight

of a
owest

reduct

Depending on the constraints dictated by the application, the decision maker can choose the

adequate screen shape satisfying the application needs. In EV applications, the developed torque

and output efficiency are most important. Basedareto optimifrontier analysis of the screens
6 .

n

Tabl

e

4 a 5mm Cu

SCreen

Table6.4 SCREENSPARETO OPTIMAL FRONTER

of

design

O0bo i

Screen Material ~ Thickness [mm] weight of screen [ 4 ]

Increase in o/p torque [% Efficiency [%]

SRM - - - - 89.56
3 1.36 11.75 69.0
4 1.78 15.90 70.0
Al 5 2.18 18.47 70.9
6 2.57 20.00 715
Sca
7 2.94 20.80 71.9
4 6.13 26.00 71.0
Cu 5 7.53 28.20 71.9
6 8.86 29.30 72.4
4 1.70 12.60 73.8
Al 5 2.10 14.57 74.5
Scb 6 2.47 15.57 75.0
4 5.90 20.60 74.6
Cu
5 7.24 21.50 76.5
A 5 2.00 11.30 77.4
6 2.37 12.10 77.8
Scc
4 5.68 15.94 77.5
Cu
5 6.96 17.35 78.2
4 5.46 12.70 80.0
Scd Cu
5 6.68 13.50 80.4

Screen interpretation example:-Bewith reference to Fig. 6.11b, leading edge screen is 1mm below air gap and trailing

screen is Imm below air gap.
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6.4 Power density improvement with rotor conducting screens and dc link voltagboosting

Fig. 6.12 shows the torgtspeed curve for the FEA SRM (with efficiency and pu output power).
Rotor conducting screens and dc rail voltage b(xt¥, 47.8F as advised in Chapterihcrease

the speed at which fulbad torque can be delivered (from 150@rto 1650rpm and 1810rpm,
respectively), hence improving the power to weight ratio (by 10% and 21%, respectively) which
is comparable to that of a PMSM. Deploying rotor conducting screens along with vodiasieng
increases the baspeed to 1875rpm (2b increase), hence improving the power to weight ratio
by 25% to be competitive with an equivaleaiume PMSM. At 3000rpm, the SRM with screens

and boostapacitors increase the developed torque by 55%, but at the expense of efficiency.

T (Nm)
N * SRM
1pu 1.1pu 1.25pu
71%,0.33pu p
90% 79% 79% * Screen

T . Rk * Screen + Boost

580%, 0.33pu
57%, 0.33pu

iﬁ-g 7777777777 ; * 76%, 1. 55p

2 A S — 76%,1.35pu

14.7 | ~— * 76% P
12

-------------------------------------- k 939, 1pu

— N (rpm)

500 1500 1650 1810 1875 3000

Fig. 6.12 Torque/speed curve with relevant efficiencies and pu output power

The penalty of deploying rotor conducting screens is lower efficiency as a consequence of

introducing a screen eddy current loss component.

Thepenalty of utilizing boostapacitors (without screens) is high semiconductor voltage stresses
as a consequence of using capacitors for high speed performance enhancement, but with improved

machine efficiency.
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6.5 Summary

This chapter studied the effect diflizing rotor conducting screens along with dc link voltage
boostingcapacitors to enhance SRM performantke effect of using conducting screens of
different materials, thicknesses and shape on SRM performance was pressintgd.film screen

with low conductivity results in higher resistance to the induced voltage, hence the eddy current is

smaller. Increased resistivity results in a reduced eddy current decay time constant.

A multi-objective optimization problem based on rdominated sorting was fimulated to elicit

the optimal screen shape. Four designs are advised with respect to the developed torque, efficiency
and weight of added materigh 3.5 cost ratio between copper and aluminium suggests that
aluminium screens are lighter and cheaper t@pper screens. However, torque improvement
using aluminium screens is inferior to that of copper screens. Shifting the screen below the rotor

pole tip (below the air gap) offers a traolké between developed torque and efficiency.

DC link voltage boosting improves the power to weight performance but with increased
semiconductor voltage stressesa consequence of boost capacitor voltages in excess of the dc
voltage source, which improves high speed performakiceSRM with rotor condcting screens

and dc link voltagéoosting improves SRM power to weight ratio to be competitive with an

equivalent PMSM, but with the penalty of inevitable screen eddy current loss.

Because drive efficiency is of paramount importance in EV applicatibiss chapter clearly
establishes that the use of rotor conducting screens, which although increases the base speed, is
untenable due to the inevide associated Joules losses. D& voltage boost is a potential method

for SRM performance enhancement i &pplications.

References
[6-1] z. Fei, B. Li, S. Yang, C. Xi n gabjeckve optnfizationinwvareleds L. Han
sensor networ ks: me t r i ¢ s |EEEaGommnouni¢atiohsrdarveysamt Twopie@.n pr ob |

19, no. 1, pp. 55886, First quarter 2017.

[6-2] X. Zhang, Y. Tian, R. Cheng, adordinatéd sorting for,evolatirary e f f i c
mult-obj ect i ve oBEE Transactians ond&volutidréary Computationl. 19, no. 2, pp2101 213,
Apr. 2015.

113



[6-3] K. Deb, A. Pratap, S. Agar wal ,-obgdaiik gehetic alertha:NEGAa n, A A
| | IEEE Transactions on Evolutionary Computatienl. 6, no. 2, pp. 18297, Apr. 2002.

[6-4] K. M. CIl ymont an dtiveortakdelendingsdrt! New niefhedd farrbo mi nat ed sor t i |
Evolutionary Computatigrnvol. 20, no. 1, pp.i26, 2012.

[6-5] H. Fang, Q. Wang, Y. Tu, and Mominded soHingrnsethadnfa y e r , fi
evol ut i on a rBvolutiohagydConmpttadtiomeol. 16, no. 3, pp. 35384, 2008.

114



Chapter 7

Overview offorque Ripple Minimization in SRM Drives

This chapter presents a survey of the different approaches and methods for reducing SRM torque
ripple. Two main approaches are highlightemely; the machine design approach and the control
approach. Torque sharing functions, current profiling using artificial neural network, and direct
instantaneous torque control are reviewed. Simulations using a four phase 8/6 SRM in

MATLAB/Simulink demonstrate the performance of existing approaches.

7.1 Introduction

The SRM has many merits, such as robustness, simple construction and low cost. However, its
deployment in servo applications is restrained due to the acoustic noise caused by radial vibration
[7-1], [7-2]. Also, the discrete nature of torque production along with SRM high nonlinearity can
result in severe torque ripple (TR) during commutation (the transfer of torque production from an
outgoing phase to an incoming phasg)e high torque ripple ay cause mechanical vibration
stresses (possibly resulting in mechanical resonance effects) and speed oscillations especially at

low speeds, which are undesirable in EV applicatior3][7

The object of this thesis is employing the SRM in EV applicatithns, the torque (whence torque
ripple) requirement specific to that application needs eliciting, particularly due to the torque ripple
criticism attributed to the SRM. To sustain a given speed, the developed motor torque must balance

opposing vehicle foreg like rolling resistance, drag, drive incline force, etc.

Torque produced by the motor in excess of these resisting forces produces acceleration. In simple
terms, as the speed increases, the drag force dominates since that force is proportional to speed
squared (power is proportional to speed cubed). Thus, during acceleration ripple is important over

the full torque range.

As the vehicle decelerates (without applying the brakes) the SRM torque developed is less than

the forces on the vehicle, whence #peed decreases so as to balance the machine force to that
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imposed physically on the vehicle. Deceleration is applicable over the full speed range, within
which operating area, torque ripple is important.
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Fig. 7.1 SRM performance in current chopping mode: (a) Current waveforms, and (b) Torque wavefor
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Therefore, in EV applications, torque ripple must be minimised over the full speed and torque

ranges, if this perceive SRM torqupple limitation in EV is to be addressed.

As a general example of torque ripple, Fig. 7.1 shows SRM performance in the current chopping
mode at 750rpm driving full load torque (FLT). The turn on and turn off angle35are 50°
respectively (positiveorque region is 3o 6(). Fig. 7.1a shows the currents of two overlapping
phases, while, Fig. 7.1b shows the corresponding phase torques along with the overall total

developed torque. Severe torque dip is observed during commutation.

7.2 Torque ripple minimization approaches

Many solutions have been proposed to alleviate these undesirable SRM features (noise/vibration
and TR) [#4]. This chapter focuses specifically on the minimization of TR. Generally, two main
approaches are considered to reduce TRehg the motor design approach and the control
approach [5] as illustrated in Fig. 7.2. A brief discussion on prior art of these two approaches is

presented in the following sections.

Torque ripple minimization approaches

Current profiling

Intelligent control

Average torque control

Direct torque control

Torque sharing function

Direct instantaneous torque control

High phase number
High rotor poles
Rotor pole notch
Rotor pole shoe
Stator pole slant
Non-uniform airgap

YV VVYVYVYVYYVYY
VVVYVYYVYY

Optimum pole shaping

Fig. 7.2 Torque ripple (TR) minimization approaches

7.3 Machine design approach to torque ripple reduction

Increasing the number of SRM stator and rotor poles results in overlap of more than two phases

during commutation which can minimize torque ripple. Howevee, ithcreased switching

117



frequency results in more converter losses and machine losses (corresponding to envisaged EV
machine speeds of up to 20,000 rpm). In addition, extra converter switches are required (if number

of phases increases), increasing the cdaveost [76].

A new SRM approach explores an SRM with higher number of rotor poles than stator poles, as
presented in [7]. The new motor concepN{<N,) has lower mass and copper loss than the
conventional SRMNs>Nr). Due to the extra space avaikalm the stator slot area, windings with

a higher number of turns and thicker crssstional area can be deployeeB[7 Also, the increased

rotor pole number minimizes TR, which is vital for EV applicatior®]7 However, since the
interpolar rotor airgas are narrower in the new motor design, the unaligned inductance is
significantly higher than that of the conventional SRM. The increase of unaligned inductance
reduces the energy conversion area, thus decreases the developed td@jualgod, the curnt

rise time at phase twwn is prolonged as a consequence of higher unaligned inductance, which

implies using higher dtink voltages to increase the current rate of ris&1Y.
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Fig. 7.3 SRM pole design:
(a) Rotor pole notch, (b) Rotor pole shoe, (c) Stator pole slant, and (el)i\fonm air gap
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Introducing a notch in the rotor pole as shown in Fig. 7.3a was presentedl2j {ar TR
reduction. This apach was extended in-{I3] for a mutually coupled SRM. The rotor pole shoe
shown in Fig. 7.3b is discussed in14]. On the other hand, a stator pole slant, as illustrated in

Fig. 7.3c, is demonstrated in-15], and the nowniform air gap in Fig. 7.3dor a two phase

SRM, is presented in {Z6]. All these variations attempt to minimize TR. However, machine
torque density is reduced. Increasing the average torque and reducing torque ripple was proposed
in [7-17] by optimizing the stator and rotor pofesa fourphase 8/6 SRM. However, the approach

of modifying the machine design is limited to a narrow speed range and for rated load conditions.

Changes to the basic rotor/stator design result in reduced power output, which is an unacceptable
SRM limitaton when being compared to the PMSM in EVs.

7.4 Control approaches to torque ripple reduction

As opposed to the machine design approach, the control approach is less expensive, more effective
and flexible, and can cover a wide range of speedsS][7

Ripplefree torque could be obtained by current profilingl§f, where optimal current contours,
producing constant output torque, are generated using static SRM data. These current profiles are
stored using look up tables (LUTs) and current controllers are aseatk these profiles {20].
However, the main drawback of this approach is that it requires memory to store the current
profiles for different speeds, torque demands and dc link voltages. Moreover, a high bandwidth
current controller is required to acetely track the stored current profiles3T]-[7-23]. Using
conventional PWM may result in current tracking errors especially at high spe2dk[[727].

The majority of the current controllers are implemented based on analytical modelling of the SRM
[7-28]. Hence, inaccuracy is inevitable. Ir39], [7-30] current profiling along with a new SRM
design with a flat torque profile are combined to reduce the torque ripple. Yet, the new machine
design has a narrow speed range compared with conventionatl&sdms.

Generally, optimal current profiles are generated as discrete points and the intermediate points are
found using linear interpolation. Increasing the number of points will improve the accuracy at the
expense of time and storage memory in the form of LUT$7-31], harmonic coefficients are

used to produce the required current profiles, where interpolation is not required. However, this

method is based on the accuracy of the analytical model. Fuzzy logic and neural networks
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presented in [B2], [7-33] cangenerate the required magnetization data without the need of huge
memory. But, computational complexity increases significantly.484[7 [7-35] a control scheme

is developed based on iterative learning control (ILC). The advantage of this method cobsit

not depend on model accuracy and does not need large memory to store the magnetization data.
Yet, it has slow dynamics with poor response during transients which is not tolerable in EV

applications.

Average torque control (ATC) was presented i#B8§{, [7-37], where torque is calculated using
co-energy derived based on terminal quantities (voltage and curreB8].[The method is
extended in [739] for four quadrant operation at low speeds. However, this method relies on high
precision measuremerof voltage and current. In addition, the effect of varying the stator

resistance (due to temperature change) is not considered which affecisrgg estimation.

The principle of direct torque control (DTC), which is similar to that used for inducteiore)

was proposed in [40], and optimized in FAl]. The concept is based on controlling the flux
which in turn controls the developed torque. Hysteresis controllers are used, hence variable
switching frequency is unavoidable which sophisticates th&adignplementation of the
controller. To overcome this limitation, a deadbeat torque controller was proposetRingfiich

has a fixed switching frequency. However, the control algorithm is complicated. Improving the
torgue per ampere ratio, and henogioving the efficiency, was considered in43], [7-44]. A

model predictive controller (MPC) was presented w4$[ to choose the suitable voltage vector.
Though, the method relies on the SRM mathematical model which does not reflect machine non

linearity.

7.5 Torque sharing function (TSF)

TSF is a good method to minimize SRM drive TR caused by the discrettnean nature of

torque production [FA6]-[7-48]. TR reduction, specifically in the commutation time when the
developed torque is being transferreahi one active phase to another, is the most critical issue.
The total developed SRM torque at any instant is the sum of individual phase torques, thus the
TSF generates reference torque for each individual phase using the total reference torque. The
reference phase torque is transformed into a reference current using a LUT depending on rotor

position. The reference phase current is compared with actual phase current generating an error
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signal, this error is minimised using a high bandwidth current comtrohe effect of phase tun

on and turroff is discussed in FA9]. Optimizing a TSF with regards to phase rms current and
efficiency is studied in [50]. A nonlinear TSF was reported in-f1] to account for the SRM
magnetic characteristics.

Although te generation of the reference current signal from the individual phase reference torque
is possible, butthey "Q —LUT inversion is not an easy task$2]. Another approach is helpful

in this case which is based on obtaining the actual phase torqueshie actual phase currents
directly using the LUT. The generated reference phase torques and the actual phase torques are
then compared and the command torque is regulated by the contré@r [Jsually a hysteresis

band torque controller (HBTC) issad to handle the error signal. Operation of a TSF method for

a fourphase 8/6 SRM is illustrated in Fig. 7.4.

TSF HBTC Converter
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Tref T, —>@ .
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0 Ta Torque look-up table

Encoder

A

Fig. 7.4 lllustration of a TSF control system

Torque production is divided into two regmrsingle and double excitation regions (one and two

phases conducting). In the single excitation region only one phase produces the total required
torque, while in the double excitation region the overall torque developed is shared between two
phases, theacoming and outgoing phase, keeping an overall torque value equal to the reference

torque value. The method by which the two phases share the torque defines the type of TSF. Mainly
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two types of TSF are used; linear and+tioear TSF. The nofinear TSFsnclude; cos, cubic and
exponential functions, which are illustrated in Fig. 7.5. Thelm@ar TSF reflects, to some extent,

the nonlinearity of SRM, thus is more efficient approach.
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Fig. 7.5 Types of TSF: (a) Linear, (b) Cos, (c) Cubic, and (d) Exponential
Equation (7.1) defines individual torque profile for an adit phase.
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where— is the turron angle— is the turroff angle,— is the overlap angle, anég-is the

rotor pole pitch’Y is the demand torque.

The arbitrary phask is energized depending on rotor position between theamrand turroff

angles, for the motoring mode the twon and turrof angles must satisfy (7.2).

(7.2)

where— and— are the unaligned and aligned rotor position, respectively.

The overlap angle— represents the interval where the torque is shared between two phases; the

incoming and outgoing phases. The maximum overlap angle is calculated using (7.3).

—  e— — (7.3)

where— is the stroke angle — (p v for 8/6 SRM).

Foro mtconduction period (7.1) becomes on the form:

Tth m — OT
Y — Y wQ —rj oOm — T U (7.4)
Y Od0Q —h T1TULU — oW

During the interval of commutation the functid® increases from O to 1, while the function
"Q decreases from 1to 0. The functiéh and subsequent2 depend on the type of TSF.

The linear, cos, cubic and exponential TSFs are expressed in (7.8) respectively.

linear: i (7.5)

e eAT“O—
wE: i L (7.6)
"Q € e Al*"O—
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(7.7)

O (7.8)

7.6 Current profiling using artif icial neural network (ANN)

ANN is a processing model that mimics the operation of biological neural netweti.[The
basic element in the ANN is the neuron which is illustrated in Fig. 7.6, vahisrthe inputsis

the outputp, c, f,andr are thebias, weight, transfer function, and the net input, respectively.

ae X

|

Fig. 7.6 The basic structure of ANN (neuron)

The bias and the weight are scalar values that cadjbsted. The relation between the input and

output of the neuron is given by (7.9).

i Quo w (7.9)

The transfer function may be linear or Aorear depending on the specifications of the
application. Fig. 7.7 describes some of the most contraosfer functions used in ANNs namely;
linear, hard limit, and log sigmoid {35].

Describing the model with only one neuron is not sufficient. Hence, several neurons are connected

together in parallel to form a layer. Several layers can be used intedioes the ANN.
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Fig. 7.7 Common transfer functions: (a) Linear, (b) Hard limit, and (c) Log sigmoid

Fig. 7.8 shows a two layer ANN including the input, one hidden layer, and the output layer. The
model has two inputs, the hidden layer is composed of three neurons, and thiagetpas only
one neuron (since the model has only one output).

Input Hidden layer output layer

1 1
Ny flS_L
gl

rl r2 5 S2
2 f2 1»1;%.
rl
3
ot

Fig. 7.8 Two layer ANN

ANN could be used to generate the required current profile for each pHa&k {ifus minimizing
the generated TR. The inputs to the ANN are the rotor ahaiel the demand torqi¥ . The
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output of the ANN is the required current profiles. Fig. gltbws the SRM torque ripple
minimization control system using ANN. Current is handled using a hysteresis band current
controller (HBCC).
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Fig. 7.9 lllustration of current profiling using ANN

7.7 Direct instantaneous torque control (DITC)

Due to SRM severe ndimearity, the actual phase torque cannot perfectly follow the reference
torque near the unaligned and aligned positions, as in TSFs or current profiling, which results in
severe torque dips. Based this, another method was proposed i¥b[f], where the total torque

is regarded as the control variable as opposed to the TSF which regards the phase torque as the

control variable.

DITC can continuously control the instantaneous value of developed t@ajutesignificantly
minimizes torque ripple. In [38], a four quadrant DITC was presented, but the method relies on
using a hysteresis controller with variable switching frequency. To overcome this limitation, a
predictive PWM was reported in459] with an extension of the scheme for SRMs with more than

four phases.
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The method is based on measuring the actual phase currents and then converting these currents
into phase torques with respect to rotor position using LUTO[/[7-61]. The individual phase

torques are added to represent the overall developed torque which is compared with the required
reference torque value. HBTC is used to generate the converter switching signals. Fig. 7.10
demonstrates the operation of DITC for fqurase SRM.
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Fig. 7.10llustration of DITC

7.8 Simulation results

This section presents the simulation results for different torque control techniques namely; TSF,
current profiling using an ANN, and DITC. The SRM specificatiossd for simwdtion are given

in Appendix A A commonphase converter (as illustrated previously in Fig. 3.13) either with or
without voltageboosting is used. The SRM delivers full load torque (25Nm) and runs at 30% base
speed (450rpm). Angles are adjuster each approach to yield the lowest TR. A 0.4A hysteresis
band is used for the current controllers (for TSF and ANN results), while a 1Nm band is used for
the torque controller (for DITC).
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7.8.1 TSF results

In this subsection the reduction of torque ripplsing different TSFs is demonstraté&dy. 7.11

explores SRM performance under linear TSF, where the SRM is driven by a cevhasm
converter without voltageoosting.
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Fig. 7.11 SRM performance with linear TSF without voltalgeosting: (a) Current waveforms, and (b) Torqu
waveforms

128



w
[$)]

Current [A]
— — N N w
o (8] o (&) o

(@)

—RefA—IA

RefB —_— IB

peak=22.1A, rms=11.46A |

30 40 50

60

Angle [degree]

(@)

10

20

Torque [N.m]
- [N}
(8] o

-
o

—RefA _TA

Refy — T, ——T

TR=7.6%

20 30

40

50

60

10

20

Angle [degree]
(b)

Fig. 7.12 SRM performance with linear TSF with voltageosting: (a) Current waveforms, and (b) Torque

waveforms

Fig. 7.11a shows the current waveforms of two overlapping phases, where the phase winding
draws 11.43A rms current with a 22.1A peak. Fig. 7.11b shibevsorresponding phase torques
along with the total developed torque. The linear TSF does not reflect the SRNhewotty.
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Hence, the actual phase torque struggles to follow the reference during phase turn on/off due to

lack of dc link voltage resultgin a9.6%TR.

The effect of utilizing voltagéoosting for linear TSF is illustrated in Fig. 7.12. The increase in
dc link voltage during phase turn on/off aids the winding current toJopildecay quickly. Hence,
the TR is reduced t8.6%, as in Fig. 12b. Alinear TSF is not adequate for reducing TR at this
torque and speed. However, dc link voltdgmsting has positive impact on reducing TR. Hence,
the common phase converter with voltdgmsting is utilized for the remaining results in this

chapter

The nonlinear TSF, based on «inusoidal phase torque waveforms, is shown in Fig. 7.13. Since
the phase torque demand at turn on/off is minimized (as a consequence of usktigeandisF),
there is no sharp edges in the current waveforms as hitgdigh Fig. 7.13a. The rms current
is12.28A with a 24.4A peak. The TR is reduced t8%la8 in Fig. 7.13b. The cubic and exponential
based TSFs give similar, but not better TR results as the Cos TSF.
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7.8.2 Atrtificial neural networks results

Fig. 7.14 compares the phase current profiles obtained using an ANN and LUT at FLT, where
excellent agreement is achieved.
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Fig. 7.15 SRM performance using ANN with voltagmosting: (a) Current waveforms, and (b) Torque
waveforms
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This shows that ANN could be used instead of LUTs to generate the required phase current
waveforms. Fig. 7.15 shows the current and torque waveforms inyttemit condition (at

450rpm FLT) with 12.28A rms and 24.4 peak (identical values as for the Cos TSF case considered
in 7.8.1). A 4.9% TR is recorded.
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Fig. 7.16 SRM performance using DITC with voltagposting: (a) Current waveforms, and (b) Torque
waveforms
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7.8.3 Direct instantaneous torque control results

DITC results are presented in this subsection. Fig. 7.16a shows the current waveforms of two
overlapping phasesith 11.45A rms and 21.8A peak. Fig. 7.16b shows the relevant phase torques,
along with the total developed torque. The phase torquesnearly reduce the current required

at phase turn on. The DITC method controls the total torque instead of cogtiadlividual phase
torques. Thus, if the incoming phase is not capable of providing the required total torque the
shortfall is supplied by the outgoing phase, thereby maintaining the total torque constant. A 4.7%

TR is recorded using this method.

7.9 Summary

The researched methods referenced have been introduced and simulated. Most methods give low
ripple (excluding switching ripple). Voltageoosting significantly reduces the TR during
commutation between two phases, for all torque methods by offering wgltege during turn

on/off. This highlights that optimal utilization tifeavailable dc link voltage will extend the region

overwhich the SRM can operate with zero TR (theoretically).

The TG (torque control functionnethod proposed in the next chapter improves TR performance,

by better exploiting the dc link voltage, with and without boosting.
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Chapter 8
New Offline SRM Torque Control Function

for Torgue Ripple and rms Current Minimization

This chapter presents a new torque control function for torque ripple reduction in SRM drives. The
new approach ibased on maximum utilization of available dc link voltage (either with or without
voltageboosting). The new method extends significantly the zero TR speed range. Moreover, the
concept is generalized tater formore than two phases conducting simultarsép Simulations

are carried on a four phase 8/6 SRM in MATLAB/Simulink and results are demonstrated.

8.1 Introduction

TSFs (as illustrated in chapter 7) proved to reliably reduce the TR generated during commutation
(when torque production isansferredfrom an outgoing to an incoming phase). IrlBthe
objective was to optimize linear and sinusoidal TSFs in order to reduce TR along with rms current.
However, saturation was neglected and analytical expressions were required to carry out the
optimization praess. In [&], the concept of maximum rate of change of flux linkage was
introduced to assess conventional TSFs (linear, sinusoidal, cubic and exponential). It was shown
thatalow rate of change of flux linkage increases the rigfpde speed range. ladition, optimal

values for turron and overlap angles were advised. A logicatimear TSF was proposed in-[8

3], with no attention to maximum rate of change of flux linkage. H][8an online TSF was
proposed, where the selection between incoming arndoing phase during commutation is
determined based on the value of rate of change of flux linkage. Nevertheless, this method requires
a Pl controller to compensate the error between the reference and estimated torque. Also,
conversion of the torque epgssion to current expression requires an analytical formula. An offline
TSF was presented in-fi§ which offers a tradeff between low rms current and low rate of
change of flux linkage. The model requires accurate analytical expressidarive the cuent

profiles. A DITC based TSF was proposed in-gB which requires fewer current sensors.

However, the phase current detectamturacyis low. Also, circuit modification along with two
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high frequency pwm signals are required for phase current eatraétihybrid switching mode (a
combination between hard and soft switching) was proposeddhif@tead of the hard switching

mode usually adopted in conventional TSFs. The commutation region is divided into two regions
controlled by a torque compensatir the first region when the incoming phase cannot supply the
required torque, the outgoing phase conducts such that the demand torque is met. The opposite is
true in the second region. However, there was no illustration of the maximumfrgplspeed

range of this method. In {8], an oftline TSF based on SRM magnetic characteristics was
proposed, where a weighting parameter is adjusted to minimize the rms current, while ensuring

that the rate of change of flux linkage is below the dc link voltagegdourate current tracking.
In the literature, all TSFs have some salient shortcosnuingch can be summarized as follows:

1 Al TSFs are limited to one or two phases conducting simultaneously. There was no attempt
to investigate TSF performance for morarthwo phases conducting simultaneously.
The dc link voltage was not fully exploited which limits the ripfyke speed range.
Either hard or hybrid switching is required for accurate current tracking, which increases
switching losses.

1 The methods do nohherently account for the possibility of dc link voltage boosting

To further illustrate these shortcomings, Fig. 8.1 shows the performance of an 8/6 SRM under cos
TSF, using a 415 dc link voltage. The motor delivers F23N.m)and rotates at 315rpm. Fig.

8.1a shows the flux linkage waveform, where a heavilyliraar profile is required at phase turn

on and off. Fig. 8.1b shows the rate of change of flux linkage which reflects the voltage demand
required to generate zero TR. It is clear that at phasetuand off, and foashort duration, high
voltage is required fathe current to build up and decay respectively. Fig. 8.1c shows the current
profiles which produces zero TR as illustrated in Fig. 8.1d.

Most TSF are inherently based around usingphatof the torqu@ngle profile that produces the
highest Nm/A, so as to minimise the rms current, whilst minimising the torque ripple. This high
Nm/A region, at low speed, can be used as an assessment basis for comparing the performance of

all TSF schem& as considered in the next section, and forms the basis for the proposed TCF.
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Fig. 8.1 Performance waveforms of SRM at FLT, 415V dc link, and 315 rpm using cos TSF: (a) Flux linka
Rate of change of flux linkage (voltage demand), (c) Currents, and (d) Torques.

8.2 SRM Torque Production Angle Theory

Initially and for the idea case, assume infifit¥éphase terminal voltages are available.

With reference to th8/6 SRM, specified in Appendix Aositive torque can be produced over a
30 period for each phase, where ad®30 period always over lapgquentially with two adjacent

phases, as seen pictorially in Fig. 8.2.

If conduction is decreased from 3©® a continuous 15— to — , anywhere within the 30

positive torque period, then no phase overlapping torque production occurs and comtirgueis

142



is produced over 360In Fig. 8.2 phase #1 is followed by phase #2, then phase #3, followed by

#4 etc., without any overlap and with contiguous torque.

Phase #3

Phase #4

Fig.82Phase conduction periods, 15 and 30

If this slide-able 15 period (advance or retard but within 3sitive torque region) is associated

with and bounds the region of highest positive Nm/A, typically betweear8853 in Fig 8.3,

then a given torque is produced with the minimum possible rms current: specificallyfrggple

FLT with 11.36A rms, 29.2A peak with the current profile in Fig 8.3c. Being the highest Nm/A
region, Fig 8.3c, switching frequency ripple (due darrent control of the voltage source
converter), will have the highest torque ripple sensitivity, 1 to 1.2 Nm/A at FLT, from Fig 8.3c.

This phase current profile is the ideal case, with ideal angles (but infinite voltages). Advancing or
retardingthelp er i od (away from the optimal angle per

can still result in continuous ripple free positive torque, although not with minimum rms current.

To create square edged current with infin'FPe"%2 5as in Fig 8.3c, wth the existence of machine

inductance requires infinite voltages, @s HQ '%(‘)But finite available dc link voltage

means only trapezoidal type current edges are produced, be they linear, cos, etc. In the cos TSF
example in section 8.2, finiteltage,+415V dc, enabled 315rpm FLT without torque ripple with

a phase current of 12.28A rms. As a figure of merit, this 12.28A can be bench marked against
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11.36A rms required in the idea square edged case at FLT (11.36A rms is applicable at all speeds)
The cos TSF requires an extra 8.1% current, because of realistic voltage constraints. This extra
current manifest as 16.9% higher copper losses, whence reduced machine efficiency. This
comparison method, 11.36A rms at FLT, 9.4A rms at 0.75FLT, etc. §Rg), will be used to

assess the effectiveness of the proposed TCF at all torque levels and at the ripple free rpm limit in
each case.
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Fig. 8.3 8/6 SRM torque/current characteristi¢s) Current demand at different torque levels, (b) Extraickeal
current for FLT, and (cNm/A for different current levels
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8.3 Proposed oftline torque control function (TCF)

In this section a new offline TCF based on SRM magnetic characteristics is preSdrdeew

TR concept is introduced which divides toeque rippleinto two parts, namely;

1 Phase commutation torque ripple and

1 Switching (PWMhysteresistorque ripple.

Theproposed TCF for commutation ripple reduction is based on generating a flux linkage profile
that fully utilizes the available dc link voltage both turron and turroff. This flux profile is

transformed to a current profile stored in a LUT. The merita@proposed TCF are:

The method is suitable for SRM with any number of phases, and stator/rotor pole number.
The concept of TE is generalized to include more than two phases conducting
simultaneously.

1 Maximum utilization of available dc link voltage {eér with o without boosting) is
achieved at both turan and turroff.

1 The SRM maximum speed range with theoretically zero TR (that is, commutation ripple is
eliminated, leaving ripple due only to PWM switching) is determined.

1 Soft switching control ise@ployed (as opposed to hard or hybrid switching usually adopted
for traditional TSFs), which reduces switching losses.

1 The proposed TCF requires switching émly p v of the conduction perio(B/6 SRM)

which reduces switching losses.

Two phase conductiomodes of SRM operation exist, created to cater for the converter

configuration, with three control scenarios within each m¢{gfé: SRM used for illustration)

f  Mode #1- Phase current conducti@B(°, dependant bridge phase operation as in Fig. 3.5
and/or3.13:Fig. 8.4 a, b and c.
i. ConductionO30° only positive torque, Fig. 8.4a.
ii. ConductionO30°, turn-on advanced to give initial negative torque, Fig. 8.4b.
iii. ConductionO30° turn-on retarded to give final negative torque, Fig. 8.4c.
1 Mode #2- Phase currertonduction > 39 four independent phase bridgesin Fig. 3.2:
Fig. 8.4 d, e and f.
i. Conduction > 39negative, then positive, then negative torque, Fig. 8.4d.
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ii. Conduction > 39turn-on advanced, negative, then positive torque, Fig. 8.4e.

iii. Conduction > 39turn-on retarded, positive, then negative torque, Fig. 8.4f.
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In the following subsections, the two modesf operation namely; mode 1 and mode 2 are
investigated in detail. A four phase 8/6 SRM, witledfications given in Appendix #s used to
demonstrate the proposed TCF. The rotor pole pitchttan@hase shift for an 8/6 SRMe@ 1t
andp v respectively. For the SRM under stuthe unaligned position is at 1, while the aligned
position is atp 11, (negative torque 0 to 3(ositive torque 3o 607, All the angles are given in

mechanical degrees.
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8.3.1 Modelll Single/two phase operation

In this mode of operation, either one or two phases (simultaneously) conduct to generate the
required torque. A commephase converter (shown in Fig. 3.13) could be used since the
maximum conduction period for each phase is limited, in this mode, to maxinmnfrig. 8.5

shows the phase torques along with total torque for an arbitrary conduction genod (

— — Oo n.
Overlap ' Sngle-phase conduction ' Overlap
Tdem | N
| 300 . . |
| 5 —
| |
| |
| |
| |
| 159 |
1 |
| |
| |
| |
I\ | I oAl
_(15) —
@
- - 15° & — 150

Fig. 8.5 lllustration of the proposed TCF in mo##

In regions | and Ill, two phases overlap and produce additively the demand torque, while, in region
Il only one phase produces the required torque. If the conduction pedott (that is,—=0 T

and —=¢ 1), the second region (Il) vanishes and ordgions | and Ill exist. The goal is to
generate a phase torque profile which fully utilizes the available dc link voltage, which will offer
the widest zero TR speed range. The phase torque profile will be composed of five parts. To

illustrate the concepd numerical example is given with=0 v and—=u v as shown in Fig. 8.6.

When the incoming phase is@tv, full positive dc link voltag¢ ) is applied(continuously)
to this phase for rapid current, and hence torque, build up, portionthjiocase the incoming

phase is termed the master phase). Simultaneously, the outgoing phaserigdate to ap v
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phase shift). The outgoing phase generates the rest of the torque so that the torque demand level is
reached, portion2, (in this case thgtgoing phase is termed the control phase). Thus, the torque

profile forming the two portions 1 and 2 is known.

' Overlap

T Overlap | Sngle-phase conduction
d

N/ ®

oOfp—————————————

|
|
|
|

350 — 400 5 550

Fig. 8.6 Numerical example lllustrating the proposed TCF in mode #1

When angle—is reached, the outgoing phase takes precedence, hence the outgoing phase becomes
the master phase and full negative dc link voltag® (), portion 3, is appliedcontinuously)for

rapid current extinguishing. Simultaneously, the incoming phase becomes the control phase,
portion 4, supplies the torque deficiency to maintain the torque demand. Thus, torque portions 3
and 4 are known. Finally, portion 5 is when onlye phase conducts to generate the demanded
torque. Concatenating the five portions, the phase torque profile is obtained. Table 8.1

demonstrates this process in the overlap region (the gihgise conduction region, 5, is

excluded).
Table8.1 ILLUSTRATION OF PROPOSEDT CF DURING OVERLAP
Phase Angle State Voltage
Incoming ocuv®gocuv — ouv —Ot1tm Master Control Fixed ® Variable
Outgoing vmoum — wumnm —%vuvu Control Master Variable Fixed
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The final step is to calculate the value-efwhich maximizes the zero TR speed (i N x

Equation (8.1) defines the voltage equation at turn on/off for one SRM phase, neglecting phase

winding resistance.

o Q=g (8.1)

whereads the flux linkage. w is appliedcontinuously)at phase turon (portion 1), while ®

is applied(continuously)at phase turoff (portion 3).

Integrating (8.1):
- _ W 0 (8.2)

where_ , _ are the final and initial valued flux linkage respectively, whileis time.

At phase turron the initial flux linkage of the phase winding is zero. Hence the final flux linkage
is calculated by (8.3).

G — —

8.3
- 7 (8.3)

At phase turroff the flux linkage must decay to zero at the aligned position. Hence, the final flux

linkage is zero and the initial flux linkage is calculated from (8.4).

(8.4)

Equations (8.3) and (8.4) are solved iteratively to calcwat@ndd ensuring that (8.5) is
satisfied.

YooY i— Y hpuv — (8.5)
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For the numerical example with demand torque 25Nm, the argis o @ v,1 is 355rpm,

is 0.32Whbt and _ is 0.65Whbt. The developed phase torques for the

incoming and outgoing phases are3BNm and 14.65Nm, respectively, ahd tms phase current
is 11.63A.

8.3.2 Mode #2twol/three phase operation

Fig. 8.7 shows operation in mode #2 were two/three phases conduct simultaneously to produce the

required torque.

Three- Two-  Three Two- Three-

'phase | phase | phase| phase
i i i e ==
|

A

Sy __

‘/

el

—& - 300

Fig. 8.7 lllustration of the proposed TCF in mode #2

The conduction period i@ T — — Ot v), so periods of negative torque exist. Hence, the
commonphase converter (in Fig. 3.13) cannot be deployed and instead a conventional four ASHB
converter (in Fig3.2) is usedIn regions I, Ill and V three phases conduct simultaneously. In
regions Il and IV only two phases conduct. A numerical example witlg v and—=¢ v is

given to clarify the concept as shown in Fig. 8.8.
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In the thregphase conduction rean there are two master phases and one control phase. Full dc
link voltage  is applied(continuously)on the incoming phase (Mastg), portion 1, full
negative dc voltage w is applied(continuously)on the outgoing phase (Mast), portion 2.
Meanwhile, the middle phase is the control phase which supplies the rest of the demand torque,
portion 3. Hence, torque in portions 1, 2 and 3 is determined. Thphase conduction period

gives theremainingportions 4, 5, 6 and 7, specified in mode #1.

Three- Two- Three- Two- Three-

250 350 — 40° 500 550 65°

Fig. 8.8 Numerical example lllustratintpe proposed TCF in mode #2

For the numerical example with demand torque 25Nm, the angleoc &t ¢,1 is 1765rpm,
is 0.39Wht, and _ is 0.58Wht. The developed phase torques for the

incoming and outgoing phases d&e1Nm and 13.9Nm, respectively, and the rms phase current

is 14.1A.

8.4 Zero TR speed range of the proposed TCF mode #1i

This section investigates the maximum torque rifpde speed range achieved at different torque
demands using the proposed TCF in mddethat is(p u — — O o m). Results are

demonstrated for two cases ndyn&vith and without voltagdoosting.
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8.4.1 Mode #1i without voltagboosting

A commonphase converter (Fig. 3.13) without voltage boosting is initially deployed. The

maximum speed range with zero TR is calculated for 25%, 50%, 75% and 100% FLT.
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o
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Fig. 8.9 SRM performance at FLT and 1065 rpm using proposed TCF without vditaagsting:
(a) Flux linkage waveform, (b) Rate of change of flux link@gstage demand), (c) Current waveforms, and (
Torque waveforms.

Fig. 8.9 investigates the proposed TCF at FLT and 1065rpm. The flux linkage profile is shown in
Fig. 8.9a, which is linear near the unaligned and aligned positions. This is expetteduisdc

link voltage, either positive or negative, is appl{edntinuously)on the phase winding at tuom

and turroff respectively, as highlighted in Fig. 8.9b. The full utilization of dc link voltage
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