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Abstract

This thesis investigates the use of electronic pole-changing winding induction machines for
an automotive starter-generator application. Induction machines offer the benefits of a low cost,
rugged construction and high overload capability. A starter-generator requires the machine to have
a high torque capability at low speeds for engine cranking operations and a wide-speed flux
weakening region for providing a torque boost and for extending the region of regeneration.
Induction machines that are designed for a fixed pole number that can meet both of these

requirements have a large frame size and this results in poor torque density.

Electronic pole-changing windings utilise the inverter to change the number of poles. The
machine is wound for the higher number of poles and the number of poles is reduced to half by
reversing the direction of current in specific coils of the phase windings. To avoid cancellation of
MMF and the associated copper losses, state of the art, three-phase, electronic pole-changing
windings for induction machines use windings with a 120° phase belt. However, 120° phase belt
windings have a fundamental winding factor below 0.85 and this results in poor torque density.
When the number of poles is reduced, the winding factor degrades further. In this thesis, six-phase,
electronic pole-changing windings to extend the flux weakening region of operation is investigated.
Six-phase pole-changing windings can be wound with a 60° phase belt without the disadvantage of
MMF cancellation and still retain the ability to perform the pole-changing operation. The
fundamental winding factor with a 60° phase belt is improved by 15% and this proportionately
increases the torque capability when operating with the higher number of poles, below the base
speed. For operation with the higher number of poles, the six-phase pole-changing winding is
symmetric, with a 60° phase separation between the phases. When the number of poles is halved,
the resulting machine is an asymmetric six-phase machine with a 30° spatial separation between the
phases. The enables the injection of 3™ harmonic currents to produce additional torque within the
limits imposed by the inverter current and the DC bus voltage. The optimal 3" harmonic current to
maximise torque capability and its impact on the torque ripple is determined for the pole-changing
winding induction machine. The performance of the three-phase and the proposed six-phase pole-
changing winding machines are simulated using finite element analysis and the results are validated

using experimental data on a prototype machine.

Finally, using vector space decomposition, the dynamic dg-model for a six-phase pole-
changing winding is developed. The transient performance of the three-phase and six-phase pole-
changing winding are compared under scalar control and indirect rotor field-oriented control.



Acknowledgements

| would like to express my deepest gratitude to my supervisor Prof. Zi-Qiang Zhu for this
opportunity to collaborate with and learn from him. His continuous support, honest feedback,
guidance and invaluable discussions through the course of this work made it possible and much
better.

My experience at Sheffield was made richer through discussions with the cohorts of the
Electrical Machines and Drives group at the University of Sheffield. In particular, thanks to Dr Cai
Shun for the absorbing technical discussions. Special thanks are due to lain Urquhart whose
willingness to always lend an ear far exceeded the patience, time and compassion expected of a
colleague and friend. The hours spent in the department and the lab on developing this thesis were
possible with the warmth and technical support of the entire staff of the Electrical Machines and
Drives group. Specifically, 1 would like to acknowledge the assistance provided by the late

Lawrence Obodo and Thomas Templeman in setting up my experiments.

| would like to thank Dr Jean-Claude Mipo and Dr Sophie Personnaz from Valeo Powertrain
Systems, Paris, France for the financial and technical support that made this dissertation possible.

Finally, thanks are due to my entire family for putting up with my idiosyncrasies that were

inevitable through this long journey.



Contents

AADSTFACT . ... bbbt a bbb bbbttt b e bbb 2
ACKNOWIBAGEMENTS. ...ttt bbbttt b bbb bt ene i 3
CONTENTS ... 4
LISt OF SYMIDOIS ... e et e e e ns 10
(O 0 F=1 o =]t R TSP PSP PP P PP PRURPRURON 16
GENEFAl INTFOTUCTION ...ttt bbbt nb bbb eneas 16
S 11T (U1 o PP 16
1.2 Hybrid EIectric VENICIE SYSIEM .....vvviiiiiieeiiiie s ciiee s siee e ssiree e siae e e s snree e 17
1.2.1 Series Hybrid VENICIES .......cvvcveieeece e 18

1.2.2 Parallel Hybrid VERNICIES..........c.civeeie e 19

1.2.3 Mild HYDBrid VENICIES ... 20

1.3 Electrical Machines Topologies for Starter-generator Applications..........ccccceeueeiiinnnnnns 21
1.3.1 Claw Pole MACNINE.......cooiiiiiiiiisicee s 23

1.3.2 Permanent Magnet Synchronous Machines ............ccocovvrinninienesc e 23

1.3.3 Switched Reluctance MaChiNg. ..........cooviiiiiiiiies s 24

1.3.4 IndUCEION IMACHINE .....o.viiiiiiic s 25

1.3.5 Comparison of Various Machines for Starter-Generator Applications................. 26

1.4. Induction Machines for Starter-generator AppliCations .........coovevviviiiiiiiiiineiiiieeciieeens 27
1.4.1 Fractional Slot Concentrated Winding Induction Machines ..............ccccceevveiiennenn 28

1.4.2 Bar WINAINGS .....c.veiveeiecie ittt st te e beesbeenaesraesreennesneenne s 33

1.4.3 ROtOr SIOt OPtiMISALION.....cc.viiiieiiie et re e 35

1.4.4 Pole Changing WINGINGS ........coeriiiriiiiiinieieie s 37

1.5 Scope and Contributions of the ThESIS ....coeveveiiii i 47
1.5.1 CONEITOULIONS ...ttt bbb 49

1.5.2 List of Publications from the TheSiS........ccccuiiiiiiiiiieee s 50



(@4 o T-T 0] (-] SR 51

Influence of Machine Parameters on Induction Machine Performance...........c.cccccoveneiinennes 51
2.1 Influence of Maching PArameters ..........vuueeerreeesiieeessiieeessireeesssreeessresssbeeessseeesnes 51
2.1.1 Baseling 1M Parameters..........ccovveiiienieiiesereeese s 52

N A AN TSI 1] 01 o] SR 54

2.1.3 Influence of Number of Slots per Pole per Phase (SPP) ..o, 56

2.2 Influence of Rotor Slot Number on Flux Weakening CharacteristicS...........ccvvveevvnneenn. 68
2.2.1 Variation of Inductances with Rotor SIot Number............ccoceoiiiiiiinicne 70

2.2.2 Torque Capability CUNVES........cceiiiiiiiiic e 75

2.2.3 Influence of Rotor Slot Number on Torque Ripple........ccooviiiiiiiiiie 76

2.2.4 Optimal Range of Rotor SIot NUMDEr ...........cocoiveiieecece e 80

2.2.5 Torque-speed and Power-Speed CharaCteristiCs .........c.ccvvveveveeiieiesiiese e 81

2.3 OPtIMAl MACKHINE ...eiiiiieii ittt e e e e e e s s bbb rr e e e e e e e s s e e sabbrraeeeeeeeeeseanns 83
P 00T Tod [ o] PR 85

(O 0 F=1 o1 1] g SRR PP PP PRSPPI 87
Three-phase Pole-changing Winding Induction Machinegs...........c.ccccoeveiieieeiie v 87
3.1 Pole-changing Windings fOr IMS .........cccuuuiieiiiiiiiie e ciiieee e siiree e e e snanee e e e 88

3. L1 WOrking PriNCIPIe....c.oiiiicieee e 90

3.1.2 Impact of Phase Belt on Pole-changing Windings ..........cccooviienenenencneneen 94

3.1.3 Baseline IIM DESIGN ......c.ociieiiciecie ettt 96

3.1.4 Pole Changing Winding Maching DeSign .........cccccvevieiieieeiie e 97

3.2 Performance Comparison of Baseline and Pole-changing Winding IM’S ............cooeeees 101
3.2.1 Comparison of Magnetic LOading.........cccoovveiiiiiieiie e 101

3.2.2 Comparison of DC and AC COPPEr LOSSES.......ccvvveiieiiieeiieiiriesieesieesee e siee s 101

3.2.3 Influence of Pole-changing Windings on Torque Ripple.......ccooeieiiiiiiiinnnn. 103

3.3 Thermal Performance of pole Changing Winding Induction Machine ................cc........ 105



3.3 L ThermMal IMOGEL ... et e e 106

3.3.2 Transient Thermal PErformance ...........cooeoviiierininineinc e 107

3.3.3 Steady-State Thermal Performance ............cocooeieieniniiiniseeeee s 109

3.4. Simulated Performance Maps: Baseline vs Pole Changing Machine ..........cccceeeeeevens 110
3.5 Experimental Results and Comparison with Predicted RESUIS ..........oovcvvvreieeieneennnnnns 114
3.5.1 Experimental Setup and Test Methodology .........cccevveieiiieiiiie e 115

3.5.2 Measured and Predicted Torque and Power Capability CUurves...........ccccccvenene 116

3.5.3 Measured and Predicted Efficiency Maps.........cccoveviiiiiieii i 118

3.6 CONCIUSIONS 1.ttt ettt ettt e e e et e e et e e st e e e e srb e e s bt e e e anba e e e snreeeennes 120
(O g T= T 0 (=] TSP 122
Six-Phase Pole-Changing Winding Induction Machines with Improved Performance........ 122
4.1 Six-Phase Pole-Changing WINGings ..........oooiviivrririeieeeesiicniiirireee e e e e e s esssnnnsseeeeeeens 122
4.1.1 Influence of Phase Belt on Winding Factor and MMF Harmonics..................... 123

4.1.2 Winding Factor Improvement with Six-Phase Windings.............cccooeviviieiienns 124

4.1.3 Inverter for Six-Phase Pole-changing Winding IM ..o, 127

4.2 Design of Pole-changing Winding Induction Machine...........cccvvveveeeeeeiiiiiiiinnneeneenn. 128
4.2.1 STAtOr WINGING......eeviiieitcce ettt sre e te e e nne s 128

4.2.2 Baseline INduction MaChINE .........c.ooviiiiiiiiiceee e 130

4.2.3 Six-Phase INduction MaChINg ............ccciiiiiiiniiieiese e 131

4.3 Simulated Performance Comparison of Pole-changing Winding Configurations........... 133
4.3.1 Performance Capability CUIVES.........cccooiiiiirieieie e 134

4.3.2 TOrQUE RIPPIE ..o 135

4.3.3 L0sSes and EFFICIENCY MaPS .....c..oviiiiiiiiiiieieie e 138

4.4 Experimental Results and Comparison with Predicted ReSUItS ........ccveviiiiiiiiiiinieneenn. 140
4.4.1TOrque Capability ........ccoiiiiiieieie e 143

4.4.2 ETFICIENCY IMAPS.....c.eiiiiiiiiiiiieiieeee ettt 144



4.5 CONCIUSTONS .. et et e ettt e et et e e e e e e e e e e e e e e e e e e e e nee s enaeeneenneensennennsens 147

(@4 0 F=T o 1] g T TS ST P T PP PP 148
Six-Phase Pole-changing Winding Induction Machine with Third Harmonic Injection ......148
5.1 Enhanced Torque Capability of Six-Phase IM with 3@ Harmonic Injection.................. 148
5.2 Six-Phase Pole-changing Windings ........cccvrrrrreeeeeesiiiiiiiireeeeeeeeessessnssnsesseessesssenns 154
5.2.1 Three Phase and Six-Phase Pole Changing Windings..........cccccoeveniniencnnnnnn. 154

5.2.2 MMF of 6-phase Pole Changing WiNdings ..........cccoceriiinininieienene e 156

5.2.3 Influence of 3rd Harmonic INJECTION ........cccovviiiiiiiice e 157

5.2.4 Inverter for 6-phase Pole Changing Windings .........ccccoccevvievieieiiieve e 158

o I T4 U] U4 T 1Y o o L RSP 159
5.3.1 TOIQUE RIPPIE ..ottt ettt et ste et e e reenne s 160

5.3.2 Torque and Power Capability CUIVES..........ccccviiieiiiii e 162

5.3.3 Optimal 3rd Harmonic CUITENT...........cccoiiiiiieie et 163

5.3.4 Torque Capability with 3rd Harmonic Current Injection ...........ccccocvevvvivivenns 164

5.4 EXperimental Validation .......uvveeeeeeeeeiiiiiiiiiirieee e e e e s ssssiisrrreee e e e e e s s s ssssssssssessesssssanns 166
5.4.1 Test MethodolOgy ........ccviiiiieee et 167

5.4.2 Capability CUIVES .......ooi i 170

RN o4 (VST o] T PSP RPPR 173

(O gF=T o] (= g OSSP 175
Dynamic Performance of Pole-changing Winding Induction Machine................cccocoonvneen. 175
6.1 Dynamic Model of 3-phase Induction Machings............ccevvrreeeeeeeeiiiiiiiiirreeee e e e e 176
6.2 Dynamic Model of 3-phase Pole Changing Winding IM .........ccccoeviiiiiiiiiieiiinnnnnnnnns 177
6.2.1 Parameters of Prototype Machine...........ccccoeeiiiiii i 183

6.2.2 Comparison of Transient Operation of 3-phase Pole Changing Machine: Open-loop
and Field Oriented CONLIOL ........c.ociiiiiec ettt ae e sraeere e 191

6.3 Dynamic Model and FOC of 6-phase Pole Changing Winding IM...........ccccceveeeeennn. 208



6.3.1 Comparison of Transient Operation of 6-phase Pole Changing Machine: Open-loop

and Field Oriented CONIOl ..........ccooviiiiiei e 211

8.4 CONCIUSIONS 1.vvvieesitiie et e ettt s bt et st e e et e e s st e e srb e e s bt e e e anbb e e e nnbeeeennes 226

(@4 0 F= T o] (- SRS 227
General Conclusions and FULUIE WOTK ... 227
8 L4110 L1 1ot o PSPPSR 227
7.2 CONCIUSIONS 11vvteeiettetee s sttt e e e sttt e e e e et e e e e sttt e e e e st e e e e s abb e e e e s sbae e e e e snsnreeeeeenees 227
7.2.1 Influence of Maching Parameters ...........cooeeeieieiinineneee s 228

7.2.2 Pole Changing Windings and Influence of Phase Belt............cccccooviininiinnnnne. 230

7.2.3 Performance of Six-Phase Pole Changing Windings ..........ccccocevvvvevvevesiieinennns 231

7.2.4 Transient Behaviour with Pole Changing Windings ...........ccccovvvvieiveveiieieennns 234

7.3 Limitations of Pole Changing WinNGings ........uveeeeeeeeiiiiiiiiiireeeeeee e s ssiiinnreeeeeeeeesseenns 235
T4 FULUIE WOTK 1eveiiiiiiiee e e ettt e sttt e sttt e et e e e e st e e e e e et e e e e e nnnne e e e e ennneneeeennes 236
AAPPENAICES ...ttt b bbbt b b bbbttt b et b enes 238
A o] 0 1=1 Lo |G OSSPSR 238
Design and Analysis of Induction Machines.............cccooiiiiiiicii e 238
Al.1 Specifications, Constraints and CONSTANTS ........uvveeeeeeeeesiiiiiirrireereeeeeeseesirnrrreeeeeeess 238
Al.2 Basic Design Methodology .........c.coeiieiieiiiic e 241

Al.3 Analysis of Electromagnetic Performance .........ccuueveiiiivieeiesiiiiineeeessiieee e s esnieeee e 248
Al.3.1 Equivalent Circuit Parameter Calculation............ccccooceiirininiiicncec e 249

Al.3.2 Performance Characteristics from Equivalent Circuit.............cccccoeevveiveiennenne. 255

Al.4 Dynamic Modelling of Induction Maching ...........eevieiiiiiiiiiiiinieiieee i 256
AL5 48V Induction Maching DESIGN ....uveeeeeeeeesiiiiiiiiiiieeee e e e e sssiiiirrer e e e e e e s e s ssnnrrsreeeeeeas 260
Al.6 Lamination Drawing and Material Properties ...........eeeeeeeiiiiiiiiieeeeeeeeesssiinsnnneeeeenss 263
ALT CONCIUSIONS ..tttttttttet e e e e s sttt e et e e e e e s s s bbb r et e e e e e s s s s bbb e e et e e e e e e s s snaabbrreaeaaeas 265

F N o] o 1<] 0o L) QI PSS U PR 267
Design and Fabrication of Prototype Induction Maching...........ccccooviiininiiiine e 267

8



AL L I OUUCTION + .ttt et et e e e et e e et e et e e e e e e e e e eeeaaeeeeeeaeeeee e s e e seennsennsernnseenseennns 267

All.2 Prototype Machine Fabrication & Winding Layout...........ccccvvreeeeeeeesniiiiinnnneeeeeenss 267
AlL3 DYNAMOMELEr TESt SEIUP ...vvvrereesiririteessttreeeessirrreeessssbaeeeesssssneeeesssssneeesssnsssees 270
RETEIEINCES ...ttt bbb b e bt bbbt et et bbbt ne e 273



List of Symbols

Symbol Definitions Units
a Number of parallel paths
A, Conductor area m?
Ay Area of slot m?
Agtrands Number of stands per conductors
B, Yoke flux density T
B, Average air gap flux density T
bs Stator slot opening width m
bgq Stator slot top width m
bs, Stator slot bottom width m
B,, Rotor tooth flux densities T
B, Stator tooth flux densities T
by Stator tooth width m
B, Rotor yoke flux densities T
B Stator yoke flux densities T
d, Conductor diameter m
D,, Diameter of end-ring m
Dout Stator outer diameter m
Dy, Shaft diameter m

10



F,

mcr

F,

mcs

F,

mtr

F,

mts

F,

rotor

F,

stator

g

geffective

Bore diameter
Induced EMF

Magnetising MMF

MMF drop across the rotor back irons

MMF drop across the stator back irons

MMF drop across the rotor tooth

MMF drop across the stator tooth

Rotor tooth MMF

Stator tooth MMF

Air gap length

Effective air-gap

Height of rotor yoke
Stator yoke density
Stator slot opening height
Slot height

Stator slot height

Rotor tooth field strength
Stator tooth field strength
Slot wedge height
Armature winding current

Rotor bar current density

11

AT
AT
AT
AT
AT
AT

AT

A/m

A/m

A/mm?



Lar
las
I phase

re
igr

e
lgs

Iring

Ismax

kwrv
kwsp

kWSV

Rotor d-axis current in the rotating reference frame
Stator d-axis current in the rotating reference frame
Phase current

Rotor g-axis current in the rotating reference frame

Stator g-axis current in the rotating reference frame

Rotor end-ring current density

Stator current limit

Rotor inertia

rotor current density

Stator current density

Carter’s coefficient

Slot fill factor

Saturation factor

Stacking factor

Motor torque constant

Total winding factor

Rotor winding factor for the fundamental,
Rotor winding factor for the vi" harmonic

Stator winding factor for the fundamental

Stator winding factor for the vi" harmonic

12

A/mm?

Nm/A



leR

Lstk

Nr
Ns

Ns

PcuR

Pw

Differential leakage inductance
Length of the end winding
End-ring leakage inductance
Length of the end ring section
Leakage inductance

Stator self-inductance

Stator transient inductance
Stator slot leakage inductance
Stack length

Number of phases

Number of rotor slots

Number of stator slots

Number of conductors per slot
Number of pole pairs

Number of poles

Rotor copper loss

Number of poles for which the stator is wound
Slots per pole per phase

Rotor bar resistance

Stator phase resistance

Electromagnetic torque

13

ohms

Nm



Tmax
Var
Vs

e
Vgr

e

Vgs

Vsmax

min

Load torque

Breakdown torque

Rotor d-axis voltage in the rotating reference frame
Stator d-axis voltage in the rotating reference frame
Rotor g-axis voltage in the rotating reference frame
Stator g-axis voltage in the rotating reference frame
Maximum allowable voltage limit

Number of series turns per phase

Minimum rotor minimum tooth width

Minimum stator minimum tooth width
Magnetising reactance

Stator leakage reactance

Coil pitch in the number of slots

Flux density shape factor

Coil axis

Stator winding MMF

Stator active stack length to bore diameter ratio
Stator slot leakage coefficient

Differential leakage coefficient

End winding leakage coefficient

Permeability of free space

14

Nm

Nm

ohms

ohms

AT

H/m



Yar
Vs
Vs
Ym
Var

Vgs

Harmonic order
Coil pitch for a full pitch winding in the number of slots
Rotor time constant

Maximum value of the air gap flux over a full-pitch

winding

Rotor d-axis flux in the rotating reference frame
Stator d-axis flux in the rotating reference frame
Flux-linkage due to PM

Flux linkage of a single-phase

Rotor g-axis flux in the rotating reference frame
Stator g-axis flux in the rotating reference frame
Excitation electrical frequency

Rotor speed

Synchronous frequency

Wb

Wh
Wb
Wb
Wb
Wb
Wb
rad s
-1

rad s

rad s—1

15



Chapter 1

General Introduction

1.1 Introduction

The electrification factor, defined as the percentage of the on-board electric power to a
vehicle’s total power, has been consistently increasing since the advent of the use of automobiles.
An increase in the electrification factor is inversely proportional to the emissions of the automobile.
Early attempts to increase this involved replacing hydraulic power steering systems with electric
steering, motor drive air-conditioning compressors as opposed to belt-driven compressors, and
replacing mechanical pumps with electric pumps. All of these are non-propulsion loads and their
electrification improves the electrification factor in increments of 15-20%. Electrification of the
propulsion loads produces the highest improvement of the electrification factor in the order of 50-
70% with fully electric vehicles (EVs) having a near 100% electrification factor. EVs offer the best
solution to meet the increasingly stringent emission norms, which are only set to require further
reduction of emissions in the years to come [EMA14]. Lack of charging infrastructure, relatively
poor battery power densities, the years and capital spent on internal combustion (IC) engine research
and development prevent the immediate and widespread adoption of EVs. In the interim, hybrid
EVs (HEV) offer a path to meeting emission norms while maximizing the efficiency potential of IC
engines. Different levels of hybridized vehicles are in production. In conventional automobiles,
there are two separate machines. One of the machines is a high torque machine for cranking the
engine, known as the starter, and the other for charging the on-board battery when the engine is
operating at higher speeds, known as the alternator. As the electric loads become higher, the
alternator rating increases and this presents an opportunity to combine these machines into a single
starter-generator machine. Vehicles equipped with such machines are called micro hybrids. 12V
micro-hybrid EVs incorporate a starter-generator with start-stop functionality, limited regeneration,
and low fuel consumption reduction potential. 48V architectures offer a higher level of hybridization
with a larger starter-generator machine that can provide start-stop functionality, regeneration over a
wide engine speed range, and a moderate torque boost capability thus offering significant fuel saving
[SCH17]. These mild-hybrid vehicles offer a good short term opportunity to meet emissions targets
with modest fuel saving. This thesis explores the potential application of the induction machines for
starter-generator applications for mild-hybrid vehicles. The thesis particularly addresses the

contradicting and simultaneous requirement of high torque capability in the low-speed region and a
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wide flux weakening range of operation by the use of electronic pole changing windings to double
the flux weakening region of operation while preserving the other benefits afforded by the induction
machines by employing 6-phase windings. Additional improvement in the torque capability by the

3" harmonic current injection is shown.

In Section 1.2 different degrees of hybridization are discussed and the various machines and
methods to meet the demands of mild hybrid electric vehicles are discussed in the sections that

follow.
1.2 Hybrid Electric Vehicle System

One way to classify hybrid electric vehicles is by the extent to which electrical machines play
arole in the propulsion or drive train of the vehicle. A pictorial representation of such a classification
is depicted in Fig. 1.1. The various locations of machines, vis-a-vis the internal combustion engine,
used in hybrid vehicles architectures, are shown in Fig. 1.2. Typically, in propulsion systems, the
engine or turbine is designed for the peak load demand. This demand for peak load, however, occurs
only during a short period in operation and the system then runs inefficiently during other times.
This is because the engine is directly coupled to the thrust transferring device like the wheels of an
automobile. Hybrid propulsion systems combine an electrical machine and an engine or turbine in
such a way that each of them is running at their most optimum conditions. To enable this, hybrid
propulsion systems have more than one source of energy, such as a flywheel, fuel cells, engines, etc.
on board the moving system [EMAOQ8]. Broadly, there are two main categories of hybridization,
series hybrid and parallel hybrid vehicles. Distinguishing the two classes of hybrid vehicles are the
roles played by the electric motor and the internal combustion engine in propulsion. The

classification of different hybrid systems is described in the next few sections.

Source of

Electric Power /\
|
- f—_—_—_—_—_,—_—_—_—_—_—_—_—_—_—_—_—— —| |-—-=> IC engine vehicle
= ——_——_ e SN ] —| —_—— Micro Hybrids
£ 5 Mild Hybrids
o R At o - |---> vbri
- E{_’i ——————————————————————— - — e NN, ———_—_———— - :_ —_——
E g
m 3
N . - Lk brids
= Battery Electric Motor g Full Hybrids
8 <]
Hgf-—=—————gfm - § —_——
dal 000 1 — 1=
. @ L
Engine Battery Electric Motor Senes Hybnds
Fuel Cells [ Full Electric

Fig. 1.1 Vehicle Classification by degree of hybridization [GAN10].
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1.2.1 Series Hybrid Vehicles

The series hybrid vehicles use the electrical motor as the prime mover coupled to the
transmission and the internal combustion (IC) engine as the power generation equipment, the IC
engine, and the motor is decoupled by the energy storage system that is placed between them. This
affords complete flexibility to run the IC engine and the electric motor transmission at their peak
efficiency levels to maximise the overall system efficiency. For instance, in such an architecture the
vehicle may operate as a pure electric vehicle with the electric motor drawing power only from the
battery for propulsion during slow speeds with the IC engine remaining idle. However, during
acceleration, the IC engine may be operated at its peak efficient point to compensate for the power
being drawn from the battery and also recharge the battery if surplus power is produced. The motor
can also be used as a generator to recharge the battery during deceleration through regenerative
braking. The functioning of the IC engine over a narrow speed and high-efficiency regime
eliminates the need for a clutch and multi-speed transmission and this improves the fuel economy

in comparison to a conventional vehicle.

ol L

e
i

PO/P1
E-machine
always coupled
with ICE

Pl

(a) PO and P1 architecture

P2
E-machine can be i

P2

(b) P2 architecture

decoupled with ICE
rotating at ICE speed
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P4«
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E-machine is decoupled -
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-
1
-

(d) P4 architecture

Fig. 1.2 Various machines in Hybrid vehicles [LEE18].

1.2.2 Parallel Hybrid Vehicles

In parallel hybrid systems, as shown in Fig. 1.1, the extent of the IC engine’s contribution to
propulsion results in different kinds of parallel hybrid vehicles. The full hybrid vehicle has both the
IC engine and the electric motor capable of producing the full power requirements for propulsion
independently. This architecture results in the elimination of the generator that was previously
coupled to the IC engine in the series hybrid system for energy conversion. It does, however,
necessitate a transmission system between the IC engine and the wheels. The electric motor or the
IC engine may be selectively used for propulsion based on the peak efficiency point and the load
demand. The reduction in conversion stages improves the overall efficiency of the system.

In mild hybrid systems, the electric motor is used supplementary to the IC engine and rather
than producing total power required for the propulsion of the vehicle. The electric motor can provide
what is known as a boost torque for augmenting the IC engine during high load conditions. In

addition, the electric motor is also used as a starter/generator for frequent cranking of the IC engine
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In micro-hybrid systems, the electric motor provides no propulsion power at all. Instead, while
the IC engine provides all the power needed for propulsion the electric motor is used as a
starter/generator for frequent cranking of the IC engine as well as for powering auxiliary loads
[GAN10].

As is apparent each of these systems has its unique advantages and disadvantages. The choice
amongst the various architectures appears to be as much an exercise in the economy as it is in ease

of engineering and availability of technology.
1.2.3 Mild Hybrid Vehicles

In the series hybrid or the full hybrid vehicles, the fuel efficiency gained is superior to the
mild or micro-hybrid. The amount of disruption needed relative to the conventional IC engine
vehicle is also the most in these architectures compared to a mild or micro-hybrid. Micro hybrid
systems are already widely used today with the Lundell generator being the machine of choice in
many systems. The mild-hybrid system, on the other hand, allows for the least disruption of the
vehicle architecture for the maximum benefit. As reported in [GAN10], mild hybrid systems have
shown fuel economy benefits in the range of 15% to 25%. The mild-hybrid system can be arranged
in one of two possible arrangements defined by the method of coupling the electric machine to the
IC engine. As seen in Fig. 1.2(a), the electric machine could be linked to the IC engine with a
belt/chain/gear drive mechanism, also called the Belt-Integrated Starter-generator (B-1SG) or be
arranged in a way that allows for it to be decoupled from the IC engine via a clutch mechanism also
called the Crankshaft-integrated starter-generator(C-1SG). The B-1SG are the machines in the PO or
P1 location in Fig. 1.2(a). The machine P2 is the C-ISG as shown in Fig. 1.2(b). The basic
application of the C-ISG is in mild hybrids, where the rotor is directly fitted on the crankshaft in
place of the flywheel. This drive unit achieves its full hybrid functionality (starting, electrical
propulsion, regeneration and boost) in combination with a mechanically integrated combined clutch
and damper between the combustion engine and the electric motor. With its high torque, this
electrical drive can not only start-up heavy combustion engines at cold-start but also restarts the
combustion engine very quickly and conveniently during electric driving. While the vehicle is being
driven electrically and regenerating, an additional clutch disconnects the combustion engine and the
powertrain is provided with torque from the electric motor exclusively. The machines used for B-
ISG or C-ISG applications share the feature of having a large diameter to length ratio compared to
conventional machines due to the restriction of the axial space available in the location near the

engine where the machines are to be accommodated.
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1.3 Electrical Machines Topologies for Starter-generator Applications

The starter-generator machine, as the name suggests, needs to able to start the IC engine as
well as generate the power from the IC engine during other times. Within the motoring mode of
operation of the IC engine, the starter-generator machine has the dual functions of providing torque
required for cranking of the engine and also to provide torque assist to the IC engine at high speeds.
The torque-speed range over the motoring mode of the starter-generator machine is shown in Fig.
1.3. The peak torque is required for a small range of low speeds. The operation region of the starter-
generator machine is however over a large range of speed meaning that the machine needs to be
designed with a wide flux weakening region. The start-stop feature of mild hybrid vehicles requires
that the starter-generator machine must be able to frequently crank the engine even in cold
temperatures when the cranking torque is higher. The quick starting and cold starting requirements
will establish the values for the peak motoring torque and the maximum motoring torque curve for
the electric machine. The peak torque value is determined by the time to crank the engine to the
idling speed. This is in the range of 250 to 400 milliseconds depending on the application [WALO4].
The torque values for performing launch assist or torque boost are engine-specific. The machine
also needs to generate power for battery charging during regenerative braking at high-speeds or
while cruising on the highway. The machine is also used to regulate the state of charge of the battery.
As seen in Fig. 1.4, the starter-generator machine needs to have fairly high efficiency at higher speed
ranges in generating mode. Apart from the function of a starter and generator, the machine also
needs to provide power to auxiliary loads like water pumps, air conditioning etc. This results in the
traditional 12V battery system unable to supply the necessary power at reasonable current. The
automotive industry is adopting a 48V system that ensures that the voltage level is still below the
permissible safe voltage limit of 60V while ensuring that the current levels result in a reasonable
wire gage. Lower current levels keep the power cable cross-sections low and thus less expensive.
The upper limit of 60V, including voltage spikes, is based on the safe operating voltage below which
additional, expensive insulation systems for electrical shock protection are not required. This
ensures the cost of implementing a sub-60V system remains reasonable. Staying in the 48V region
means the system design can be done as a 12V system would be given that the wires are rated for

60V. However, additional precautions for short circuit faults need to be taken into account [MALO4].
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In summary, the challenges for the starter-generator machine design include:
High torque/power density
Low voltage, high power design resulting in a high current design
Wide speed flux weakening region, 5-6 times base speed

Good thermal performance in high ambient of 105°C

o ~ W e

High torque at low speed for cold cranking
Different machine topologies have been considered in literature for starter-generator
applications [CAI04] [CAIO06]. The most commonly investigated machines are claw pole machines,
PM synchronous machines, switched reluctance machines (SRM) and induction machines. Their

relative merits for this application are compared in this section.
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1.3.1 Claw Pole Machine

Claw pole synchronous machines are well established as Lundell alternators in conventional
IC engine vehicles. The claw pole machine is a wound rotor machine which gets its name from the

rotor structure composed of two interlocking claw-like structures as shown in Fig. 1.5.

Rectangular Conductors

Slip Ring

Fig. 1.5 Parts of a claw pole machine [CAI06].

The rotor winding is housed between the claw poles and fed via slip rings. DC current in the
field windings produces axial fields that flow axially through the rotor core and cross the air gap
radially to link with the stator windings. The stator is housed with conventional windings. The rotor
structure results in high leakage inductance and this limits the power to which this machine can be
rated. The leakage can be reduced with the use of permanent magnets housed between the two claw
poles and with dual-field coils. Claw pole machines have high flux weakening regions due to the
ability to control the flux. However, at higher speeds, the spatial harmonics in the MMF cause eddy

current losses on the rotor surface which is usually solid [CAIO06].
1.3.2 Permanent Magnet Synchronous Machines

While a claw pole machine is also a synchronous machine, the PM synchronous machines
have high efficiency due to the absence of field windings to produce the working flux. Additionally,
with PM machines, the stator can be wound with fractional slot or tooth wound windings which
reduces the overall axial length of the machine. Surface eddy current losses remain an issue at high
speeds especially when fractional slot stator windings are used. While the efficiency is the highest
amongst other machines at low-speed high torque operation, in the flux weakening region, large
currents in d-axis are required to reduce the flux and this results in high stator copper losses and a
higher risk of demagnetization as well as poor fault tolerance during failure of control.
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Depending on the structure of the rotor, PM machines are classified as surface mount
machines (SPM) or as interior permanent magnet machines (IPM). In the former, the magnets are
mounted on the rotor surface and in the latter embedded into the rotor laminations as shown in the
rotor cross-sections of Fig. 1.6(a) and Fig. 1.6(b) respectively. SPM machines are limited in the
application to ISG or BSG applications due to their limited flux weakening range of operation. This
is due to the voltage limit of 48V for this application. Solutions to get around this limitation involve
the use of a DC-DC converter to boost the DC bus voltage at high speeds. The magnets also have a
mechanical limitation at high speeds.

IPM machines have buried magnets lending the rotor better mechanical strength at high speeds.
The location of the magnets within the rotor lamination also produces additional reluctance torque
that adds to the torque created by the permanent magnets. This results in a high torque density and
high-efficiency machine with a wide speed flux weakening region [RIC07] [KAM13] [PEL12]
[SCRO5]. However, the magnets within the rotor structure require large d-axis currents to

demagnetise resulting in poor efficiency in the flux weakening region.

—
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(a) Surface mount rotor structure. (b) Interior permanent magnet structure.

Fig. 1.6 Rotor structures of permanent magnet machines.

1.3.3 Switched Reluctance Machine

A typical cross-section of a switched reluctance machine (SRM) is shown in Fig. 1.7. The
rotor structure of the machine is robust and is suitable for high-speed operation. The SRM is
however known to be prone to high torque ripple and acoustic noise. Methods to limit the noise and
torque ripple by suitable current shaping and harmonic injection are being investigated [ZHU17]
[FEN19]. SRMs also require small air gaps for achieving high torque density. In starter-generator

applications, additional vibrations from the engine shaft require a larger air gap that compromises
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the torque density of the machine. The efficiency of the SRM is comparable to that of an induction
machine. A bulk of the losses like the case of an induction machine are due to the stator copper

loses.

Fig. 1.7 Switched reluctance motor cross-section.
1.3.4 Induction Machine

Induction machines can have wound rotors where the rotor currents can be controlled
externally via brush and slip ring arrangements. This is a limitation for operation at high speeds and
is not preferred. Alternatively, cast aluminium or copper rotors with shorted bars can be used.

Integrated
Stator | inverter

Pulley Housing Rotor

Fig. 1.8 Exploded view of induction machine used in a Continental BSG product [WEB16].

This results in a low cost and mechanically robust rotor. Induction machines have high
overload capability which makes them a suitable candidate for BSG applications where high starting
torque is required during cranking for overcoming the engine breakaway torque. At such high
torques, the slip is high and this results in poor power factor and high stator losses. However, this
operation is only intermittent and of short durations of 300ms. Operation on the envelope of the
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torque-speed curve is usually for short term duty. After the engine is cranked, the operation of the
induction machine is within the torque-speed envelope. The flux weakening range of induction
machines is limited to 3-5 times the corner speed and this limits the amount of power that can be
generated at high-speed operation. Additionally, at the high-speed operation, the magnetising
current is very low relative to the g-axis or the torque component of the current resulting in
difficulties and instability of control [CHEQ2].

1.3.5 Comparison of Various Machines for Starter-Generator Applications

A qualitative comparison of the machines discussed is shown in TABLE 1-1. While the SPM
machine cannot meet the wide speed operating range required in starter-generator applications, it is

included in the comparison for completeness.

TABLE 1-1 QUALITATIVE COMPARISON OF MACHINES FOR STARTER-GENERATOR APPLICATIONS

Claw pole SPM IPM Induction
Parameter SRM
machine machine machine machine
Efficiency Low High Very high Low Low
Torque density Low High High Low High
Fluxweakening ;0 Low High High High
range g g g g
Robustness Low Low High High High
Cost Low Very high Very high Low Low
Cranking
Overload High Low Low Very low Very high
capability
NVH Low Low Low Very high Medium

The permanent magnet machines have the highest efficiency and torque density amongst all
the machines The SPM is the worst performer when compared across the wide speed operating
range, all other machines being comparable. The induction machine and the SRM have the most
robust rotor structures followed by the IPM. Both the claw pole machine (due to slip-rings) and the
SPM (due to surface magnets) have poor rotor structural integrity. The permanent magnet machines
are the most expensive of all the machines due to the use of rare earth material. The induction
machine stands out in overload capability with no magnets present there is no risk of

demagnetisation and overload torque can be produced as long as there is a current capability of the
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inverter for short duties. SRM while comparable to induction machines in all respects have the
highest noise and vibration issue and coupled with the vibration of the engine make it an unattractive
option. The low cost, low noise, high overload capability and ruggedness of the induction machine
make it suitable for this application. The flux weakening range of operation is still limited and in
this thesis that aspect is addressed by the use of pole changing windings to double the flux
weakening region of operation while preserving the other benefits afforded by the induction

machine.
1.4. Induction Machines for Starter-generator Applications

Induction machines are more than 130 years old with the first wound field induction machine
patented in 1888 [TES88] and a subsequent patent on the squirrel cage induction motor filed in 1897
[LAM97]. Since then, numerous papers have been published to investigate and improve the
performance of various aspects of the induction machine. The literature can be divided into the
categories shown in TABLE 1-2 with references addressing these topics shown alongside. While the
list of references is by no means exhaustive, it provides recent work in these categories, relating to
research on induction machines. In this thesis, the focus is on the application of induction machines
for starter-generator applications and a literature review of induction machine designs specific to
this application is discussed in the following sections. As discussed in Section 1.3, the major
requirement of the starter-generator machine is to provide high torque at low speed and a wide speed
operating region for torque boost and regeneration. Due to the location of the starter-generator next
to the engine, the axial length of the machine is also of importance. The categorisation of the
literature review on induction machines for applications is shown in Fig. 1.9. The overall axial
length of the machine is affected by the active stack length (which is optimised for torque) and the
overhang length. This aspect is addressed by studying the use of bar conductors with hairpin
windings and tooth wound fractional slot concentrated windings in Section 1.4.1 and Section 1.4.2.
To achieve a wide speed flux weakening region for this application, the rotor slot shape can be
optimised to improve the breakdown torque and the flux weakening region to a limited extent. A
summary is provided in Section 1.4.4. The stator windings with a variable pole number provide the
best method of wide speed flux weakening operation while retaining peak torque capability. Five
different methods to vary the number of poles to obtain a wide speed flux weakening region are

discussed in Section 1.4.5.
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TABLE 1-2 CLASSIFICATION OF LITERATURE ON INDUCTION MACHINES

CATEGORIES

REFERENCES

Comparison studies

[ZHU07], [PEL12], [GUA14a], [DOR12]

Impact of slot/pole combinations [YEP16], [KRO31], [BES09], [MOR13], [DAJ13]

[HAO17a], [HAO17b], [NEE95], [PAT14], [CHOO1], [SPA13],
[EAS08], [SUN16]; [ABD11]; [KON16]; [KIR07]; [PER12];
[ZHA00], [CAV14] [MAG12] [ZHA00] [NEE95] [LIWO05] [AKI94]
[JUN15] [WANO5] [BOJ16] [BOJ16a]

Novel winding and geometrical

structures

Parameter determination and physical
[GUN16a], [GUN16b], [ZHU15], [PER12], [XIA08]

phenomena

[BIA97], [CAI14], [ARN15], [TIEO5], [DOR15], [MEN14], [KIM98],
[GUAL4b], [CHOO1], [X1A08], [NEE95], [BRA16]; [DOR12],
[REF08]

Modelling and analysis (modelling
methodologies, optimization studies,

analytical formulations)

Impact of drive cycles on performance
[CPT16], [CAI13], [GUN16c], [HERO9], [BIA98],[CAV16],

(efficiency map improvement, impact of
[CAV16a], [BOJ14], [CHEO1]

drive cycles)

Impact of inverter and control

methodologies
[AOU14], [LOR90], [OSA96], [WAL93], [WAL94], [BUY11]

(impact of inverter topology, control

system,)

1.4.1 Fractional Slot Concentrated Winding Induction Machines

Permanent magnet topologies with tooth wound stators are well known. Tooth wound
machines have the advantage of shorter end winding lengths and more cost-effective and have lower
losses due to reduced stator resistance. Higher-order harmonics are usually used to produce useful
torque while the sub-harmonics cause eddy current losses on the surface of the magnets when these
winding are used with permanent magnet stators. With induction machines, however, the
subharmonics create significant torque ripple and high eddy current losses in the rotor bars (which

have much higher conductivity than permanent magnets).
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Fig. 1.9 Categories of literature review of induction machines for starter-generator applications.

As such, when tooth windings are used in induction machines, great care must be taken in the design

of the windings to eliminate the harmonics that do not contribute to torque production while

preserving the benefits of tooth windings.

TABLE 1-3 CONFIGURATIONS OF FRACTIONAL SLOT CONCENTRATED WINDINGS OF INDUCTION MOTOR

Method

References

Advantages

Disadvantages

Conventional FSCW

Wound-rotor FSCW

Phase shifted stator
windings with
different turns per
coil

Dual stator slot
layers and multilayer
windings

Multiphase modular
induction machine

Stator cage winding

[REF08], [GUN14],
[BAC15]

[EAS08], [BIA12]

[DAJ11], [DAJ13],
[PAT14]

[SUN15], [DAJ16]

[ABD12]

[DAJ14], [PAT15],
[PAT16], [PAT16a],
[SPA16], [GER15]

Low cost, short end windings

Ability to select working
harmonics and reject all
parasitic harmonics

Sub harmonics can be
eliminated with uneven tooth
width. Higher-order
harmonics amplitudes are
reduced

Shorter stack length,
subharmonics are eliminated

Higher-order harmonics can
be eliminated by suitable rotor
design, fault tolerance

Very low space harmonics,
cheap construction,
programmable pole and phase
number

High MMF harmonics, parasitic
torque, high rotor eddy losses

Wound rotor requires slip-rings and
reduces reliability and ruggedness

Complex stator winding in the slots.
End winding region connections are
complex and lead to a longer overall
length

Higher-order harmonics still present.
High slot leakage, poor winding
factor and low magnetising
inductance result in higher losses.

30% poorer power density, low
winding factor

A large number of high current PE
devices required. High AC losses in
the stator winding when operating at
higher frequencies

29



Methods of reducing the MMF harmonics of FSCWs for induction machines from literature,
their relative advantages and disadvantages are summarised in TABLE 1-3.When conventional
FSCWs similar to those used in permanent magnet machines are used, the MMF harmonics cause
high torque ripple and rotor losses [REF08], [GUN14], [BAC15]. A wound-rotor induction machine
that is wound for the same number of poles as the order of the working MMF harmonic of the FSCW
induction machine can eliminate all the losses and torque ripples created from the sub-harmonics
and the higher-order harmonics. However, this requires a slip ring rotor or a shorted wound-rotor
induction machine which reduces the ruggedness of the induction machine as well as reducing the
rotor slot fill factor compared to what could be achieved with a cage rotor [BIA12]. This method,
however, lends itself well to linear induction machines where the end effects due to the finite length
of the stator create significant torque ripple and eddy current losses when copper or aluminium
sheets are used as the translator [EAS08]. The procedure to eliminate the harmonics from the MMF
spectrum of FSCWs involves the cancellation of the undesirable harmonics using two or more sets
of windings, multi-layer stator windings, multi-phase machines or a combination of these, as seen
from TABLE 1-3. This process can be explained using the widely used 12-slot 10-pole FSCW. A
two-layer layout of the 12/10 winding is shown in Fig. 1.10.

TTHIEIEL LTI I T TTI Y

Fig. 1.10 Three-phase winding layout of a 12-slot 10 pole FSCW machine

The MMF waveform and the harmonic spectrum of this winding layout are shown in Fig.
1.11(a) and Fig. 1.11(b), respectively. If this winding is used in its present form with a squirrel cage
rotor, the dominant harmonics will produce torque and depending on the speed of the rotor there
will be significantly high torque ripple and rotor eddy current losses. To attenuate the harmonics (in
this case the 7" harmonic is cancelled since the fundamental is the 5" harmonic for a 10-pole
machine) two sets of identical windings spatially shifted by an angle «,, result in the cancellation
of the MMF harmonics. This is shown in Fig. 1.12. The reduction of the MMF harmonics, while
maintaining the amplitude of the fundamental is achieved by the reduction of the winding factor of
the harmonics that are being attenuated. The variation of the winding factor of the first 3 harmonics
with a varying shift between the windings is shown in Fig. 1.13. The combination of these two

windings into one stator is shown in Fig. 1.14.
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Fig. 1.11 MMF waveform and spectrum of the 12/10 winding layout.

Fig. 1.12 Winding layout of 24-slot 10-pole stator winding with a spatial shift of «,,
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Fig. 1.13 Winding factor variation of the first 3 harmonics of the 24-slot 10 pole winding.
The associated MMF waveform and the harmonic spectrum of this combined winding layout is
shown in Fig. 1.15. The 7" harmonics are significantly attenuated and the sub-harmonic is

attenuated slightly. The method to reduce the sub-harmonic and further reduce the 7™ harmonic

amplitude is disclosed in [DAJ13a].
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This is done in two steps:
1. The 7" harmonics can be reduced further by using teeth with uneven width to enable a phase
shift slightly higher than 2.5 slot width so that the winding factor of the 7™ harmonics is zero
as seen from Fig. 1.13. This does not attenuate the sub-harmonics.

2. The sub-harmonic can be reduced by using a different number of turns per coil for the coils

sharing the slots belonging to different phases. The ratio of the turns is between the phases
is between 0.5 and 1 [DAJ13a].

Fig. 1.14 Combination of both winding layouts.

This reduces the ability to automate the winding of the coils and also does not reduce the
higher-order harmonics which still cause rotor losses. The windings proposed in [DAJ11] [DAJ13]
[PAT14] that have the lowest harmonic content have stator windings which have a coil span of two
slot pitches. This results in some degree of overlap of the windings. To overcome these limitations
and reduce the overall axial length of the winding a dual stator winding where the multi-layer
winding is arranged in two different radial locations is proposed in [SUN15]. The stator cross-

section with the winding arrangement is shown in Fig. 1.16.
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Fig. 1.15 MMF waveform and spectrum of the 24/10 winding layout.

Compared to the two-layer winding proposed in [DAJ13], the winding of [SUN15] eliminates
the 17" harmonic. The arrangement of the winding in dual-slot layers as shown in Fig. 1.16 results
in a shorter stack length. However, a dominant 19" harmonic remains and this result in rotor losses.
Additionally, the fundamental winding factor of the 24-slot 10-pole winding is 10% lower than and

equivalent distributed winding machine. This results in lower magnetising inductance and
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subsequently lower overall efficiency. In [MOR15a], a dual stator winding in a wye-delta
connection is proposed. The two sets of windings are housed in 12 slots are shifted to eliminate the
5t and 7" harmonics. The 2-pole fundamental harmonic is used for torque production. However,
the winding factor of this winding is only 26% and this results in low magnetising inductance and

poor efficiency.

(a) Dual slot multi-layer stator winding (b) End winding connections

Fig. 1.16 Cross-section showing the winding layout of the dual-slot multi-layer stator [SUN15]

From the comparisons of the fractional slot windings possible for the induction machine
summarised in TABLE 1-3, it is apparent that the presence of air gap harmonics of any magnitude
comparable to the working harmonic results in a poor efficiency due to the rotor losses. Attempts to
suppress these harmonics with multi-layer windings or phase-shifted windings results in the
reduction of the fundamental winding factor reducing the magnetising inductance which reduces

efficiency.
1.4.2 Bar windings

Due to the 48V, low DC bus voltage but high power required for SG applications, the phase
current is usually quite high. As a result, the bar winding is used instead of stranded conductors for
the stator winding. With bar conductors, hairpin windings can be used to reduce the end winding
length, increase the slot fill factor and ensure a good thermal performance of the stator winding.
Using bar winding required a parallel slot design, unlike a stranded winding where a parallel tooth
design may be used. Bar windings also result in the lowest DC resistance due to the large conductor
cross-section area. The AC resistance at high frequency is increased due to the eddy currents and
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skin effect of the large area of conductors. Careful optimisation of the machine is necessary to
minimise the impact of these losses on the overall performance of the machine. The efficiency map
of the machine equipped with bar windings has a higher peak efficiency than the stranded winding
machine. However, the efficiency is lower at high speeds due to the eddy current losses in the bar
winding. While this is beneficial for the low-speed high current operating points, the efficiency of
the machine is reduced in the high-speed region [JUR12] [JUR15] [BOJ16] [BOJ14] [CAV16]
[CAV14] [BOJ16a]. Another advantage of the bar windings in a hairpin architecture is the inherent
spacing that is achieved in the end windings of the machine. This improves the insulation life of the
machine. A slot liner is needed to prevent the individual conductors from direct contact with each
other within the slot. Three different kinds of slot insulation are shown in Fig. 1.17 to prevent the
conductors from touching the stator walls. The B-type insulation is shown in Fig. 1.17(b) that can
be used to eliminate the gaps in the corner of the conductors inherent in the S-type insulation of Fig.
1.17(a). Alternatively, a two-part insulation can be used to simplify the manufacturing process of
hairpin windings using bar conductors as shown in Fig. 1.17(c). The inter conductor gap is lower as
seen in Fig. 1.17(c) and this makes is more suitable for designs where the inter-turn voltages have
been optimised to be as low as possible [RAH15] [RAH16].

(a) S-type insulation (b) B-type insulation (c) Two part insulation
Fig. 1.17 Bar conductor insulation types.

The shape of the slot in the stator lamination needs to be slightly wider at the bottom of the
slot to accommaodate the second u-shaped piece of the insulation. This does not impact the saturation
of the teeth because of the parallel slots necessary for accommodating bar windings. This wider slot
bottom required for the two-part insulation extends into the portion of the tooth that is wider than
the portion adjacent to the air gap and is unlikely to saturate. To overcome this limitation of high
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eddy current losses, multiple layers of bar windings can be used to reduce the skin effect. In [BOJ16]
[CAV16] [CAV16a] [CAV14] [BOJ14] [BOJ16a], a 4-layer bar winding is shown to be a good
compromise between the electromagnetic performance deterioration due to the reduced slot-fill
factor and the improved thermal performance due to the decreased eddy current losses. Another
limitation of the bar windings is the limited number of slot pole combinations that can be used to
accommodate the winding. The impact of this on the choice of the optimum number of slots is

addressed in detail in Chapter 3.
1.4.3 Rotor Slot Optimisation

The operating speed range of inverter fed induction machines can be extended by operating
the machine under flux weakening excitation conditions. This is achieved by the reduction of the
magnetising current as the operating speed increases, to limit the terminal voltage to what is capable
of being supplied by the DC bus. The family of curves which shows the operation of an inverter fed
induction machine in the flux weakening region of operation is shown in Fig. 1.18. These curves
assume that the inverter rated DC bus voltages reach the rated value at 1pu speed. The peak torque
of the induction machine is inversely proportional to the square of the speed. This implies that to
achieve a torque capability of 0.25pu at 4pu speed, the torque capability at rated speed needs to be
4 times the rated torque. Typical induction machines have 2-2.5pu breakdown torque capability
resulting in a machine that needs to be significantly larger to achieve this kind of torque
characteristics [ZHAO00] [HAR95] [OSA96].

One method to increase the operating speed range of the induction machine requires an
increase in the breakdown torque capability. The equation for the breakdown torque of the induction
machine is given in (1.1) and (1.2) where X,,, p, L;, R, X5 and T, are the magnetising reactance,
pole pairs, leakage inductance, stator resistance, stator leakage reactance and the breakdown torque

respectively.

() 2 D
max =2\ w /) 2L,
X (1.2)
Veq = 1 Vs

[R? + (X, + X,)%]?

To increase the peak torque and to extend the speed range of the drive system, (1.1) points to
the minimisation of leakage reactance as a key design strategy. Line fed induction machine designs

have relied on the deep rotor bars to optimise the starting torque. With inverter fed induction
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machines the rotor slot shape can be optimised to minimise the leakage reactance. Several papers
have reached the same conclusion on the impact of the rotor slot shape and its effect on the leakage
inductance and subsequently the flux weakening range of operation of the induction machine
[MAG12] [ZHA00] [NEE95] [LIWO05] [AK194] [JUN15] [WANOS].
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Fig. 1.18 Torque-speed curves of inverter fed induction machine showing the operation in the flux weakening region
[BOLO2].

For a trapezoidal-shaped rotor slot, the optimum shape of the slot is a shallow and wide slot
as opposed to the narrow and deep slot commonly used in line fed induction machines. There is,
however, no optimum slot shape that can maximise the breakdown torque, power factor and
efficiency [JUN15]. A trade-off between these performance measures needs to be made to choose
the best slot shape for the application [JUN15] [MAG12] [ZHAOQOQ]. Rotor slot shaping can improve
the flux weakening range of the machine to a limited extent before other considerations of the
inverter current limit become a constraint. Low leakage inductance results in an increase in the
motor harmonic current components and a consequent increase in the torque ripple and copper losses
[OSA96]. Another method to achieve the wide speed operating region is to reconfigure the number
of poles and/or phases using mechanical or electronic means. Changing the number of poles or
phases can be used to change the corner speed of the induction machine. The corner speed of an
induction machine of a given stack length is inversely proportional to the number of series turns per
phase. By changing the number of poles, the effective series turns per phase are changed and this

results in a change in corner speed [OLD85].
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1.4.4 Pole Changing Windings

Pole changing windings offer the most direct and impactful way of extending the operating
speed range of induction machines in the flux weakening regions. Changing the number of poles
changes the number of series turns per phase. With lower pole numbers, the corner speed and
subsequently the flux weakening region of operation is increased. Different methods of changing

the number of poles are compared and shown in TABLE 1.4.

TABLE 1.4 METHODS OF POLE CHANGING OF INDUCTION MACHINES.

Method Pole Ratio Advantages Disadvantages References
Simole Mechanical [BOLO2]
Avrbitrary pole & p contactors result in

Separate windings implementation, no

hase number .
P inverter needed

low reliability. Poor
slot utilisation

Dahlander 1:2: same phase Simple Mechanical [BOLO2] [DAHO03]
connection nim,1ber implementation, no contactors result in
inverter needed low reliability.
. Y- Six terminals, simple  Only limited ratios of [RAWA58]
;c:)lgua:;r][?cl)lrfude n'h(:s:)n’usri?eer method to change pole numbers close to
P poles each other possible
Higher copper losses
with toroidal
Pole phase Arbitrary pole & Ah“aﬁgﬂfnz‘g‘;‘be“ ‘r’gg:?s':gf) tneenet?;d Y [BGE13] [BGEL0]
modulation phase number P P ) [SUN10].

possible.

winding factor at

high torque with
conventional winding

Pole changing with
inverter, online pole
changing possible

[OSA96] [OSAIT]

Electronic pole [MOR97]

changing

1:2; same phase
number

Low winding factor
with low pole number

A. Dahlander connection

The Dahlander winding is a type of pole changing winding and achieves a 1:2 pole changing
ratio by the reversal of current polarity in half of the higher pole number winding to achieve the
lower number of poles. These two halves may be connected in star or delta connections or a
combination of both. The Dahlander winding suffers from MMF cancellation when a 60° phase belt
full pitch winding is used for the higher pole number winding. When a 120° phase belt is used, both
winding configurations, have a fundamental winding factor lower than 0.85. In addition, the
Dahlander winding requires mechanical contactors to change the number of poles resulting in the
inability to change the number of poles during operation for continuous torque thus compromising

the reliability and ruggedness that an induction machine is known to offer.
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Fig. 1.19 A 4/2 pole Delta/2Y Dahlander connection pole changing winding [BOLO02].

A A/2Y implementation of the Dahlander winding is shown in Fig. 1.19. Each of the three
phases is split into two halves and for changing the number of poles the direction of currents is
reversed in one half of the winding [BOL02] [DAHO03].

B. Pole Amplitude Modulation

Pole amplitude modulation (PAM) is a method of changing the number of poles of the stator
winding in the ratio of p: p + 1 by reconfiguring the winding connections. Considering the single-
phase MMF of a 3-phase winding shown in Fig. 1.20(a), the field strength is expressed as shown in
(1.3) where A is the amplitude and p is the number of poles and the MMF is shown for 8-poles in
Fig. 1.20(a). The amplitude of this field can be modulated in space by assuming the pole amplitude
varies as shown in (1.5). The resultant field is shown in (1.6) and indicates that the field By is
composed of a double field of two-pole numbers (p — 2k) and (p + 2k) and in this particular case
a 6-pole and 10-pole field as seen in Fig. 1.20(d) and Fig. 1.20(e). There are two methods to achieve
this modulation in practice. The first is to reverse the current in the second half of the winding with
respect to the first half. The second method is to omit a section from each half while the current in
half the remaining portion can be reversed with respect to the first half. Consequently, in this case,
the 4" and 8™ groups of coils are omitted and the 5™, 6™ and 7" are reversed with respect to the first
three groups of coils. These methods can be achieved by the multiplication of the p-pole MMF

waveform with the modulation waveforms of Fig. 1.20(b) and Fig. 1.20(c).
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Fig. 1.20 Waveforms depicting the theory of pole amplitude modulation [RAW58].
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The Dahlander winding is a specific case of PAM windings.

— 2ein(P (1.3)
Bg = Asin (2 9)
A = Csink0 (1.4)
By = Csin k6 sin (g 8) (1.5)

8o = 5[ros (G- 4)) = cos (G 1) ) @

To achieve PAM by simple current reversal, series-parallel connections can be used to
modulate the number of poles. Therefore, for a 3-phase machine, for a 2:1 pole changing connection,
6-leads are required. Another method of achieving PAM is to omit certain coils that result in a
different pole number. While the winding factor is improved when coils are omitted the torque
density of the machine is poor since the windings are not optimally utilised [RAW58] [BOLO02].

C. Pole Phase Modulation

Pole Phase Modulation (PPM) provides the most general way to achieve discrete speed control
of the induction machine. For a given number of stator slots, the number of poles, phases and slots
per pole per phase is variable with PPM windings. Integer q values have to be chosen to ensure a
balanced magnetic circuit. The possible pole and phase combinations and integer SPP values with
PPM windings are shown in TABLE 1-5 for 36 stator slots and 3 or more phases. Once a stator coil
pitch is fixed however, the pole counts possible with a PPM winding are limited. The SPP of a fixed
coil pitch winding is given by (1.7) where N is the number of stator slots and p,, is the number of
poles for which the stator is wound. v is the ratio between the number of magnetic pole pairs p of
the winding achievable through PPM. The phase belt length must be kept constant for all the number
of poles, which implies that for a 4/12-pole winding selected from TABLE 1-4 only those
combinations that have the same q values can be chosen resulting in 4-pole/9-phase and 12-pole/3-
phase windings as an example.

N 1.7)
1= vp,m

The number of legs of the inverter required for a PPM winding is equal to the number of

phases for the lower pole count winding. For a 2-pole/9-phase winding, the number of inverter legs
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required would be 9 legs and the same winding can be reconfigured to behave as a 6-pole/3-phase

winding.

TABLE 1-5 POLE/PHASE COMBINATIONS FOR A STATOR WITH 36 SLOTS AND PPM

Variable 2p=2 2p=4 2p=6 2p =12
m 3 6 9 18 3 9 3 6 3
q 6 3 2 1 3 1 2 1 1

PPM can be realised using conventional windings and toroidal windings. With conventional
windings, the coil pitch is fixed by the physical construction of the coils and their placement in the
slots. The full potential of the PPM winding, where the coil pitch can be effectively controlled by
the inverter, is achieved with toroidal windings. A section of slots of a stator wound with toroidal
windings is shown in Fig. 1.21(a).
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(b) Toroidal coil excitation showing variable pitch

Fig. 1.21 Toroidal stator windings of a PPM machine.

Current through one of the coils is insufficient in itself to produce a magnetic flux that links
with the rotor to form a useful number of poles. When a pair of coils (not necessarily next to each
other) are excited, the flux that they produce together can link the rotor to produce different pole

numbers and the coil pitch can be controlled as shown in Fig. 1.21(b). While in theory any coil pitch
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can be realised with toroidal winding, in practice, to keep the number of inverter legs to a minimum,
interconnections between fixed sets of coils are required. This limits the number of pole-phase
combinations for a given connection to two. Toroidal windings for PPM were firstly disclosed in
[MIL99] where a 4-pole/9-phase and a 12-pole/3-phase toroidal wound induction machine with a

72 slot stator was discussed.

Advantages:

Toroidal windings have the advantage of a short overhang length in the axial direction

compared to conventional lap windings.

Any coil pitch can be achieved by varying the phase of current flowing in the toroidal coils.

Disadvantages

A water jacket that is placed in contact with the outer periphery of the stator lamination
cannot be used to cool the machine effectively due to the presence of the overhang of the
toroidal winding. Additionally, any gaps between the toroidal windings and the stator
laminations will lead to hot spots on the windings.

e Due to the layered nature of the toroidal windings, a cooling system that cools the accessible
overhang region of the windings will result in non-uniform heat dissipation reducing the life
of the insulation and subsequently the winding.

e Machines with toroidal windings are not amenable to automated winding due to the
difference in the inner and outer diameters of the coils requiring a manual placement of
spacers to prevent coil movement [MIL99].

e Also, toroidal windings are by design single-layered windings and this result in higher

harmonics in the MMF increasing rotor surface losses.

To effectively utilise the overhang region of the toroidal winding, a dual rotor machine is
required. This type of machine has a dual air gap and has a complex bearing system, especially for
high-speed operation [MIL99] [MILO1]. The performance of PPM induction machines with three
types of windings are compared in [BGE13] [BGE10] and [SUN10]. A conventional distributed
winding, a single-sided toroidal winding and a double-sided, dual rotor toroidal winding are
compared with the same inner rotor diameter and pole, phase combinations. A PPM winding for a
36-slot stator that can switch between a 4-pole/9-phase and 12-pole/3-phase connection is discussed.
The winding layout for a conventional winding is shown in Fig. 1.22(a) for the 4-pole/9-phase

connection and Fig. 1.22(b) shows the 12-pole/3-phase connection.
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(b) 12-pole/3-phase winding mode.

Fig. 1.22 Winding layout of 4/12-pole PPM winding induction machine [BGE13].
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Fig. 1.23 Inverter connection for 36-slot PPM winding stator [BGE13].

For a conventional winding, the machine is wound with a one-slot short pitch winding for the
4-pole/9-phase mode. The inverter connection with 9 inverter legs corresponding to the winding
layout of Fig. 1.22 is shown in Fig. 1.23. The coils corresponding to the 9 phases are connected in
series. To change the number of poles, the phase of currents in the coils are appropriately adjusted
corresponding to the 12-pole/3-phase connection shown in Fig. 1.22(b). Once the coil connections
are made to correspond to the lower pole number the coil pitch is fixed and the fundamental winding
factor for the 12-pole connection is reduced. The fundamental winding factor for the 4-pole/9-phase
mode is quite high at 0.984. For PPM operation with conventional windings, the coil pitch is
unchanged at 8-slot pitch when the machine is operated in the 12-pole/3-phase mode and the
fundamental winding factor for this mode is reduced to 0.866. Additionally, with PPM windings,
the coil pitch corresponds to the mode with the lower number of poles resulting in larger end winding
length when low pole numbers are used. For starter-generator applications where the higher torque
is required at low speeds when the low pole number winding mode is excited, the low fundamental
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winding factor is a disadvantage. The performance of the toroidal winding with a single rotor is
found to be inferior compared to the conventional winding as well as the dual rotor toroidal winding
due to increased copper losses. The dual rotor toroidal winding machine has the highest
torque/ampere value but has mechanical issues especially during high-speed operation [BGE13]
[BGE10].

D. Stator Cage Induction Machine

Another recent innovation in the stator winding of induction machines was disclosed in
[DAJ14a] and the associated inverter to run this type of machine was discussed in [DAJ17]. The
machine has a cage winding both in the stator and the rotor laminations. Unlike the rotor where the
cage is short-circuited at both ends of the cage, each bar one end of the stator cage winding is
connected to the output of an H-bridge inverter that enables the control of magnitude and direction
of current in the bar. The stator cage winding with one end short-circuited and the inverter at the
other end is shown in Fig. 1.24. The number of half bridges required for controlling this machine is
equal to the number of stator bars. An inverter connection for n-stator cage bars is shown in Fig.
1.25.

Fig. 1.24 Stator cage winding and associated inverter [PAT15].
Advantages:

1. The mechanical construction of the machine is advantageous since the stator can be die-cast
or pre-fabricated bars can be inserted into stator slots, reducing the cost compared to the
conventional winding.

2. The MMF of the stator can be controlled precisely since each slot current is independently
controlled. This results in an MMF waveform with lower harmonics compared to the

distributed winding and consequently lowest NVH.
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3. High slot fill factor (almost 100%) is possible compared to the 60%-70% [ZHA19]

achievable with bar windings and this improves the torque density of the stator cage winding

machine.

4. The high slot fill factor combined with the shorted end ring on one end of the stator of

improves the thermal performance and heat rejection capability of the slot. [DAJ14]

Disadvantages:

1. For 48V systems, like starter-generator systems, the high power requirement results in a high

current per stator bar and the MOSFET/IGBT devices that drive these bars need to be rated

for high current making the drive circuit expensive.

2. The number of current sensors required for a stator cage winding is equal to the number of

stator bars and this results in a large number of current sensors for machines with a large

number of slots.

3. The AC losses in the stator cage windings can be significantly high unless a large number

of slots are used to produce a low pole number MMF with low harmonics. This, however,

increases the cost of the power electronic converter and sensors.
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Fig. 1.25 Inverter for stator cage winding induction machine [PAT16].

E. Electronic Pole Changing

To extend the speed of the machine, the number of the poles could be changed during the

normal operation of the machine. One way of doing this electronically, without resorting to slow

mechanical contactors, is reported in [OSA96] [MOR97]. The principle of operation can be

understood from the example of a 3-phase 24-slot, 4-pole machine and the winding pattern of phase

A is shown in Fig. 1.26 for 4-pole operation.
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Fig. 1.26 Winding pattern of a 24-slot 4-pole machine.

The current in the phase A coil in slots 13-22 can be reversed and the resulting change in the
number of poles can be seen from Fig. 1.27. The inverter connection and the MMF of the phase

coils are shown in Fig. 1.28.

Poles N
SlotN°| 1 2 3 4 5 6 7 8 9 (10| 11|12 13|14 | 15|16 | 17 | 18| 19

20 | 21 | 22|23 |24

Layer1{ A1 | A1 | Al | Al
Layer 2 al |al |al | al A2 | A2 | A2 | A2

Fig. 1.27 Winding pattern of a 24-slot 2-pole machine.
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Fig. 1.28 Inverter for electronic pole changing.
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Fig. 1.29 MMF and harmonic spectrum of the electronic pole changing machine.

Since the current of only one of the two coils of the phase A needs to be reversed, the inverter
required for such an operation is a 6-phase drive which allows the current to be reversed in one set

of coils to facilitate the pole changing. The connection of the coils to the inverter is shown in Fig.
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1.28. The MMFs of the coils ‘A1’ and ‘A2’ when added result in a 4-pole MMF, the difference of
the MMFs in a 2-pole operation. The MMF waveforms and their corresponding harmonic spectrum

are shown in Fig. 1.29.

. o
Kas = Sl.nia) (1.8)
q sm(ﬁ

The major limitation of the electronic pole changing winding is the poor winding factor in
both modes of operation. The winding factor is calculated as shown in (1.8) where ¢ and q are the
phase spread and slots per pole per phase respectively. For the machine under consideration, the
phase A coil occupies 4 slots under one pole which equates to a phase spread of 120°. This translates
to a winding factor of 0.866. For a machine with a 60° phase spread, the winding factor for the same
machine would be 0.959 which is 10% higher. This implies that as compared to a full pitch winding,
the torque is 10% lower due to the choice of the winding with 120° phase belt. If a winding with a

60° phase belt is chosen, pole changing operation will lead to MMF cancellation.
1.5 Scope and Contributions of the Thesis

This thesis investigates an improved electronic pole changing winding induction machine.
The induction machine is identified as a suitable machine for starter-generator application amongst
other machines as shown in Fig. 1.29. Within the possible methodologies for pole changing
windings, the electronics pole changing windings is chosen for this application. Electronic pole
changing windings as proposed in [OSA96] can extend the speed range in the flux weakening region
of operation. The inverter and windings structure is simple and there is a possibility of applying this
to low voltage 48V systems with the use of hairpin windings. However, 3-phase pole changing
windings have a poor fundamental winding factor when used with a higher number of poles where
the highest torque is needed for cranking. To overcome this issue, a 6-phase pole changing winding
is proposed. In addition to having a higher fundamental winding factor, the torque during the lower
pole number operation can be improved by the use of 3rd harmonic injection. The thesis is organised

into 7 chapters to investigate the improved electronic pole changing winding induction machine.

In Chapter 1, a review of the literature discussing the relative merits and demerits of various
machines used for starter-generator applications is presented. Specifically, the use of induction
machines for starter-generator applications is investigated. Pole changing windings are identified as

a means to improve the flux weakening region of operation of the induction machine. The different
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methods of performing pole changing are described and their advantages and disadvantages are

compared. The electronic pole changing windings is chosen as a suitable candidate for investigation.

In Chapter 2, the influence of different machine parameters on the performance of the
induction machine is discussed. The influence of the number of slots, the number of poles and the
number of rotor slots on the torque capability, torque ripple and flux weakening performance is

investigated to determine an optimal machine configuration.

Machines for starter
generator
applications

Asynchronous Synchronous
Machines Machines

Wound rotor Squirre] cage Permanent magnet Switched reluctance ‘Wound field

induction machine induction machine machines machines machines
I | — — l
Fixed pole, phase Variable pole, phase IPM PMBLDC Claw pole
induction machine induction machine machines machines machines
I
Contactor based Electronic
pole changing pole/phase changing
|
. ; c Pole Amplitude Pole Phase Pole changing
2 Star/delt di . L . B .
Dahimderiwmdms AR Modulation winding Modulation winding winding
3-phase Pole 6-phase Pole
changing winding changing winding

6-phase Pole changing
winding with 3
harmonic injection

Fig. 1.29 Investigation of induction machines for starter-generator applications

In Chapter 3, a 3-phase, state of art electronic pole changing winding for a 48V starter-
generator application is discussed. It is shown that the electronic pole changing winding induction
results in an induction machine with shorter axial length but an inferior efficiency and thermal
performance compared to the baseline induction machine with conventional windings. This is due
to the poor fundamental winding factor of the electronic pole changing winding machine when used

with a high number of poles.

In Chapter 4, the 6-phase pole changing winding is introduced as a way to improve the

fundamental winding factor when operating with a higher number of poles. A comparison of the 6-
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phase and 3-phase machines is performed using FEA and experimental results on a lower-rated

prototype are presented to support the conclusions from the simulation.

In Chapter 5, the injection of 3 harmonics to enhance the torque capability of the six-phase
pole changing winding induction machine is discussed. The optimal ratio of the 3@ harmonic current
to the fundamental current is determined. The influence of the 3" harmonic injection on the torque
capability curves and torque ripple are simulated. Experimental results with the 3 harmonic

injection are used to validate the simulations.

In Chapter 6, a dynamic model for the 3-phase winding is discussed and is extended to
simulate the dynamic performance of the 6-phase pole changing winding induction machine. A
dynamic model with non-linear inductances and rotor resistance to better match the test results are
discussed. The transient behaviour of the pole changing winding machine under scalar control and

field oriented control is simulated.

The appendices discuss the design equations and the 3-phase dynamic model of the induction
machine. The geometrical and winding configuration of the prototyped induction machine is also

shown.
1.5.1 Contributions
The major contributions of the thesis can be summarised as follows:

1. Improvement of the peak torque capability at low speed by 15% by the use of 6phase pole-
changing winding compared to the state-of-art, 3-phase electronic pole changing windings.

2. Improvement of the peak torque capability at the corner speed by 21% using 3" harmonic
injection. The optimum ratio of the 3" harmonic to the fundamental current that maximised
the torque capability is determined.

3. A dynamic d-q model for the 6-phase pole changing winding is developed using the vector

space decomposition method.
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Chapter 2

Influence of Machine Parameters on Induction Machine
Performance

The performance of induction machines is influenced by the choice of mechanical design
parameters like the air gap, the overall and slot dimensions of the stator and the rotor dimensions as
well as the electrical parameters like the number of turns per phase, current density and voltage
rating of the windings. Despite the quantifiable nature of these parameters, the design of induction
machines has been dominated by rules of thumb and empirical formulations that imbibe the
experience of generations of designers and manufacturers [ALG51] [SAY70]. A lot of these
techniques were aimed at line-start machines. With the widespread use of variable frequency drives,
new design spaces have opened up for induction machine design. New materials as well as better
manufacturing techniques (like FeCo laminations, hairpin windings) have resulted in hitherto
unexplored designs and performance [BOLOL1]. For a starter generator application of the induction
machine in hybrid vehicles, the requirements are for a higher starting torque as the primary
requirement for cranking operations. This is followed by the requirement for a wide speed operation
in the flux weakening region to enable the maximum extraction of power during highway cruising.
In this chapter, the influence of the various parameters of the induction machine is studied in
comparison to a baseline induction machine design. Beginning with a set of constraints, the
influence of the stator dimensions and rotor dimensions are studied. From this design of experiments,
optimisation is carried out under two scenarios of maintaining the same conductors per slot at 2 and
varying the number of conductors per slot while maintaining the same series turns per phase. The
influence of the rotor slot number on the average torque and torque ripple of the induction machine
is studied particularly in relation to its influence in the flux weakening region. The method of
analysis described in Chapter 2 is used to calculate the torque-speed characteristics of the machine

and the optimum machine from this analysis is presented.

2.1 Influence of Machine Parameters

In designing an induction machine, the constraints are set by the application for which the
machine is intended. In this instance, the baseline specifications of the induction machine are for
the PO location in a hybrid electric vehicle. The specifications determine the envelope available for

the machine, the inverter specification determines the DC bus voltage and current available and the
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cooling system specification constrains the coolant temperature and flow rate. Within these
constraints, using the design methodology outlined in Appendix I, different slot/pole number
combinations are investigated to determine the optimum induction machine design to meet the
performance specifications. Due to the low voltage available at the DC bus, the current rating is
high for the high power rating of the induction machine the phase resistance has a very strong
influence on the performance of the induction machine and consequently the stator losses are high
for a small increase in the number of turns. The lowest possible resistance is obtained by utilising
hairpin conductors in the stator slots. The highest packing factor is possible for a two-layer winding
(chosen to minimise the MMF harmonics) while accommodating two conductors per slot. The
influence of the number of series turns per phase (W) on the corner speed and the limited DC bus

voltage provides a narrow choice for W as discussed during the optimisation.
2.1.1 Baseline IM Parameters

The baseline induction machine specifications used in this thesis for analysis and optimisation
studies are shown in TABLE 2.1. These specifications are overlaid onto a representative torque-speed
characteristics shown in Fig. 2.1. The blue circled points represent the specifications. For an
induction machine, the peak torque capability is inversely proportional to the square of the speed as
indicated by the dashed red curve in Fig. 2.1. To meet the requirement of the cranking torque of
60Nm at 1200 rpm and 12Nm at 6000rpm (1:5 ratio), the peak torque capability of the machine will
be 5 times the cranking torque at 300Nm. Induction machines usually have a peak torque to rated
torque ratio of 2-2.5 p.u. A machine designed with such high peak torque capability will be large
and underutilised. To overcome this issue the corner speed of the machine can be increased, which
would require a higher voltage or lower number of turns per phase so that the DC bus voltage limit
is reached at a higher speed, thus extending the flux-weakening region of operation. The peak torque
reduces and can be brought down to within 2 p.u of the operating rated torque. A torque of 12Nm
at 6000rpm with a corner speed of 2000rpm results in torque of 108Nm at the corner speed. It can
also be observed in Fig. 2.1 that the machine that meets the specifications are 20000rpm is required
to be even larger. As previously discussed, for 48V machine drives, the low DC bus voltage
combined with the high current rating results in a limited choice of the number of conductors per
slot. The need for a wide flux-weakening region narrows the choice of series turns per phase to
ensure that the corner speed is high enough to extend the flux weakening region of operation.
Therefore, a baseline machine is chosen to study the influence of W. For the same electric loading
and air-gap flux density, the corner speed of the induction machine is inversely proportional to W.
This occurs because for a higher number of series turns the speed at which the voltage limit of the
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inverter is reached is lower. The torque at the corner speed, on the other hand, is proportional to

both the number of series turns and the stack length. These relationships are shown in (2.1) and (2.2)

[OLD85].

Torque (Nm)

1200 2400 3600 6000 4 20600 >
Speed (rpm)
Fig. 2.1 Representative torque-speed characteristics of the induction machine
Toew Stack Lengthye,, Wiew 2.1)
Told B Stack Lengthold Wold .
Corner Speed,;;  Stack Length,e,, Wyew 2.2)

Corner Speed,,,,  Stack Length, g Wo4

Consider a baseline 3-phase, 4 pole induction machine with three different values of W. The
outer diameter and stack length of the machine are constrained to the specifications in TABLE 2.1.
The current and average air-gap flux density are both kept constant. The influences of W on torque-
speed and power-speed characteristics are shown in Fig. 2.2(a) and Fig. 2.2(b) respectively. The
stator with W=12 (or other feasible integer values close to 12) has the optimum corner speed that
can meet the torque specifications at both low speed and high speed. Subsequently, for optimisation
studies, the number of series turns per phase is kept close to 12 which will result in a corner speed
of 2000rpm as a reference value depending on the number of slots per pole per phase (SPP) and the

pole number under investigation.
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2.1.2 Assumptions

A. Cooling & Current Density

For the water-cooled induction machine with a stator cooling jacket, as per the specifications
the cranking operations are intermittent and of short-term duty. The rest of the operation occurs
within the torque-speed envelope where the operation is of continuous duty. Consequently, the stator
copper loss is kept fixed at a value for peak torque operation resulting in a lower current density for
other operating points within the operating envelope. The current density of the conductors is

calculated at this loss value to ensure it is within the limits allowable by the cooling system [GAI19].
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(b) Power-speed characteristics.

Fig. 2.2 Influence of the number of series turns per phase on the torque-speed and power-speed characteristics.
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TABLE 2.1 PO INDUCTION MACHINE SPECIFICATIONS

Peak Power Mode for 30s @85% Efficiency

Power (kW) Speed (rpm) Environment DC Bus Voltage (V)
10 (31Nm) 3000 80°C air and 105°C water 52
15 (23Nm) 6000 80°C air and 105°C water 52
Permanent Power Generation Mode (continuous)
Power (kW) Speed (rpm) Environment DC Bus Voltage (V)
3.2 2400 120°C air and 105°C water 36, 42, 52
5 6000 120°C air and 105°C water 36, 42, 52
5 20000 120°C air and 105°C water 36, 42, 52
Cranking Mode (Duration of 500ms)
Torque (N) Speed (rpm) Environment DC Bus Voltage (V)
60 (4kW) 0 120°C air and 105°C water 36
60 (1L0kW) 1200 120°C air and 105°C water 36
12 (7.5kw) 6000 120°C air and 105°C water 36
Drive Specifications
Vpc=48V

Iyhase = 230Arms (6 Phase Cranking)

Iyhase = 160Arms (6 Phase Generating)

Packaging

Stack Length +End Winding=84mm

Diameter External=144mm

B. Material Properties

The material for the stator and the rotor laminations is chosen to be M-19 24Ga. The rotor

bars are die-cast aluminium and the shaft is non-magnetic steel. The stator windings are copper. All

material characteristics used in simulations are included in Appendix I.
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Geometric Constraints: The stator outer diameter is fixed based on the specifications of
TABLE 2.1. The stack length is fixed at 66mm and is chosen to ensure that the sum of the active
stack length and overhang of the end-windings is within the specifications. The air-gap of all the
designs is limited to 0.35mm based on manufacturability and tolerances for this size of the induction

machine.
C. Current and Voltage Limits

The inverter rating determines the current limit per phase and the available phase voltage is
limited by the DC bus voltage and the control method used. In all of the simulation methods, a space
vector modulation method is used which limits the available rms line-to-line voltage to V,./v2
[KARO2].

2.1.3 Influence of Number of Slots per Pole per Phase (SPP)

To study the influence of different slot and pole numbers, different combinations of stator
slots and poles are investigated for optimisation. The relationship between the number of series turns
per phase (W), the number of parallel paths (a), the slots per pole per phase (SPP), the number of
poles (2p) and the number of conductors per phase (ns) is given by (2.3).

W = P4 2.3)
a

Due to the high differential leakage inductance of stator windings with SPP of 1, this
combination is not investigated [BOL02]. Induction machines with 2 poles result in large overhang
lengths and are also not considered. As the number of poles and SPP are changed, the number of
parallel paths and the conductors per slot can be varied. The number of conductors per slot
necessarily needs to be an even number for double layer windings and the number of poles needs to
be an integer multiple of pole pairs. Due to the low number of series turns per phase (W=12), the
number of conductors per slot is also quite low. Also, for some combinations of SPP and pole
number, the number of conductors per slot cannot be kept constant for the same value of W. To
account for this, two different scenarios are simulated where in the first scenario, the number of
conductors per slot and parallel paths are varied for all combinations of SPP and p to keep the value
of W fixed at 12. In the second scenario, the number of conductors per slot is kept fixed at 2 and the
number of parallel paths is adjusted to keep the value of W as close to 12 as feasible. These
combinations for both scenarios are shown in TABLE 2.2. For each combination in TABLE 2.2, using
the procedure detailed in Chapter 2 and subject to constraints imposed by the specifications as
described in Section 3.1.1, the induction machine is designed and optimised. The number of rotor
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bars is kept constant at 56 for all the machines and the influence of the rotor bars is then studied
separately in the next section where it is seen to not have a major influence on average torque,

especially in the constant torque region, but a rather significant effect on the torque ripple.

TABLE 2.2 SCENARIOS OF INVESTIGATED SLOT/POLE COMBINATIONS

Parameters Scenario 1 Scenario 2
SPP 2p Ns Ns a w Ns a w
2 4 24 6 2 12 2 1 8
2 6 36 6 3 12 2 1 12
2 8 48 6 4 12 2 1 16
2 10 60 6 5 12 2 2 10
2 12 72 6 6 12 2 2 12
3 4 36 4 2 12 2 1 12
3 6 54 4 3 12 2 1 18
3 8 72 4 4 12 2 2 12
3 10 90 4 5 12 2 2 15
3 12 108 4 6 12 2 3 12
4 4 48 6 4 12 2 1 16
4 6 72 6 6 12 2 2 12
4 8 96 6 8 12 2 2 16
4 10 120 6 10 12 2 5 8
4 12 144 6 12 12 2 4 12

A. Optimisation Procedure and Results

For every combination in TABLE 2.2, the optimum dimensions of the machine that maximises
the torque at the corner speed achievable for W=12 are determined. For a fixed outer diameter, stack

length, air-gap, rated inverter current and DC bus voltage, the geometric parameters that influence
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the torque are the stator bore diameter and the stator and rotor slot dimensions. The influence of
these parameters is determined by varying the split ratio (SpR) and stator tooth-width to slot pitch
ratio (b.) and the rotor tooth-width to slot pitch ratio (b,), respectively. The stator copper loss is
kept constant to ensure that the thermal performance of the machines is comparable. The genetic
algorithm (GA) is used to determine the optimum values of the three input variables subject to
constraints that maximise the torque capability at the reference corner speed of 2000rpm.

Initialise SpR,
bts, btr (x,)

Calculate stator slot,
rotor slot, conductors

Constants: Constraints:
1. Airgap and end rin I‘F%xed stator copper loss'
2.DC bus voltage . X .8 2.Fixed rotor current density
dimensions subject to 3.Fixed W

constraints

3.Phase current

Equivalent circuit and
performance
calculation routine

Objective function:

_ 1
ga[min (Tmak)]

update SpR, bts, btr
(x)

Is Tpeak

maximised?

Fig. 2.3 Flowchart of the peak torque optimisation procedure.

The flow chart of the process is shown in Fig. 2.3. With a randomly chosen set of input
variable values within the lower and upper bounds, the stator slot, rotor slot, the conductor cross-
section area and the end ring dimensions are computed according to the procedure detailed in
Appendix | while subject to the constraints shown in Fig. 2.3. Using these computed values, the
equivalent circuit parameters and performance characteristics are determined. The objective
function is the maximisation of the peak torque and the input parameters are varied by the GA
algorithm to determine the optimum values that achieve this objective. Using the equivalent circuit
shown in Appendix I, the torque of the induction machine is determined at every iteration of the

genetic algorithm,

58



B. Slotfill Factor

For machines with rectangular conductors, the slot fill factor (defined here as the ratio of the
copper area to the available slot area) is a strong function of the number of conductors per slot. This
is due to the fixed conductor insulation layer thickness occupying increasing space in the slot as the
number of conductors per slot increases. This implies that, for scenario 1, the slot fill factor for an
SPP of 3 is expected to be higher than that for the machines with an SPP of 2 or 4, due to lower
number of conductors per slot. Whereas, in scenario 2, the slot fill factor of all the compared
machines will be similar since the number of conductors per slot is fixed at 2. Schematics of a single
slot of fixed dimensions with 2, 4 and 6 conductors per slot of a double layer winding are shown in
Fig. 2.4(a), Fig. 2.4(b) and Fig. 2.4(c), respectively. In a slot with several turns, the conductor
insulation area occupies very little of the slot area available for the copper. This influence is seen in
the slot fill factor calculation from (2.6). The reduction in slot fill factor is higher when the available

slot area is lower as is the case in machines with higher SPP for the same pole number.

Copper area = Slot area — Liner area + ns X (conductor insulation area) (2.4)

Copper area

[ = 2.5
slot fill factor Slot Ared (2.5)
] Liner area + ns X (conductor insulation area)
slot fill factor =1 — (2.6)
Slot area
75
S 70t
= \
S 65 r
S
= 60 [
=
B 55 ¢
75)
50 1 1 1 1 1
] 2 3 4 5 6 7

Number of conductors per slot

Fig. 2.5 Slot fill factor variation with the number of conductors per slot for two-layer winding.

The variation of slot fill factor with an increasing number of conductors is shown in Fig. 2.5.
Using this constraint on the slot fill factor, the optimum values of the variables to maximise torque

are determined and the results are shown as follows.
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(a) Two conductors per slot (b) Four conductors per slot (c) Six conductors per slot

Fig. 2.4 Rectangular conductor slot layout with an increasing number of conductors per slot for (a) two, (b) four

and (c) six conductors per slot.

C. Scenario 1

The variation of the split ratio at the maximum torque point, with increasing SPP and the
number of poles, is shown in Fig. 2.6. As the pole number increases the split ratio increases since a
smaller yoke section is required to carry the flux per pole. The stator and rotor tooth-width to slot
pitch ratios are shown in Fig. 2.7 and Fig. 2.8, respectively. The stator and rotor slot pitch ratios
represent the split of magnetic and electric loading where the current carried by the conductors in
the slot represents the electric loading and the flux in the teeth is indicative of the magnetic loading.
Since the main flux is common between the stator and the rotor, and the MMF balance between the
stator and the rotor is maintained by transformer action, the stator and rotor tooth-width to slot pitch
ratios are almost identical. The peak torque is maximised for the case for an SPP of 2 and 8 poles
as seen in Fig. 2.9. The variation of the torque in the high-speed, flux-weakening region at 20000rpm,
however, follows an inversed trend where the torque is higher for higher SPP as seen in Fig. 2.10.
The power factor variation at the corner speed is shown in Fig. 2.12 and for the 8-pole machine the
power factor is the lowest for SPP=2 and the power factor is similar for SPP=3 and SPP=4. The
torque-speed and power-speed characteristics of the 8-pole machine for different SPP are shown in
Fig. 2.13 and Fig. 2.14, respectively. For a starter generator application where cranking torque is a
critical parameter, the 8-pole machine with SPP=3 is a reasonable compromise between the higher
low-speed cranking torque and the flux weakening power, and, for scenario 1, represents the

optimum machine topology.
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Fig. 2.6 Split ratio variation with pole number and SPP for scenario 1.
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Fig. 2.7 Stator tooth split ratio variation with pole number and SPP for scenario 1.
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Fig. 2.8 Rotor tooth split ratio variation with pole number and SPP for scenario 1.
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Fig. 2.9 Peak torque variation with pole number and SPP for scenario 1.
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Fig. 2.10 Variation of torque at 20000rpm with pole number and SPP for scenario 1.
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Fig. 2.11 Stator current density variation with pole number and SPP for scenario 1.
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Fig. 2.12 Variation of power factor with pole number and SPP at a corner speed of 2000rpm for scenario 1.
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Fig. 2.13 Torque-speed characteristics of 8-pole machines for SPP=2, 3 and 4 for scenario 1.
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D. Scenario 2

For scenario 2, as seen from TABLE 2.2, the number of conductors per phase is kept fixed at 2
and the number of parallel paths is adjusted to result in the number of series turns per phase being
as close as possible to 12. This is not always feasible under the constraints of the allowable number
of parallel paths which must be a multiple of the number of poles. As a result, the corner speed
varies considerably for each of the designs. The variation of the optimum split ratio that maximises
the torque at the reference corner speed of 2000rpm, with different pole number for various SPP, is
shown in Fig. 2.15. The split ratio variations with the number of poles for the machines with SPP
of 2 and SPP of 4 are similar except for the case where the number of poles is 10. This is due to
their difference in the number of series turns per phase for this case. The optimum split ratio for
machines with SPP=3 is also different from the machines with SPP of 2 and 4 because the number
of series turns per phase is different for this value of SPP compared to the others. The stator and
rotor tooth width to slot pitch ratios are shown in Fig. 2.16 and Fig. 2.17, respectively. These values
are expectedly different for SPP of 2 and 4 despite similarities in the number of series turns per
phase since the tooth width is affected by the number of stator and rotor tooth numbers which are
different for different SPP values. Unlike in scenario 1, due to the number of series turns per phase
being different, the peak torque of the machines are different than the torque at the reference corner
speed of 2000rpm. The variation of peak torque with various SPP and an increasing number of poles
is shown in Fig. 2.18. The variation of torque at 2000rpm is shown in Fig. 2.19. Consider the peak
torque value from Fig. 2.18 for an SPP of 3 for the case where the number of poles is 6, 8 and 10.
The corresponding numbers of series turns per phase are 18, 12 and 15, respectively. The higher the
number of series turns per phase, the higher the peak torque but correspondingly the lower the corner
speed. As a result, while the peak torque is higher for the 6-pole and 10-pole machines, the torque
at 2000rpm which is beyond their respective corner speeds, is lower than that of the 8-pole machine.
Furthermore, the 8-pole machine with 12 series turns per phase has the highest torque at 2000rpm.
It can also be observed that the 6-pole machine with SPP of 2 which also has 12 series turns per
phase performs similarly. The stator conductor current density variation is shown in Fig. 2.21. The
variation of the power factor at the corner speed is shown in Fig. 2.22 and for the 8-pole machines
is seen to be substantially better for an SPP of 3. The power factor of the 8-pole SPP 3 machine is
also higher than that of the 6-pole SPP 2 machine due to the lower end winding length and
consequently lower leakage inductance. Finally, the torque-speed and power-speed characteristics
of the 8-pole machines are compared in Fig. 2.23 and Fig. 2.24 respectively where the wide speed

flux weakening region of the machine with SPP of 3 can be observed.
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2.2 Influence of Rotor Slot Number on Flux Weakening Characteristics

The performance of an induction machine over the speed range depends on several
parameters, such as rotor diameter, stack length, winding configuration, pole number, stator and
rotor slot numbers [GUA15] [BIA97a] [GYF13] [FIR07] [LIA95]. The typical regions of the
torque-speed curve of the induction machine are shown in Fig. 2.25. The corner speed at the end
of the region | and the speed at the end of region Il are inversely proportional to the number of
turns and square of the number of turns, leakage inductance, respectively. The torque/power
capability in all the three regions depends on the ratio of leakage inductance to magnetizing
inductance. As the ratio of leakage inductance to magnetising inductance is decreased, the torque
in the low speed as well as in the high-speed increases [OLD85] [KIM97]. While the leakage
inductance affects the torque in all the regions, rotor resistance affects the torque only in the flux
weakening region [GUAL5]. Previously, the impact of rotor slot numbers has been discussed
mainly concerning the noise vibration and unbalanced magnetic pull [BES09a] [HIR97]. Rotor
slot shaping has been primarily discussed as a means to reduce leakage inductance to improve the
torque capability of the induction machine [HLI17a] [HLI17b] [NEE95]. In this section, the
influence of different slot/pole number combinations and rotor slot numbers on the torque ripple
and the flux weakening performance of the induction machine is investigated. In the constant
torque, low-speed region, the induction machine capability is usually limited by the inverter
current rating while in the flux-weakening region it is limited by the breakdown torque achievable
by the machine for a fixed, rated inverter voltage. The breakdown torque of the induction machine
is inversely proportional to the leakage inductance of the machine. The choice of the stator and

rotor slot numbers of line-fed induction machines is restricted to avoid standstill torque pulsations
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and the phenomena of crawling and cogging during start-up. For variable-speed induction
machines, the same constraints do not exist since the inverter can be used to control the slip from
very low speeds. Rather, the choice of the stator/rotor slot number combinations is based on
consideration of noise, torque ripple and machine performance [BES09]. The choice of rotor slot
number influences the leakage inductance and the torque in the flux weakening region. To study
the influence of the number of rotor slots on the performance of the induction machine, for the
different slot/pole number combinations listed in TABLE 2.2 the scenario |, various rotor slot

numbers listed in TABLE 3.3 are considered.
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Fig. 2.25. Influence of ratio between leakage and mutual inductances on IM’s flux-weakening performance.

The range of rotor slot numbers are chosen so that the number of rotor slots Nr is in the range
of 0.75Ns < Ny < 1.25Ng, where Ns and Nr are the number of stator and rotor slots respectively.
A large difference in the numbers of stator and rotor slots leads to increased cogging torque.
Additionally, the upper limit of the number of rotor slots is limited by manufacturing capability.
Further results that justify this range of choice in the number of rotor slots is discussed following

the presentation of the results.

69



TABLE 2.3 INVESTIGATED ROTOR SLOT NUMBERS FOR VARIOUS SLOT/POLE COMBINATIONS

q 2p Ns Rotor Slot Number (Nr)

4 24 18 20 28 30 32
2 6 36 30 32 40 42 44
2 8 48 42 44 52 54 56
2 10 60 54 56 64 66 68
2 12 72 66 68 76 78 80
3 4 36 30 32 40 42 44
3 6 54 48 50 58 60 62
3 8 72 66 68 76 78 80
3 10 90 84 86 94 96 98
3 12 108 102 104 112 114 116
4 4 48 42 44 52 54 56
4 6 72 66 68 76 78 80
4 8 96 90 92 100 102 104
4 10 120 112 114 124 128 130
4 12 144 134 138 150 154 156

2.2.1 Variation of Inductances with Rotor Slot Number

Though different rotor slot shapes may be used for induction machines, the slot shape used to
accommodate the rotor bars in all the machines of TABLE 2.3 is trapezoidal. For a fair comparison
of the influence of the rotor slot numbers, the rotor is not skewed. Any skewing will only further
reduce the torque ripple but also reduce the average torque. A typical cross-section of the stator and
rotor slot shapes used for designing the different induction machines is shown in Fig. 2.26.
Components of the rotor leakage inductance are shown in (2.7).

am(WK,,)?

LlR = LSlR + LdR + LeR = N—(ASIR + )ldR + leR) (27)
R
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where Lsir, Lar, Ler, M, Nr, W, Kw, 4sir, Adr, and Zer are the slot leakage inductance, the
differential leakage inductance, the end leakage inductance, the number of phases, the number of
rotor slots, the series turns per phase, the fundamental winding factor, the slot leakage coefficient,
the differential leakage coefficient and the end leakage coefficient, respectively.

Fig. 2.26 Equipotential flux lines of an induction machine with SPP 3 and 8 poles.

Equations of approximate values of these inductances are reported in [BOLO1] [LIP17] and
are known to be dependent on the geometrical dimensions of the slot, pole number, air-gap length,
stack lengths, number of rotor slots and end ring dimensions. For every combination of stator slot
and pole numbers and a rated stator phase current, the rotor slot area 4, is calculated using (2.8).

K; (%) Iphase
Jr

(2.8)

Apar =

Jrand L, are the rotor bar current density and the stator RMS phase current, respectively.
The effect of saturation on magnetising inductance is incorporated for the calculation of the torque-
speed characteristics of the machine using the numerical method in [GUA14]. Torque ripple is
calculated using FEM at full load and corner speed. Using the area of the rotor bar, the rotor slot
dimensions and different components of leakage inductance are calculated. The variation of the
rotor leakage inductance with the rotor slot number is shown in Fig. 2.27(a), Fig. 2.27 (b) and Fig.
2.27 (c) for SPP=2, SPP= 3 and SPP=4, respectively. As the rotor slot number increases, the leakage
inductance reduces. The leakage inductance is also reduced for an increasing number of slots per
pole per phase (SPP). In the scenario I, while the number of series turns per phase is the same, the
leakage inductance is inversely proportional to the rotor slot number, and for higher SPP, the leakage
inductance decreases. The stator leakage inductance is not affected by increasing the number of

rotor slots while increasing the number of poles for a constant SPP decreases stator leakage.

71



20

o)
=
o 16
2
8
3] 12 -
5
g
-~
<
L 4
5 +P=4 <P=6 =P=8 <P=10 «P=12
é 0 1 1 1
0 20 40 60 80 100
Number of rotor slots
(a) SPP=2
%: 20
~ #P=4 <P=6 =P=8 oP=10 =<P=12
® 16 +
8
&)
5 12 r
=
R=|
= A&\Am
“ gt S0
";é Co—e0
2 e
5 40
o
[
0 | 1 | 1
20 40 60 80 100 120
Number of rotor slots
(b) SPP=3
20
T
=
o 16 [ &P=4 <P=6 =P=8 <P=10 =P=12
2
s
2 12 r
<
g8 S
(] L
& 8 ? Eam
R @®—o®
L 4t HR——OK
g
C% 0 L L 1 L 1 1

(%)
o

50 70 90 110 130 150 170
Number of rotor slots

(c) SPP=4
Fig. 2.27 Rotor leakage inductance variation with increasing rotor slots.
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The peak torque is inversely proportional to the total leakage inductance. The variation of total

leakage inductance with increasing rotor slots is shown in Fig. 2.28 (a), Fig. 2.28 (b) and Fig. 2.28
(c) for SPP=2, SPP=3 and SPP=4, respectively.
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Fig. 2.28 Total leakage inductance variation with increasing rotor slots.
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Fig. 2.29 Magnetizing inductance variation with increasing rotor slots.

For a given SPP, as the pole number increases, the number of stator slots also increase. For
higher stator and rotor slot numbers, the impact of the slotting is lower. This results in the change

in the effective air gap due to slotting being higher for lower pole and rotor slot numbers. From the
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total leakage inductance plots, it is seen that the number of rotor slots has a higher impact on the
leakage inductance for lower pole numbers. The magnetizing inductance variation with SPP and
pole number is shown in Fig. 2.29(a), Fig. 2.29(b) and Fig. 2.29 (c) for SPP=2, SPP=3 and SPP=3,
respectively. The expression for unsaturated magnetizing inductance is shown in (2.9). As expected,

magnetizing inductance is not influenced by the number of rotor slots.
2.2.2 Torgque Capability Curves

As the number of pole increases for a given rotor slot number, the magnetizing and leakage
inductances decrease. Increasing the number of poles increases the split ratio and hence the bore
diameter. The magnetising inductance, however, is proportional to the stator bore diameter and
inversely proportional to the square of the number of poles. The variations of peak torque and the
torque at 20000rpm in the flux weakening region are shown in Fig. 2.30. Since the magnetizing
inductance is almost constant and the leakage inductance decreases with an increasing number of
rotor slots, the torques at the corner speed and the flux weakening region increase for a given pole
number. As the number of poles increases for a given SPP, the decreasing magnetizing inductance
results in the torque decreasing with pole number. The rate of decrease in leakage inductance is
lower with an increasing number of rotor slots. As a result, the influence of the number of rotor slots
on torque is higher for machines with a lower number of poles. The unsaturated magnetizing
inductance is given in (2.9) where K., g, p and Ly, are Carter’s coefficient, the air gap length, the

number of pole pairs and the effective stack length of the machine, respectively.

m

— 3.“0 DisLstk (KWW>2 (2 9)
n  Kcg 2p

The peak torgue capability and the torque in the flux weakening region follow the same trends
as seen in Fig. 2.9 and Fig. 2.10 even with varying rotor slot number. The variation of the peak
torque capability with increasing rotor slot numbers is shown in Fig. 2.30(a), Fig. 2.30(c) and Fig.
2.30(e), respectively. The variation of the torque at 20000rpm in the flux weakening region with
increasing rotor slot numbers is shown in Fig. 2.30(b), Fig. 2.30(d) and Fig. 2.30(f), respectively.

75



80

75

70

Torque (Nm)

65

60

80

75

70

Torque (Nm)

65

60

80

75

70

Torque (Nm)

65

60

5.0

& 4.0

3.0

Torque (Nm)

2.0
#P=4 <P=6 =P=8 <P=10 »xP=I2

1 1 1 1-0

0 20 40 60 80 100
Number of rotor slots
(a) Peak torque for SPP=2
5.0
= 0
o0
- 4.0
o g
Z
= L 3.0
=)
<
- E 20
#P=4 <P=6 =P=8 <P=10 =P=12
1 1 1 I'U
20 40 60 80 100 120
Number of rotor slots
(c) Peak torque for SPP=3
5.0
]
r @ a—ea 4.0
g
F ~ 3.0
it e 2
g
L = 2.0
4P=4 <P=6 &P=8 <P=10 =P=12
1 1 1 1 1 1 10
30 50 70 90 110 130 150 170

Number of rotor slots

(e) Peak torque for SPP=4

#P=4 <P=6 &P=8 <P=10 =P=12

0 20 40 60 80 100
Number of rotor slots

(b) Torque at 20000rpm for SPP=2

L Aa/ﬂﬂﬁ i e ge—e

| aP=4 <P=6 =P=8 =P=10 =P=12

20 40 60 30 100 120
Number of rotor slots

(d) Torque at 20000rpm for SPP=3

I @(& R

L o xe—e¥K
| &P=4 +P=6 =P=8 =P=10 =P=12
30 50 70 90 110 130 150 170

Number of rotor slots

(f) Torque at 20000rpm for SPP=4

Fig. 2.30 Variation of peak torque and torque at 20000rpm with rotor slot numbers for varying SPP.

2.2.3 Influence of Rotor Slot Number on Torque Ripple

While torque ripple can be determined using analytical methods [JOKOO], assumptions of

infinitely permeable steel and neglecting the eddy currents in the rotor bar tips result in substantial

approximations. Instead, to compare the torque ripple of the different slot pole combinations, a

transient FEA model is created for each machine and the torque ripple (ratio of peak-to-peak

amplitude and average torque at steady state) is computed. For each of the machines in TABLE 2.3,
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the effect of increasing the number of rotor slots on the torque ripple and average torque at a corner
speed of 2000 rpm for SPP=2, SPP=3 and SPP=4 are shown in Fig. 2.31, Fig. 2.32 and Fig. 2.33,
respectively. While the number of rotor slots within a chosen range of 0.75Ns < Nr < 1.25Ns has
minimum influence on the torque at the corner speed, the torque ripple is sensitive to the number of

rotor slots and stator slots.
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Fig. 2.31 Variation of torque at 2000 rpm and torque ripple with rotor slot number for SPP=2.
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Fig. 2.32 Variation of torque at 2000 rpm and torque ripple with rotor slot number for SPP=3.

The optimum numbers of rotor slots that minimise the torque ripple for different pole numbers for
SPP=2, SPP=3 and SPP=4 are shown in Fig. 2.31 (f), Fig. 2.32 (f), Fig. 2.33 (f), respectively.

It is observed that:

1 If the number of rotor slots is an odd multiple of poles, then the torque ripple is higher.
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Torque ripple is low for the cases when the difference in the number of stator and rotor slots is
not an integer multiple of the number of pole pairs.
From Fig. 2.31 (f), Fig. 2.32 (f), Fig. 2.33 (f), it is clear that the rotor slot number that minimises

torque ripple and maximises torque increases with the number of poles.
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Fig. 2.33 Variation of torque at 2000 rpm and torque ripple with rotor slot number for SPP=4.
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2.2.4 Optimal Range of Rotor Slot Number

From the discussion of leakage inductance variation with the number of rotor slots, it is clear that
there is a specific range of the number of rotor slots that affects the torque of the induction machine.
If the number of rotor slots is significantly lower than the number of stator slots, the torque capability
is reduced, considering the case of the machine with SPP=2 and 8 poles which has 48 stator slots.
For this type of machines, the range of rotor slots chosen is between 42 and 80. For 12 poles the
number of stator slots is 72, the number of rotor slots is chosen to be between 44 and 80 and the

leakage reactance variation is plotted for both machines in Fig. 2.34.
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Fig. 2.34 Variation of total leakage inductance and rotor tooth width with the number of rotor slots for 8 pole and

12 pole machines with SPP=2.

As the number of rotor slots is increased, the total leakage inductance reduces and the rotor
tooth width also reduces for a fixed rotor current density. The rotor slot number cannot be increased
beyond 80 for the 8-pole machine since the rotor tooth width becomes smaller than that is
mechanically feasible as seen in Fig. 2.34(b). The rate of decrease of leakage inductance with an
increasing number of rotor slots also reduces for the 8 pole machine and there is no benefit of
increasing the number of rotor slots beyond 68 slots. When the number of rotor slots is 44 for a 12
pole machine (with 72 stator slots), it can be seen from Fig. 2.34 (a) that the leakage inductance is
quite high compared to the case when the number of rotor slots is close to the number of stator slots.
For this reason, the number of rotor slots is chosen close to the number of stator slots and within
0.75Ns < Nr < 1.25Ns. The number of rotor slots that minimises the torque ripple in this range is

then chosen as the optimum number of rotor slots.
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2.2.5 Torque-speed and Power-Speed Characteristics

The torque and power versus speed characteristics over the entire speed range are plotted for the
machines with SPP=3 and 8 poles for different rotor bar numbers to illustrate the influence of the
number of rotor slots. The corner speed is unaffected by the change in the number of rotor slots. As
the number of rotor slots is increased the peak power and torque at 20000rpm increase. The impact
of the number of rotor slots on the power capability is seen to be an 11% increase in the flux
weakening region compared to just a 2% increase in power in the low speed, constant torque regions
for SPP of 2. From Fig. 2.35, Fig. 2.37 and Fig. 2.39, it can be seen that the influence of the rotor
slot number diminishes as the SPP increases. This is because the peak torque is proportional to the
ratio of the magnetizing inductance to leakage inductance and magnetizing inductance is lower in
the low-speed region due to saturation [GUA15]. As a result, the influence of the reduction in
leakage inductance due to the increase in the number of rotor slots is higher in the high-speed region

compared to the low-speed region.
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Fig. 2.35 Torque-speed characteristic for 8 pole machine with SPP=2 and a varying number of rotor slots.
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Fig. 2.36 Power-speed characteristic for 8 pole machine with SPP=2 and a varying number of rotor slots.
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Fig. 2.37 Torque-speed characteristic for 8 pole machine with SPP=3 and a varying number of rotor slots.
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Fig. 2.38 Power-speed characteristic for 8 pole machine with SPP=3 and a varying number of rotor slots.

100
-4-Nr=90 +-Nr=92 =Nr=100 +Nr=102 = Nr=104
2.00
75 4
@ z 1.50 2%
Z 3
g 50 T %
£ 1.00
g =
= 25 T 0.50
15000 16000 17000 18000 19000 20000
Speed (rpm)
0 T T b L LSy g HEHER
0 5000 10000 15000 20000

Speed (rpm)

Fig. 2.39 Torque-speed characteristic for 8 pole machine with SPP=4 and a varying number of rotor slots.

82



20
- Nr=90 <+ Nr=92 =Nr=100-+Nr=102 = Nr=104
AN 41 ‘\- i
15 A oA
~ 35
= g
=, e 2%
5 10 £
2z e
=] T v r T T
A~ 5 ABbmEGL00 17000 18000 19000 2000
0

10000 15000 20000

Speed (rpm)

0 5000

Fig. 2.40 Power-speed characteristic for 8 pole machine with SPP=4 and a varying number of rotor slots.

2.3 Optimal Machine

From the preceding analyses, the 8-pole machine with an SPP of 3 is the optimum stator
slot/pole number combination. The optimum machine is determined based on the compromise
between the cranking torque performance in the low speed region and the widest operating speed
for the power in the flux weakening region. The machine with SPP=2 has a higher peak torque but
lower power in the high speed region and this is reversed for SPP=4 machines. The SPP=3 machine
has a compromise between these two extremes. The 8-pole SPP=3 optimal machine has 72 stator
slots 78 rotor slots for minimising torque ripple. A FEA model is created for the optimal machine.
To simulate the transient and steady state torque, the shaft speed is maintained constant and the
voltage at a frequency corresponding to the shaft speed is applied to the stator terminals and the

current and torque transients are allowed to evolve as shown in Fig. 2.43 and Fig. 2.44.

C
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Fig. 2.41 Cross-section of the optimised 72 stator slot, 78 rotor slot 8-pole induction machine.
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Fig. 2.42 Flux density plot of the optimised 72 stator slot, 78 rotor slot 8-pole induction machine at 2000rpm.
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Fig. 2.43 Torque waveform of the optimised 72 stator slot, 78 rotor slot 8-pole induction machine at 2000rpm and
460Arms.
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Fig. 2.44 Phase current waveforms of the optimised 72 stator slot, 78 rotor slot 8-pole induction machine at 2000rpm
and 460Arms.
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Fig. 2.45 Induced phase EMF of the optimised 72 stator slot, 78 rotor slot 8-pole induction machine at 2000rpm and
460Arms.

The number of rotor slots for this machine that results in the lowest torque ripple is 78. The
cross-section of the machine used for FEA is shown in Fig. 2.41 and the corresponding flux density
plot is shown in Fig. 2.42. The torque waveform at the corner speed and rated current of 460Arms
is shown in Fig. 2.43 and the phase currents and induced phase EMF for this operating condition

are shown in Fig. 2.44 and Fig. 2.45, respectively.
2.4 Conclusions

In this chapter, the influence of the number of poles, the number of stator slots and the number
of rotor slots on the torque capability of the induction machine in the constant torque and flux-

weakening region has been investigated. The following observations are noted:

1. Two scenarios have been investigated. In the first scenario, the number of series turns per
phase is fixed at 12 to hold the corner speed fixed. In the second scenario, the number of conductors
per slot is held fixed at 2 to maximise the slot-fill factor. In either scenario, the 8-pole induction
machine with an SPP of 3 is determined to be optimum for peak torque and torque in the flux-

weakening region.

2. The influence of the choice of the number of rotor slots has on the performance of the
induction machine has been investigated. Specifically, increasing the number of rotor slots is shown
to decrease the rotor leakage inductance for any value of SPP and number of poles. However, since
the magnetizing inductance decreases with the increasing number of poles for a fixed stack length
and outer diameter, the torque capability is reduced with the number of poles. The influence of a
higher number of rotor slots on leakage inductance is significantly higher for lower pole numbers.

Due to saturation and consequent reduction of magnetizing inductance, the number of rotor slots
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has little influence in the low-speed high torque region compared to the high-speed region where

the machine is unsaturated.

3. Finally, the variation of torque ripple, tooth width and leakage inductance with an increasing
number of rotor slots are used to define an optimal range of the number of rotor slots with the

number of stator slots for different SPP and number of poles.
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Chapter 3

Three-phase Pole-changing Winding Induction Machines

Pure Electric Vehicles (EVs) offer the best solution to meeting future emission requirements
of the automotive industry. However, the present energy density of the battery and lack of accessible
charging infrastructure limit their operating range and widespread use. Hybrid electric vehicles
(HEVs), on the other hand, permit the use of smaller internal combustion engines (ICE) and provide
an interim method to reduce emissions. At the lowest end of hybridisation, 12V micro-hybrids
incorporate a starter-generator with a start-stop functionality and limited regeneration and low fuel
reduction potential. 48V architectures offer further hybridisation with a larger starter-generator that
can provide start-stop functionality, regeneration over a wide engine speed range as well as a
moderate torque boost capability thus offer significant fuel saving [SCH17]. This starter-generator
can be either mounted on the flywheel in-line with the engine as an integrated starter-generator (1ISG)
or as a side-mounted machine coupled to the engine as a belt-driven starter-generator (BSG). While
the former system allows a more compact packaging, the latter allows for a minimum change in
existing engine layout [WALO4]. Different machine types, such as the claw pole, permanent magnet
synchronous machines, switched reluctance and induction machines, have been compared for use

in this application.

Induction machines offer a good alternative to other machine types for mild HEVs because of
high overload capability, high efficiency at high speeds, relatively simple design, robustness, and
lower cost due to the absence of rare-earth permanent magnets [ZHUOQ7] [CAIO4]. In BSG, the
electrical machine is coupled to the engine via a belt and needs to operate intermittently at low
speeds with high torque to crank the engine quickly and continuously at high speeds during the
cruising period of the drive cycle requiring a machine with wide-speed operating characteristic.
Induction machines that are designed for wide-speed operation need to be optimized for
performance both in the low speed and high-speed regions. The corner speed and the torque at the
corner speed of the induction machine determine the extent of the flux weakening region of the
machine [DOR10]. One of the methods of extending the flux weakening region is by rotor slot
shaping as a means to reduce leakage inductance to improve torque capability of the induction
machine at the corner speed [HLI17] [NEE95]. Pole-phase modulation induction machines have

also been investigated to extend the torque-speed capability. While this allows the induction
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machine to work with different pole and phase combinations, the number of inverter legs needed
for this machine is usually high [BGE13] [OSA96].

Electronic pole changing winding as a method to extend the flux weakening region of
induction machines was first introduced in [OSA96] and [MI1Z97] where an induction machine with
a 4-pole to 2-pole, pole changing winding was investigated to demonstrate pole changing operation.
The design and control of the pole changing induction machine by utilising the inverter to control
the direction of the current in the individual coil of the phases were described in [OSA96] and the
results were experimentally shown for a 1.2kW induction machine. In this chapter, the suitability of
the electronic pole changing winding induction machine for BSG applications is investigated. It is
shown that when the pole changing winding machine is used as a direct replacement for the baseline,
a fixed pole number machine, the torque capability is degraded by 15% due to the reduced winding
factor of pole changing winding machines. Utilising the intermittent loading duty cycle of the BSG
application, this issue can be circumvented by appropriate choice of series turns per phase resulting
in a pole changing winding induction machine of shorter stack length. For BSG applications where
axial length is an important design parameter due to the limited space near the engine, this becomes
an attractive option. With the increased series turns per phase and a reduced stack length, the thermal
performance is slightly degraded and this trade-off is studied with a thermal resistive network model.
The machine design process, performance maps and AC losses of the pole changing winding
machine are compared with the fixed pole number baseline machine. Furthermore, the influence of
winding phase belt on pole changing windings, the influence of pole changing windings on the
torque capability and performance of the induction machine is also discussed with specific cases
validated using experimental measurements. It is shown that while the reduction of active stack
length of the pole changing winding machine is accompanied by a reduction in efficiency compared
to the baseline machine in the high torque low-speed region, efficiency improvement can be
achieved in the extended flux weakening region of operation due to the reduced AC losses. To
demonstrate the efficacy of the finite element analysis models used in the analysis and
experimentally verify the work in [MAL19], a 1kW, squirrel cage induction machine with pole
changing windings is prototyped. Test data of torque capability curves and performance
measurement maps as used to illustrate the pole changing behaviour and show the improved

efficiency in the extended flux weakening region of the pole changing winding induction machine.
3.1 Pole-changing Windings for IMs

Induction machines with electronic pole changing windings were introduced and analysed in

[OSA96] [MIZ97] and [OSA97b]. For a mild hybrid electric vehicle with a BSG, the electrical
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machine is required to produce high torque at low speed for cranking of the engine. After the engine
has been cranked and the vehicle is at cruising speeds, the electrical machine is required to provide
a moderate amount of torque boost at medium speed and regenerate at high speeds to charge the
battery [KREOQ]. Induction machines have high torque overload capability for short durations that
makes them a suitable choice for cranking operations. However, compared to permanent magnet
(PM) machines, the speed range of the conventional induction machine is usually limited to 4 times
the base speed [BUY15] as explained in detail in Chapter 3. Two approaches to increasing the speed
range are to either increase the peak torque capability at the base speed or to increase the base speed
of the induction machine. Increasing the peak torque increases the machine size while increasing the
base speed of the machine for the same torque capability and DC bus voltage increases the current
rating due to the reduced number of series turns per phase [GUAL4a]. A three-phase induction
machine with electronic pole changing windings is wound with independent stator coil groups such
that their MMFs can be configured to produce either a high or a low pole number depending on the
direction of the current that flows in the windings. Two three-phase inverters are required for
electronic pole changing which allows for the directions of currents in the stator coils to be
independently controlled. The basic structure of the connection of the windings to the inverter is

EE
- JQ J[%ﬁ
Jli e
I J[:‘w J[:‘lz

Fig 3.1 Dual inverter fed pole changing induction machine drive.

shown in Fig 3.1.

Voe

Voe

For the cranking operation where higher torque is required at low speed, the higher pole
operation is used and for regeneration or torque boost the lower pole number is used to extend the
operating speed range. The peak torque with the higher pole number is approximately double that
with the lower pole number. A further advantage of using the pole changing winding in 48V mild
hybrid systems is the reduction in AC losses at high speeds. Due to the low voltage, the number of

conductors per slot is low resulting in conductors of large cross-section area. The high torque
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requirement for cranking results in the large rated current. High speeds combined with high currents
result in significant AC losses in the stator conductors. Since the number of poles at high speeds is
halved with a pole changing winding machine, the frequency of operation is also halved which
reduces the AC losses in the rectangular conductors typically used in 48V systems.

3.1.1 Working Principle

To explain the working principle of pole changing windings, consider a single coil winding
fed with sinusoidal current | which produces a pulsating rectangular MMF [HEL77]. A symmetrical

m-phase winding, distributed in Q1 stator slots to create P poles, is composed of q coils where g =
2 f—; for a 60° phase belt winding. For a 60° phase belt winding, the number of coils is g/2. Assuming
a constant air-gap (g) permeance, a coil pitch of a,, and an infinitely permeable steel core in which

the coils are distributed in the Q1 slots, the equations of the MMF of the individual coils are shown

in (3.1)-(3.4) where ¢ is the coil axis expressed in a slot number.

Fy(a) = i—gg%sm (%) cos(ua — ¢ay) 3.1)

Fy(@) = i—ég%sm () cos(ofa - ¢ + Dan]) (32)
Fs(a) = i—gg%sin <%> cos(v[a = (¢ +2)a]) (3.3)
f@ =i—§g£5m (52) cos(ef = (¢ + @ = D)a]) (34)

The phase MMF is the summation of the MMF contributions due to the individual coils of
(3.1)-(3.4) and is given by (3.5).

) 5)
Fepir(@) :%; v 2 %in(%v)

cos(v(a — (g — 1 +20)) % N

The winding factor of the winding distribution can be discerned to be the first two sinusoidal
terms from (3.5). In a pole changing winding machine, each phase is composed of two coil groups.

Al, A2 form one group and A3, A4 form another. The MMFs of these coil groups are shown in (3.6)
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and (3.7). To change the number of poles, the current direction in one of the coil groups is reversed.
The two coil groups are separated by two pole pitches so the total MMF of one phase of a pole
changing winding machine is given by the sum of the MMFs for the higher pole number and the

difference for the lower pole number, as given by (3.8) and (3.9).

S 1 va sin(% U) . (3.6)
— : y _ _ a
FAI,AZ—E_g;[;SHl(T)mCOS (v(a (g 1+2€)2>>]
. . qa (37)
2~ 1. (v Sm(T”) 0,P o
FA3A4_ﬂ_gZ[ES (T>Wcos v a-— T+q—1+2§,’ > ]
v=1 qsin 70
Fap—potesy = Far + Fap + Faz + Fyy (3.8)
FA(g—poles) =Fj1+ Fpo— (Fy3+ Fyy) (3.9)

As an example, consider a 72slot, 8/4-pole, pole-changing winding shown in Fig. 3.2 where
the A-phase is wound with two coil groups, A1, A2 and A3, A4. The A-phase winding has a 120°
phase belt distribution, required for the pole-changing operation to be performed. The individual
coil MMFs are shown in Fig 3.3(a). The higher pole number is obtained by maintaining the same
sign and amplitude of currents in both coils. With the reversal of currents in the coils A3 and A4
occupying slots 37 to 72, the number of poles of the MMF is shown in Fig 3.3(b) where the currents
in coils A3 and A4 are reversed. Other phase coil MMFs are also similarly calculated and the three-
phase MMF can be determined. The air-gap MMF patterns and the harmonic spectra are shown in
Fig. 3.4(a) and Fig. 3.4(b), respectively. Each of the two coil groups of every phase is connected to
a 3-phase inverter set as shown in Fig. 3.1. This allows the direction of the current to be
independently reversed in one coil set to enable online pole-changing. The pole changing behaviour
obtained through the reversal of coil currents is illustrated in Fig 3.3 and Fig. 3.4(a). MMF
waveforms of two of the four coils, Al and A2, that make up the A phase of a 72-slot, 3-phase, 8-
pole/4-pole stator winding are shown in Fig 3.3. An illustration of the pole changing behaviour
obtained by reversing the current is illustrated in Fig. 3.4(a). When the currents in Al and A2 (and
the corresponding coils in phases B and C) are in the same direction, the stator MMF has an 8-pole
fundamental MMF harmonic. When the current in the coil A2 is reversed, the fundamental MMF
has 4 poles. The harmonic spectrum of the MMFs is shown in Fig. 3.4(b). During the transition of

the poles, the 8-pole rotor flux must be decayed while the 4-pole field is established. There will be
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a finite time delay involved in this transition that will result in a torque transient. This transient
cannot be eliminated due to the finite time constant of the rotor circuit even with current control. In
a BSG application where the period requiring minimum vibration is during cranking, this portion of
the duty cycle is entirely driven with the 8-pole winding configuration. Transition to 4-pole is done
when reaching cruising speeds and can be achieved with a slow ramp-down of the 8-pole field while
building up the 4-pole field to minimise torque transients instead of a step-change in pole number.
While there is a momentary reduction in the torque capability of the machine during the transition,
this does not affect the ability of the machine to crank the engine which is the most critical function
of the BSG [WALO04] [KREOQ].

Poles N b
Slot N*| 1 2 3 4 5 O 7 8 9 |10 | 11 |12 113 | 14 | 15 | 16 | 17 | 18
Layer 1| Al | Al | A1 Al | AT Al
Layer 2 al | al | al | al | al | al

Poles N 8
SlotN"| 19 | 20 | 21 | 22 123 | 24 | 25 [ 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35 36
Layer 1| A2 | A2 A2 [A2 A2 | A2 | | | |
Layer 2 al a2 | al | a2 | a2 | a2

Poles N S
SlotN"| 37 [ 38 | 39 [ 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 52 | 33 54
Layer 1| AT | A3 A3 [ A3 A3 | A3 | | |
Layer 2 a3 a3 | a3 a3 | a3 [ a3

Poles N S
SlotN"| 55 | 56 | 57 SR |59 60 | 61 62 [ 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71 | 72
Laver 1] A4 | Ad | A4 A4 | A4 A4

Layer 2 ad | a4 | a4 | ad | a4 | ad

(a) 8-pole, 120-degree phase belt.

Poles N S

SlotN"| 1 2 3 4 5 i 7 B 9 10 |11 |12 13|14 (15 16|17 | 18
Layer | Al Al | AL | Al | AT | Al

Layer 2 al | al | al | al | al | al

Poles S N

SlotN"| 19 20 |21 | 22 |23 |24 |25 |26 |27 | 28 |29 | 30 |31 |32 (33 34|35]36
Layer 1| a2 a2 [ a2 | a2 | a2 | a2
Layer 2 A2 | A2 | A2 A2 | A2 [ A2

Poles N 8
SlotN"| 37 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 40 | 50 [ 51 52 | 53 | 54
Layer 1| A3 A3 [ A3 | A3 | A3 | A3
Layer 2 ad | ad | a} | al | a3 | a3l

Poles S N
SlotN"| 55 | 56 | 57 | 58 359 | 60 | 61 | 62 | 63 | 64 | 65 | 66 67 |68 [ 69 70 |71 | 72
Layer 1| a4 a4 [ a4 | ad | ad | ad
Layer 2 Ad | Ad | A4 A4 | Ad [ A4

(b) 4-pole, and 120-degree phase belt.

Fig. 3.2 Phase A winding layout of a 72-slot 3-phase stator with a 120° phase belt.
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Fig 3.3 MMFs of phase A coils of an 8-pole and 4-pole changing winding machine from analytical equations.
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Fig. 3.4 MMFs of pole changing winding machine for 8-pole and 4-pole configuration.
3.1.2 Impact of Phase Belt on Pole-changing Windings

Pole changing is achieved by the reversal of the current in alternating sets of coils in the
induction machine. While a 60-degree phase belt is most widely used for 3 phase distributed
windings, the choice of phase belt has a significant influence on the performance of the pole
changing winding machine. This is shown using a 3-phase, 72 slot and 8-pole winding that can be
reduced to 4 poles (corresponding to the 48V baseline machine discussed in the next section). To
understand the impact of the phase belt on the pole changing windings, winding distributions with
60-degree and 120-degree phase belts are shown in Fig 3.5(a) and Fig 3.5(b) for phase A
respectively. From the 8-pole connection of Fig 3.5(a), it can be seen that of the available 8 coils
per phase, the current in 4 alternate coils, A2, A4, A6 and A8 need to be reversed to change the
MMEF distribution to 4 poles. This results in the cancellation of the MMF of 4 coils as seen from the
shaded phase A coil sides in Fig 3.5(b). In contrast, for a phase belt of 120-degree in Fig 3.5(c) and
Fig 3.5(d) the current reversal in coils A2 and A4, necessary for changing the number of poles, does
not result in MMF cancellation. The coils in which current reversal is necessary are connected to
the same inverter. MMF cancellation for pole changing is inefficient due to poor utilisation of the
windings and the losses incurred in the coils that carry the currents but do not contribute to torque
production. The effect of using the 120-degree phase belt, however, is the reduced fundamental
winding factor of the winding. The winding factor of the 120-degree phase belt winding is
approximately 15% lower than the 60-degree phase belt winding. This results in a 15% reduction in
torque. To maintain the same air-gap flux density, a corresponding 15% increase in the magnetising
current component is also required. The ratio of the power capability of the pole changing winding
machine to a conventional machine approaches the ratio of winding factors as the machine rating

increases and is lower for smaller machines due to the higher proportion of the rated current being
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the magnetising current [WALO4]. The fundamental winding factor of the 120-degree phase belt 8-
pole winding is 25% higher than that of the 2 pole winding.

Poles N 5

SlotN"| 1 2 3 4 5 f 7 8 Y 10 | 11 12 013 14|15 16|17 18
Laver 1| A1 | Al Al afh | ab | ab

Laver2| A5 | A5 AS al | al | al

Poles 5

SlolN"| 19 | 20 | 21 22123 124 |25 26| 27 | 28 | 29 | 30 | 31 32 33| 34 | 35 36
Laver 1| A2 | A2 A2 | a7 | a7 | a7 |

Laver2| A6 | A6 AD a2 | a2 | a2

Poles N S

SlotN“| 37 38 [ 39 |40 [ 41 42 143 | 44 |45 | 46 | 47 48 |49 | 50 | 51 | 52| 53 | 54
Layer 1| A3 A3 | A3 aB | a8  ad |

Layer2| A7 A7 | A7 a3 | a3 a3

Poles N S

SlotN"| 35 56 57 [ S8 | 59 |60 61 62 | 63 |64 [ 65 66 67 [ AR [ 69 | TO TL 72
Layer 1| A4 A4 A4 ad | a5  ab

Layer2| A AR AR ad | ad | ad

(a) 8-pole, 60-degree phase belt.

Poles N
Slot N"| 1 2 3 4 5 6 7 ) 9 10 11 12 13 | 14 |15 | 16 | 17 | 18
Layer I | Al | Al | Al Ab AL A6
Laver2| AS | AS | AS al  al al

Poles S
SlotN"| 19 | 20 | 21 2201023 24 | 25 26| 27 | 28 ) 29 ) 30 | 31 32| 33 34| 35 36
Layerl| a2 | a2 a2 a7 | a7 | a7
Layer2| a6 | a6 | ab A2 | A2 | A2

Poles N
Slot N[ 37 | 38 | 39 | 40 | 41 | 42 | 43 44 | 45 | 46 | 47 [ 48 | 49 | 50 | 51 | 52 | 53 | 54
Laver 1| A3 | A3 | A3 [ | | | AR | AR | AR
Layer2| A7 | A7 | A7 a3 | a3 | a3

Poles 5
SlotN"| 55 56 | 57 | 58 | 59 |60 |61 | 62 |63 |64 65 66 67 68 | 69 | 70| 71| 72
Layer 1| a4 a4 | ad a3 | a3  as
Laver2| a8 a® | a® Ad | A4 A4

(b) 4-pole, 60-degree phase belt.

Poles N b

Slot N*| 1 2 3 4 5 i 7 8 9 110 [ 11 12113 | 14 | 1
Layer 1| Al | Al | A1 Al | AT Al
Layer 2 al | al | al | al | al | al

n
—_—
on
-]
—
o0

Foles N 8
SlotN"| 19 | 20 | 21 | 22 123 [24 | 25 |26 | 27 | 28 [ 29 | 30| 31 | 32 | 33 | 34 | 35 36
Layer 1| A2 | A2 A2 [ A2 A2 | AD | | | |
Layer 2 al a2 | al | a2 | a2 | a2

Poles N s
SIoLN"| 37 | 38 | 390 [ 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 52 | 33 54
Layer 1| A3 | A3 A3 [ AT A3 | A3 | | |
Layer 2 a3 a3 | a3 ald | a3 | a3

Polcs N S
SlotN°| 55 | 56 | 57 S8 [ 59 60 |61 62 | 63| 64 | 65 66|67 | 68|69 | 70| 7L | 72
Laver 1| A4 | A4 | A4 A4 | A4 A4
Layer 2 ad | a4 | ad [ ad | ad | ad

(c) 8-pole, 120-degree phase belt.
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Poles N 5
Slot N"| 1 2 3 4 5 f 7 B 9 10 | 11 12 13 14 | 15 16 | 17 | 18
Layer || Al Al | AL | Al | AT | Al
Laver 2 al | al | al | al | al | al

Poles ) N
SlotN"| 19 20 | 21 | 22 [ 23 | 24 | 25 |26 | 27 | 28 | 29 | 30 | 31 | 32 |33 34 | 35 36
Layer 1| a2 | a2 [ a2 | a2 | a2 | a2
Layer 2 A2 | A2 | A2 AT | A2 | A2

Polcs N S
SlotN"| 37 | 38 | 39 | 40 [ 41 | 42 | 43 | 44 | 45 | 46 [ 47 | 48 | 49 | 50 | 51 52 | 53 | 54
Layer 1| A3 A3 [ A3 | A3 | A3 | A3
Layer 2 a} | ad | a3 | a} | ad | a3

Poles S N
SlotN"| 55 56 | 57 | 58 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 67 | 68 [ 69 70 | 71 | 72
Layer 1| ad | a4 [ a4 | ad | ad | a4
Layer 2 Ad | Ad | A4 A4 | Ad | A4

(d) 4-pole, and 120-degree phase belt.

Fig 3.5 72-slot, 3-phase 8-/4-pole machine winding pattern for phase A with different phase belts.

3.1.3 Baseline IM Design

An 8-pole 3-phase induction machine is designed to meet the specification of cranking and
continuous torque listed in TABLE 3-1. The following assumptions were used for designing the

machine:
a)The outer diameter is kept constant.
b)The split ratio is optimized for maximum torque at the corner speed.
¢)The rotor and stator current densities are fixed at 20A/mm? and 15A/mm? respectively.
d)The air gap is 0.35mm.

The numbers of stator slots and rotor slots that maximise the torque at corner speed are found
to be an 8-pole machine with SPP=3, which corresponds to the optimal slot and pole number
combination determined by using the optimisation process in Chapter 2. The winding used is a
double layer full pitched winding with the number of series turns per phase of W=12, 2 parallel
paths and 2 conductors per slot with a winding factor of 0.954. The machine performance is analysed
using FEA and the torque-speed characteristics are computed by determining the optimum slip ratio
at the peak current at every speed that maximises the torque. The process for design and optimisation
of the induction machine is discussed in [GUAL4b]. The torque at the corner speed and the value of
the corner speed of the induction machine torque-speed curve determine the torque that is achievable
in the flux weakening operation. The torque-speed and power-speed envelopes and the torque/power

specifications requirements are shown in Fig 3.6(a) and Fig 3.6(b) respectively. A corner speed of
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2400 rpm is required to provide the required cranking torque at 6000rpm. The induction machine
that can provide this torque has an active stack length of 66mm. With 20mm long end windings, the

overall axial length of the machine inclusive of end windings is 106mm.

TABLE 3-1STARTER GENERATOR MACHINE SPECIFICATIONS

Parameter Value Parameter Value
Outer diameter (mm) 148 Maximum speed (rpm) 10000
Stack length (mm) 66 Cage bar/ end ring Aluminium
DC bus voltage (V) 48 Cranking speed (rpm) 1300 & 6200
Lamination M-19 24 Ga Cranking torque (Nm) 60 & 11.5
Slot fill factor 0.6 Continuous speed (rpm) 2800 & 5500
RMS phase current (A) 440 Continuous torque (Nm) 12&7
Coolant EWG Coolant flow rate (I/min) 6

3.1.4 Pole Changing Winding Machine Design

Using the pole changing the winding scheme with a 120-degree phase belt as described in
section 3.1.1 with an 8-pole and 4- pole winding, the induction machine is designed to meet the
same specifications as the baseline machine. Replacing the winding of the stator of the baseline
induction machine with a pole changing winding results in a reduced winding factor. For a 120-
degree phase belt windings with W=12, 72 stator slots and 8-poles, the fundamental winding factor
is 0.827. The 15% reduction in fundamental winding factor results in a proportional reduction in
torque. Equation (3.10) shows the unsaturated magnetising inductance of the induction machine as

a function of the physical machine parameters:

3& DisLstk <ka )2 (310)

T 'geffective . Zp

where o, Dis, Lstk, Qefrective, Kw, W and p are the permeability of free space, bore diameter, stack
length, effective air-gap, winding factor, number of series turns per phase and number of pole pairs

respectively.
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(a) Torque-speed curve.
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(b)Power-speed curve.

Fig 3.6 Characteristics of the baseline induction machine.

If the stack length and number of series turns per phase W are maintained the same for the
pole changing machine, the magnetising inductance will be lower by 27% compared to the baseline
machine. The reduction of the magnetising inductance due to the reduced stack length can be seen
from (3.10) where the magnetising inductance is directly proportional to stack length. This will
reduce the maximum torque achievable at rated current. The torque-speed and power-speed
characteristics of such a machine are shown in Fig 3.7(a) and Fig 3.7(b) respectively. The resulting
machine cannot meet the peak torque requirements at low speed but has a wider flux weakening
range when the number of poles is changed from 8-pole to 4-poles using the inverter by reversing
the currents. The number of series turns per phase, W and the stack length are inversely proportional
to the corner speed. While the number of poles does not, in general, affect the torque capability, in
this case of pole changing machine, the design of the 8-pole machine is for high peak torque and
low corner speed. When the current in the windings are reversed to change the number of poles, the
number of series turns per phase is reduced due to the number of poles being reduced by half for the

same conductors per slot and parallel paths.
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(b) Power-speed curve.
Fig 3.7 Characteristics of the baseline machine with pole changing windings and W=12.

Since the torque is proportional to the number of series turns per phase for the same stack
length, the torque of the 4-pole machine is reduced by half [ION98] [OLD85]. The corner speed of
the pole changing winding induction machine can be reduced to take advantage of the wider torque-
speed region of the 4-pole operation to meet the peak torque requirement at low speed. The number

of series turns per phase is given by W = % where, ns, p, g and a are the number of conductors

per slot, pole pairs, slots per pole per phase (SPP) and the number of parallel paths. For SPP=3 and
8-poles for 4 parallel paths, the next feasible number of series turns per phase are W=18 which
increases the peak torque at low speed and reduce the corner speed. This increases the number of
conductors per slot from 2 to 6. The slot current density is maintained the same as the baseline
machine for the same number of series turns per phase. However, when the number of series turns
per phase is increased to 18, the number of conductors per slot increases from 4 to 6 and the number
of parallel paths from 2 to 4, the conductor current density increases. For the same peak current, the
conductor current density increases by 3/2 times that of the baseline. The impact of this on the

thermal performance is detailed in Section 3.3.
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Fig 3.8 Characteristics of the pole changing winding induction machine with reduced stack length and W=18.

It is shown that due to the intermittent nature of the starter generator load, by suitably choosing
the number of poles based on the region of operation the baseline machine and the winding hotspot
of the pole changing winding machine is within 12°C of each other and well within the maximum
allowable temperature of the insulation. When the stack length is maintained the same as the
baseline machine, with the increased number of series turns per phase, the peak torque increases
compared to the specifications but the corner speed reduces. The stack length can now be reduced
to 52mm to meet the requirements at the low speed and the flux weakening. The resulting torque-
speed and power-speed characteristics with the increased number of series turns per phase are shown
in Fig 3.8(a) and Fig 3.8(b) respectively. It is observed that the torque and power specifications are
still met with a reduced length machine. The overall stack length with the pole changing winding is
92 mm with 40mm of total end-winding length which is a 15% reduction in overall length and a 20%
reduction in active length compared to the baseline induction machine.
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3.2 Performance Comparison of Baseline and Pole-changing Winding IM’s

3.2.1 Comparison of Magnetic Loading

The rotor diameter and dimensions of the design are optimized for the 8-pole operation.
However, a 4-pole machine has higher flux linkage and requires thicker yoke sections compared to
an 8-pole machine for the same air-gap flux density. This will result in the 4-pole operation having
higher saturation in the core. The flux density maps of the baseline machine and the pole changing
machine in 8-pole and 4-pole operation for the peak current are shown in Fig 3.9(a) and Fig 3.9(b)
respectively. The yoke section of the machine has higher flux density in the 4-pole operation
compared to the 8-pole operation for the same air-gap flux density and magnetic circuit. The flux
density over one pole in the middle of the yoke section is shown in Fig 3.10. This is due to a higher
magnetizing current with the 4-pole winding. The magnetising current is reduced due to higher
magnetising inductance. Magnetising inductance reduces due to the reduced number of pole pairs
(which has a higher impact on winding factor due to its value reducing from 8-pole to 4-pole) despite
the reduced winding factor during 4-pole operation. This relationship is seen from (3.1) where the
magnetising inductance is proportional to the ratio of the winding factor and number of poles.
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Fig 3.9 Flux density maps of the pole changing machine with maximum current and 1200rpm.

3.2.2 Comparison of DC and AC Copper Losses

The number of series turns per phase of the pole changing machine is higher than the baseline
machine as described in Section Il. This increase of the number of series turns from 12 to 18 results
in 6 conductors per slot for the two-layer winding. Since the outer diameter is constant between the
designs, the increased number of conductors per phase in the same slot area results in a higher

conductor current density for the pole changing machine. The increased number of conductors also
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results in a slightly reduced slot fill factor due to a larger area of the slot being occupied by more
insulation needed for the 6 conductors. The increased series turns per phase and the reduced cross-
section area of the conductors also results in a higher phase resistance compared to the baseline
machine, which results in higher stator losses. The advantage of using the higher number of
conductors per slot is a significant reduction in the AC losses. Apart from the increased number of
conductors per slot, the reduction of the frequency of operation at higher speeds results in the
reduction of AC losses. The effect of the increased number of conductors per slot results in the
decrease in AC losses in the 8-pole machine. The 4-pole machine has further reduced losses due to
the decrease in frequency [LWU14]. To determine the AC losses in the baseline and the pole
changing winding machine, time-harmonic FEA at various frequencies and peak current values are
performed to determine a transfer function of the ratio of AC to DC resistance. The variation of this
ratio with speed and currents is shown in Fig 3.11 for the baseline machine. The ratio decreases with
current due to increased saturation [JUR15] [ZHA14]. The variation of the ratio of AC to DC
resistance of the pole changing induction machine with 8-pole and 4-pole operation is shown in Fig
3.12. The ratio is seen to be significantly less for the pole changing windings machine due to the
increased number of strands per slot. This coupled with the ability to change to a lower number of

poles at higher speeds provides the possibility to reduce the stator copper losses significantly.

The variation of the phase resistance is shown in Fig 3.13(a) and the corresponding losses are
shown in Fig 3.13(b). The effect of increased phase resistance at speeds beyond 4000rpm of the
baseline machine compared to the pole changing winding machine results in higher peak efficiency
at higher speeds. At the low speed during cranking operation, the losses of the pole changing

winding machine will be expected to be higher than the baseline.
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Fig 3.10 Yoke flux density waveforms for 8-pole and 4-pole operation.
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Fig 3.12 Variation of AC to DC resistance ratio of the pole changing machine for different pole numbers.
3.2.3 Influence of Pole-changing Windings on Torque Ripple

The torque ripple of the baseline machine and the pole changing machine in 8-pole and 4-pole
operation are shown in Fig 3.14(a) and Fig 3.14(b) respectively. The torque ripple is calculated with
a 6.5 degrees rotor skew which is a 1 rotor slot skew to minimize torque ripple. The torque ripple
of the baseline machine is 7.8%. The torque ripple for the pole changing winding machine with 8
and 4-poles is 6.5% and 5.6% respectively. The torque ripple during operation at 8000rpm and rated
current in the flux weakening region is shown in Fig 3.14(c). After the pole changing operation has
completed and pole-transition to 4-poles is complete, there is no detrimental effect on the torque
ripple of the motor since no additional harmonics are introduced as a result of using the pole

changing windings in the 4-pole connection.
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Fig 3.13 Stator phase resistance and AC loss comparison of baseline machine with pole changing winding machine.
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Fig 3.14 Torque ripple at rated current in constant torque and flux-weakening region.

3.3 Thermal Performance of pole Changing Winding Induction Machine

For a starter-generator application, as previously described, the duty of operation is varied at
different points on the torque-speed curve. The cranking operation includes a series of operations.
During the initial spin-up phase, the motor spins up the engine against the static friction of the drive
train. After the cranking operation, the machine assists in an acceleration phase that allows the
engine to crank quickly and smoothly with limited vibrations. Finally until the engine fires and
reaches idle speed, there is a combustion ramping phase where combustion is initiated and the
engine torque is ramped up while the motor torque is gradually reduced. This acceleration profile is
pre-determined based on the engine and other operating conditions. The initial spin-up phase
operation where peak torque is demanded is intermittent and this usually lasts for 0.45s. The total
cranking operation lasts less than 1s [WALO04] [CAI104]. A thermal model of the baseline machine
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and the pole changing winding induction machine in 8-pole and 4-pole operation is built using
MotorCAD to study the behaviour of the baseline machine and the pole changing winding machine
under these operating conditions. The stator of the machine is cooled with a water jacket. The
ambient temperature of the machine due to the location of the machine in the engine compartment
can range from -40°C to 125°C and the coolant temperature can reach a maximum of 105°C. The
same coolant is used to cool the inverter before being circulated in the water jacket around the stator
of the machine. While the peak slot current density is maintained the same between the baseline
machine and the pole changing machine, the number of conductors per slot is higher for the pole
changing machine resulting in a higher conductor current density. To compare the thermal
performance of the machines, a transient thermal simulation for a 3s operation under nominal
ambient conditions is performed. A 1s peak torque demand, a 5s continuous operation followed by
a 30s shutdown is used to study the hotspot temperature of the machine instead of a complete hybrid
vehicle model which is beyond the scope of this study [LEE15] [BOG16]. Steady-state thermal
simulation at the continuous operating regions is used to determine the hot spot of the windings at
the two continuous operating points. The baseline machine and the pole changing winding machine
with 8-pole and 4-pole operation are modelled in MotorCAD. The axial schematic of the machine

and the water cooling jacket is shown in Fig. 3.15(a).
3.3.1 Thermal Model

A detailed thermal resistance network is generated by MotorCAD and the schematic is shown
in Fig. 3.15 (b). The thermal resistances are calculated based on the lamination, copper insulation
material properties and geometric details of the machines. The heat transfer coefficients of the water
jacket are based on the cooling duct dimensions, coolant thermal properties and flowrate [STAQ6]
[BOGO08]. The thermal resistance and heat transfer coefficient calculation methodology are kept
constant between the baseline and pole-changing winding induction machine for a direct comparison
of thermal performance. The slot cross-sections of the baseline and the pole changing machine with
2 conductors per slot (W=12) and 6 conductors per slot (W=18) are shown in Fig. 3.15 (c). The
losses from the electromagnetic simulation are input to the thermal resistance network model. Other
inputs include the material properties, coolant and ambient temperatures. For comparison of the
different machines, the thermal model assumes battery performance remains unchanged with
temperature. The MotorCAD model also does not model the velocity of air in the housing due to

temperature variation.
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3.3.2 Transient Thermal Performance

To study the effect of the high torque demand during the engine cranking operation, the
temperature rise of the stator winding (hotspot) is determined under the highest ambient and coolant
temperature. The simulation is performed at the boundary conditions of 125°C ambient and inlet
temperature of the coolant is 105°C. The temperature rises of the winding hotspot of the baseline
and the pole changing winding induction machine for a transient duration of 3s is shown in Fig.
3.16(a). The higher resistance per phase of the pole changing winding results in a higher stator
copper loss. The pole changing winding is also of a shorter stack length leaving a lower contact area
for the water jacket to extract the heat, the pole changing winding hotspot temperature is predictably
higher. At the end of 1s and 3s, the temperature rises of the pole changing winding machine are 2°C
and 8°C higher than those of the baseline machine respectively. In actual operation, the cranking
operation is a short duty operation and to determine the thermal behaviour of the machines, a
transient cycle of 1s peak torque at 1300rpm followed by 5s of continuous operation at 5800rpm
and a 30s off period is simulated [BOG16]. The thermal steady-state is shown in Fig. 3.17(b). Both
machines are simulated at the boundary conditions of 125°C ambient and inlet temperature of the
coolant is 105°C as before. At steady-state, the pole changing winding machine has a winding

hotspot temperature 12°C (170°C as compared to 148°C) higher than the baseline machine.
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Fig. 3.16 Winding hotspot for baseline and pole-changing winding machines from the transient thermal analysis.
3.3.3 Steady-State Thermal Performance

The thermal model is simulated to study the steady-state temperature performance under
continuous operating conditions to determine the winding hotspot of the two machines. The hotspot
temperatures when running at 2800 rpm at 12Nm torque for the baseline and the pole changing
winding machine with 8-pole and 4-pole excitation are shown in Fig. 3.17(a). At the lower speeds,
the machine configured for 4-poles is inefficient and the hotspot temperature is higher whereas the
machine configured for 8-poles has a hot spot temperature of 13.14°C higher than the baseline
machine but still within the temperature limit of the insulation which is 180°C for continuous duty.
This scenario is reversed when the operation is at the second continuous point of operation at
5800rpm as shown in Fig. 3.18(b). The winding hotspot of the machine configured for 4-poles is
12.27°C hotter than that of the baseline machine. This inversion of thermal behaviour is consistent
with the AC resistance of the stator winding as shown in Fig 3.13(a) where the resistance of the
baseline machine is sufficiently higher than that of the 4-pole winding configuration to offset the
copper loss. The thermal FEA temperature maps of the baseline induction machine and the pole
changing winding machine stator slot section are shown in Fig. 3.19(a) and Fig. 3.20(b) respectively.
It can be seen that the conductor section closest to the air-gap has the highest temperature in slot

sections of both machines.
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3.4 Simulated Performance Maps: Baseline vs Pole Changing Machine

The efficiency map of the baseline induction machine is shown in Fig. 3.19. The efficiency
map is computed as follows. For every stator frequency corresponding to the speed range, transient
FEA is carried out to find the corresponding maximum output torque. In constant torque region, the
maximum allowable stator current with the specific frequency and slip ratio is applied to determine
the operating envelope. The output torque can be obtained after the rotor current reaches the steady
state. Many different torque values can be obtained for different slip ratios and different current
levels, among which the maximum output torque is searched with the condition that the stator
terminal voltage does not exceed the allowable value. In flux-weakening region, the maximum
allowable voltage with the specific frequency and slip ratio applied. The output torque can be
obtained after the stator and rotor currents reach the steady state. Again, many torque values can be
obtained for different slip ratios, among which the maximum output torque for the specific
frequency is searched with the condition that the stator current does not exceed the allowable value
[GUAL14a]. The efficiency at the cranking points and the continuous mode of operation shown

marked to indicate the operating points of interest for the BSG application.
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Fig. 3.17 Winding hotspot from the steady-state thermal analysis.
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Fig. 3.18 Thermal FEA temperature map at 2800rpm and 12Nm at steady-state.
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Fig. 3.19 Efficiency map of the baseline induction machine.

All the performance maps are generated for the same DC bus voltage and rated inverter current.
For comparison, the performance at the same operating points for the 8-pole and 4-pole operation
are shown in Fig. 3.20 and Fig. 3.21 respectively. The efficiency at the high torque region is lower
for the pole changing winding machine due to the increased stator copper loss as a result of higher
phase resistance as discussed from Fig 3.13(a). This is because of the higher series turns per phase
in the pole changing winding. However, the efficiency at the high speed and continuous operating
region is higher for the pole changing winding machine when the 4-pole operation is chosen at high
speeds beyond 4000rpm. At speeds greater than 6000rpm efficiency improvements of 3% or more

can be obtained when the 4-pole winding is used.
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Fig. 3.20 Efficiency maps of pole changing induction machine.

The shift of the speed at which peak efficiency occurs can be explained by the distribution of
the losses. The distribution of the stator and rotor losses (both AC and DC losses) of the baseline
and the pole changing winding machine are shown in Fig. 3.21(a) to Fig. 3.21(d). The higher stator
losses at low speed and high current are due to the phase resistance being higher at low speeds for
the pole changing winding machine. The rotor losses are slightly higher for the pole changing

winding machine in the same region. This can be explained from the expression of the bar current:

Ib o 2m'VkaIphase (3-11)
ar NR

where m, W, kw, Iphase and Nr are the number of phases, the number of series turns per phase,
winding factor, phase current and number of rotor bars. From (3.11), the bar current for a given
phase current is proportional to the number of series turns per phase and winding factor. The number

of series turns per phase is 33% higher and the winding factor 15% lower for the pole changing
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winding machine resulting in the higher rotor loss. The power factor maps for the baseline machine,
the pole changing winding induction machine for 8-pole operation and 4-pole operation are shown
in Fig. 3.22(a), Fig. 3.22(b) and Fig. 3.22(c) respectively. The envelope of power factor curves for
these machines when operating at the rated current is shown in Fig. 3.22(d). The power factor of the
baseline machine and the pole changing winding induction machine for 8-pole operation are similar
due to the similar magnetising inductances. The magnetising inductance of the pole changing

winding in 4-pole operation is higher as previously discussed. This results in a higher power factor
as seen from Fig. 3.22(c) and Fig. 3.22(d).
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Fig. 3.21 Loss distribution maps of baseline and pole changing machine.
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Fig. 3.22 Power factor plots.
3.5 Experimental Results and Comparison with Predicted Results

To determine the relative performance of a pole changing winding machine, a prototype
induction machine was fabricated. Due to the time and budget constraints involved in fabricating a
one-off aluminium die-cast squirrel cage rotor, an off the shelf induction machine rotor of known
dimensions was chosen for the prototype machine. The prototyped induction machine is of lower
power and is intended to demonstrate the feasibility and accuracy of the FEA models and their
applicability in predicting the behaviour and performance of pole changing winding induction
machines. The stator of the induction machine was optimized and fabricated for this rotor, with a
pole changing winding. All the coils terminals of the stator winding are brought out to a terminal
box to allow for the connection of the windings in different pole number configurations. The
machine is coupled to a dynamometer which is used as a brake, to measure the torque capability and
steady-state performance over the operating speed range. The experimental setup is shown in Fig.
3.23. The specifications of the prototype are listed in TABLE 3-2. The 48 slots of the stator are wound
with 12 coils each coil occupying 8 slots and all the 24 terminals of the coils are brought out to the

terminal box where external connections can be made to configure the machine either as a 3-phase

114



4-pole, 60-degree phase belt machine or as a 3-phase 4-pole, 120"degree phase belt machine and as

a 3-phase 2-pole, 120-degree phase belt machine.

TABLE 3-2 PROTOTYPE INDUCTION MACHINE SPECIFICATIONS

Parameter Value Parameter Value
Outer diameter (mm) 136 Phase current (A) 2.8 Arms
Stack length (mm) 130 Maximum speed (rpm) 3000
Number of poles 4 Cage bar/ end ring Aluminium
DC bus voltage (V) 400 Number of stator and 48/26
rotor slots
Lamination M-19 Number of series 272
24 Ga turns/phase
Slot fill factor 0.38

3.5.1 Experimental Setup and Test Methodology

The induction machine parameters required for field orientation are determined under each of
the connection types. As shown in Fig. 3.23, the prototype induction machine is coupled to the
dynamometer load machine through a torque sensor. A three-phase inverter is used to control the
machine with dSPACE on which indirect field-oriented control is implemented to control the
induction machine in the constant torque and flux weakening region. The dynamometer is run at a
certain fixed speed and each speed, the peak current supplied by the inverter is held fixed and the
g-axis and d-axis current components are varied to determine the maximum torque per ampere point
at each corresponding speed [WAL92]. This process is repeated for different values of peak current
to determine the torque-speed curve and efficiency map. Results from one such test for the induction
machine with 3-phase 4-pole 120-degree phase belt connection is shown in Fig. 3.24. For an
increasing stator line current of 2A to 4A, the g-axis current is swept to determine the g-axis current

that maximizes the torque.
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Fig. 3.23 Experimental setup showing prototype induction machine coupled to a dynamometer for performance

measurement.

3.5.2 Measured and Predicted Torque and Power Capability Curves

Using the test methodology discussed previously, the torque capability of the machine with
different current levels from zero speed to 3000rpm for the three different configurations of

induction machines is measured.
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Fig. 3.24 Test results showing the variation of torque with increasing g-axis-current to stator current ratio of a 3-phase
4-pole 120-degree phase belt connection induction machine.

The comparison of the torque and power from the experiment and finite element analysis for
the 3-phase, 4-pole, 60°degree phase belt, 3-phase, 4-pole, 120°degree phase belt and 3-phase, 2-
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pole, 120°degree phase belt is shown in Fig. 3.25, Fig. 3.26 and Fig. 3.27 respectively. A good
agreement with an average error of less than 8% is observed between measured and calculated
values over the range of speeds and machine configurations.
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Fig. 3.25 Measured and FE predicted performance curves of the 3-phase 4-pole 60-degree phase belt

connection induction machine.
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Fig. 3.26 Measured and FE predicted performance curves of the 3-phase 4-pole 120-degree phase belt

connection induction machine.
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Fig. 3.27 Measured and FE predicted performance curves of the 3-phase 2-pole 120-degree phase belt

connection induction machine.

The torque at rated current of the 3-phase, 4-pole, 60°degree phase belt and 3-phase 4-pole
120-degree phase belt machines are 8.1Nm and 6.7Nm respectively which are in proportion to the
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respective winding factors of 0.957 and 0.83. The torque capability while lower for the 3-phase, 2-
pole, 120°degree phase belt configuration, this machine configuration has a corner speed is double
that of the 4-pole operation resulting in an extended range of flux weakening speed operation. A
comparison of the torque and power speed envelopes of the three machines with the rated current is
shown in Fig. 3.28. The extended field weakening region as a result of changing the number of poles

from 4 to 2 can be seen in the power capability from Fig. 3.28(b).
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Fig. 3.28 Comparison of measured performance curves of the 3-phase 60-degree and 120-degree phase

belt connection induction machines.

3.5.3 Measured and Predicted Efficiency Maps

The efficiencies of the three configurations of the machine are measured and calculated over
the entire speed range. The measured and calculated efficiency maps are shown in Fig. 3.29, Fig.
3.30 and Fig. 3.31. In contrast to the efficiency map of the machine of shorter stack length discussed
in Fig. 3.20(a), the 3-phase 120-degree phase belt 4-pole machine has similar efficiency as the 3-
phase 60-degree phase belt 4-pole machine due to the machine in Fig. 3.20(a) having lower stack
length and a higher number of conductors per phase resulting in reduced AC losses at higher speeds.
The prototype machine, however, has the same number of stranded turns on both the 60-degree
phase belt and 120-degree phase belt machine and this results in little difference in efficiency
between the two configurations of machines as seen from Fig. 3.24(b) and Fig. 3.25(b). The
efficiency of the 120-degree phase belt 4-pole machine, at low loads, across the speed range, is
higher when compared to its 2-pole counterpart. This is in contrast to the simulated, 48V starter-
generator pole changing winding induction machine efficiency maps in Fig. 3.20(a) and Fig. 3.20(b).
For the prototype induction machine, at high speeds, the iron losses have a significant contribution
and the AC losses in the windings have no contribution due to the use of stranded windings. Whereas,

the losses at high speed in the simulated 48V machine are dominated by the AC losses in the solid

conductors.
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Fig. 3.29 Efficiency map of 3-phase 4-pole 60-degree phase belt connection induction machines.

; 5 £ 60 5
<4 05 T4 k5
S 2 4% &2 20 =
0 0
0 1000 2000 3000 0 1000 2000 3000
Speed (rpm) Speed (rpm)
(a) Measured (b) Calculated

Fig. 3.30 Efficiency map of 3-phase 4-pole 120-degree phase belt connection induction machines.
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Fig. 3.31 Efficiency map of 3-phase 2-pole 120-degree phase belt connection induction machines.

The benefits of improved power capability and efficiency with the pole changing machine can
be seen from Fig. 3.32 where the experimentally measured power-speed characteristics with
constant efficiency contours are plotted for the 3-phase 120-degree phase belt 4-pole and 2-pole
operation. It can be observed that the region in which the flux weakening region of operation is
extended by using the 2-pole configuration of operation, the achievable efficiency is higher than the

efficiency achievable by the 4-pole configuration of operation.

119



1200

—_— 3—};hase 120° 4-pole | | 80
1000 === 3-phase 120°2-pole >,
< 200 Extended FW region_ D )) K)WZ*
=3 = (60 &
5 600 = 2
=2 o
o @
a 400 40
200 =
() A

0 500 1000 1500 2000 2500 3000
Speed (rpm)
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of operation for 3-phase 120-degree phase belt 4-pole and 2-pole operation.

3.6 Conclusions

A pole changing winding induction machine with 8-pole and 4-pole operation has been
designed and compared with a standard three-phase 8-pole induction machine for a starter-generator
application. A prototype induction machine of lower power rating has been tested to demonstrate
pole changing capability and validate the finite element models used for analysis. The salient points

are summarized below:

e For machines with the same outer diameter stack length and number of series turns per phase,
the pole changing winding machine despite a wider operating speed range has a lower torque
capability in the low-speed region due to poor winding factor.

e The induction machine with pole changing windings requires a higher number of series turns
per phase and a shorter stack length. The resulting machine is 20% reduced in the overall
length while capable of meeting the specifications at cranking and continuous operation.

e While the stack length is reduced, during low-speed operation the efficiency is reduced due
to the increased phase resistance. However, at higher speed and continuous operating regions,
the peak efficiency of the pole changing winding machine is higher by 3% compared to the
baseline across continuous torgque operating points.

e This happens at speeds higher than 6000rpm when the phase resistance of the baseline
machine increases due to the dominating AC resistance. While in theory, the pole changing
winding induction machine offers a solution to increase the flux weakening range of an
induction machine, a compromise needs to be made between the stack length and the

efficiency in the constant torque region.
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e The efficiency of the induction machine in the achievable extended flux weakening region
of operation is higher than the achievable efficacy of the higher pole number machine

configuration for comparable speeds.

In conclusion, for a starter-generator application where space is axially limited and the
majority of continuous operation occurs at higher speeds and only intermittent cranking operations
are required, the lower efficiency during cranking operation can be accepted for a reduced stack
length.
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Chapter 4

Six-Phase Pole-Changing Winding Induction Machines with
Improved Performance

Induction machines with three phases are preferred over machines with one or two phases due
to their well-known ability to produce higher torque without producing a pulsating torque at twice
the rated frequency. However, with an increasingly higher proportion of induction machines being
supplied with inverters, the use of multiphase induction machines with the number of phases greater
than three has become more widespread. Multiphase machines offer the benefit of lower space
harmonic content for a given stator excitation. Multiphase machines also offer fault tolerance and
are less susceptible to time harmonics producing torque ripples. Another significant property of
multiphase machines is that provided a concentrated winding is used, torque production can be
enhanced by the injection of higher stator current harmonics [LEV07]. While this is possible for all
multiphase induction machines with an odd number of phases, enhancing torque production for even
number of phases is only possible for a 6-phase machine with an asymmetric distribution between
the phases [LYRO02]. In this chapter, a method to overcome the inherently low winding factor of the
3-phase pole changing winding machines is discussed. The poor winding factor results from the
need to use a 120° phase belt winding for facilitating the pole changing operation. As opposed to
the more widely used 60° phase belt which has the highest possible winding factor, the 120° phase
belt winding has a 15% lower winding factor resulting in a proportionally reduced torque. In this
chapter, the influence of the choice of phase belt on the winding factor for a six-phase machine is
discussed to demonstrate the improvement in fundamental winding factor while preserving the
ability to perform pole changing operation. The design of the six-phase pole changing winding
prototype machine is discussed and the results from FEA are presented and compared with

experimental results.
4.1 Six-Phase Pole-Changing Windings

Induction machines with electronic pole changing windings were introduced and analysed in
[OSA96] [MIZ97] and [OSA97b]. Adopting the more widely used 60° phase belt winding results in
the highest fundamental winding factor but cannot be used for pole changing winding operation due
to the MMF cancellation that occurs as was discussed in detail in Chapter 4. To avoid this in [OSA96]
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a 120° phase belt winding was used. However, the poor winding factor of this winding arrangement

results in a 15% torque reduction. Six-phase pole changing windings can overcome this limitation.
4.1.1 Influence of Phase Belt on Winding Factor and MMF Harmonics

3-phase distributed windings are usually wound with a 60° phase belt distribution for the
highest fundamental winding factor. However, in a double layer pole-changing winding, when a 60°
phase belt is used, the reversal of current in one of the coils will result in cancellation of the MMF
produced by the coils as explained in [MAL19]. MMF cancellation is inefficient due to the losses
from the current flowing in the coils but not contributing to torque production. This cancellation of
MMF can be prevented while retaining the pole-changing behaviour via current reversal, by using
windings that have a 120° phase belt distribution. This, however, reduces the winding factor by 15%
compared to the 60° phase belt which results in a proportionate decrease in the torque capability of
the machine. The expression for unsaturated magnetizing inductance is shown in (4.1) where
m,k,,, W,p, D;sand L, are the number of phases, the fundamental winding factor, the number of
series turns per phase, the number of pole pairs, the stator bore diameter and the stack length. Using
the machine data provided in Appendix I, the unsaturated magnetizing inductance of the windings
with different phase belts is shown in TABLE 4.1.

(4.1)

Lo mu, (kWW

2
p > DisLstk

m =
T[geffective

TABLE 4.1 MAGNETIZING INDUCTANCE FOR DIFFERENT PHASE BELTS

Lm (H) Lm (H)
Qs P2 m
(60° phase belt) (120° phase belt)
48 4 3 0.651 0.488
48 2 3 - 1.295
48 4 6 1.396 1.302
48 2 6 - 2.778

The magnetizing inductance which is proportional to the winding factor decreases with a 120°
phase belt winding resulting in a higher magnetizing current for given frame size. To maintain the
same air-gap flux density as that of the 60° phase belt windings, a 120° phase belt winding machine
will require a corresponding increase in the magnetizing current by 15%. The ratio of power

123



capability of a pole-changing winding induction machine to a conventional winding induction
machine approaches the ratio of the corresponding fundamental winding factors as the rating of the
machines increases. Lower rated machines have a lower power capability ratio due to a larger
proportion of the rated current being the magnetizing current. The torque of an induction machine
can be expressed as a function of air-gap flux density (Bg) and electric loading (At) as shown in
(4.2), where Dy, Lss, n and k,, are the stator bore diameter, the stack length, the speed in revolutions

per second and the fundamental winding factor[OSA96].

_ 1.11k,,m?*D{ LsynArB, 4.2)
B 60

It can be seen that for a given frame size, magnetic and electric loadings, the torque capability
is proportional to the winding factor which results in the 120° phase belt winding having poorer
torque capability compared to the 60° phase belt winding which has a higher fundamental winding

factor, every other parameter in (4.2) being the same.
4.1.2 Winding Factor Improvement with Six-Phase Windings

The winding factor reduction due to the 120° phase belt winding 3-phase winding can be
determined for a given winding distribution from the summation of the EMF phasors as shown in
the equations (4.3) and (4.4) [LIB04]. k,,, Q,, m,n;, v, p are the winding factor, the number of stator
slots, and the number of phases, the number of winding layers, the harmonic number and the number
of pole pairs, respectively. E is the EMF phasor of each of the coil of one phase in the slot of the

machine that is defined by the connection matrix Cy (i).

Z—QS—>
xmE
P (4.3)
w =
les/m
j2mvp .
E —e 0s Ceonx(D) (44)

The rows of the connection matrix consist of the stator slot numbers that accommodate the
phase coil sides. The return sides of the coils are represented as negative numbers. Using this
equation the winding factor for a 48 slot machine is determined for both 60° and 120° phase belt
phase belts with 4 poles and 2 poles when pole-changing is feasible. The values of winding factor
for the fundamental, 5™ and 7™ harmonic orders are listed in TABLE 4.2, TABLE 4.3 and TABLE 4.4,
respectively. The slot/pole number combination chosen here for illustrating the improvement of the
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winding factor is the same slot/pole number combination of the prototype induction machine
fabricated for experimental verification. From these tables, it can be seen that the winding factor of
the 60° phase belt phase winding is higher than that of the 120° phase belt phase winding for 4 poles.
Pole-changing is not feasible with a 60° phase belt phase and the winding factor for the 2-pole case
for this winding are left blank. For the 120° phase belt winding, it can be seen that for a 6-phase
winding distribution has a higher fundamental winding factor than the 3-phase counterpart winding
by 15.5% for the higher pole operation and by 3.5% for the lower pole operation resulting in a

machine winding configuration with higher peak torque capability when operated with the higher

pole number.
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Fig. 4.1 Normalized 120° phase belt 6-phase and 3-phase winding.

With a higher fundamental winding factor of the 6-phase pole-changing winding, the issue of
the increase in the current due to the lower magnetizing inductance and the reduced power capability
as a result when compared to the 3-phase 120° phase belt is resolved. The 5th and 7th harmonic
winding factors for the 6-phase 120° phase belt are higher compared to the corresponding harmonics

of the 3-phase 120° phase belt winding. While the winding factors are not zero for the 5" and 7™
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harmonic components, the 5™ and 7*" harmonics do not exist in the MMF harmonics for the 6-phase

winding configurations.

TABLE 4.2 FUNDAMENTAL WINDING FACTORS FOR DIFFERENT PHASE BELTS

Qs P1 m kw (60° phase belt)  ky (120° phase belt)
48 4 3 0.957 0.829
48 2 3 - 0.675
48 4 6 0.991 0.957
48 2 6 - 0.699

TABLE 4.3 5™ HARMONIC WINDING FACTORS FOR DIFFERENT PHASE BELTS

kw (120° phase
Qs P1 m kw (60° phase belt)
bel)
48 4 3 0.205 0.177
48 2 3 - 0.137
48 4 6 0.793 0.205
48 2 6 - 0.531

TABLE 4.4 7™ HARMONIC WINDING FACTORS FOR DIFFERENT PHASE BELTS

Qs P1 m kw (60° phase belt) kw (120° phase belt)
48 4 3 0.157 0.136
48 2 3 - 0.099
48 4 6 0.608 0.157
48 2 6 - 0.386

However, the impact of these harmonics on the losses is better represented by the harmonic
content of the MMF of these winding configurations. The MMF of the 4 different winding
configurations and their harmonic spectra are shown in Fig. 4.1. The 3-phase and 6-phase 120°, 4-

pole phase belt windings MMF waveforms are compared in Fig. 4.1 (a) and the corresponding 2-
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pole MMF waveforms are shown in Fig. 4.1 (c). While the winding factors of the 6-phase windings
are seen to be higher when a 120° phase belt winding is used, the MMF harmonics are not
significantly higher. In fact, with a 6-phase 120° phase belt winding operating in 2-pole mode, the
5t and 7™ order harmonics are lower than the corresponding 3-phase 120° phase belt winding
harmonics as seen from Fig. 4.1 (b). As such, the rotor losses due to the MMF harmonics are not

expected to be higher in the 6-phase 120° phase belt windings.
4.1.3 Inverter for Six-Phase Pole-changing Winding IM

To realize the improvement in the fundamental winding factor when a 6-phase, 120° phase
belt winding is utilized while performing electronic pole-changing, the inverter required for this
needs to be modified. Electronic pole-changing requires that the current in half of the coils of each
phase of the induction machine to be reversed. Six inverter legs were required for a 3-phase pole-
changing machine. Similarly, for a 6-phase pole-changing winding machine, 12 inverter legs will
be required as shown in Fig. 4.2. It is important to note that these are four standard 3-phase inverters.
The machine has 6-phases, each of which is split into two coil sets A1, A2, B1, B2, C1, C2, X1, X2,
Y1, Y2, Z1 and Z2, and each 3-phase set is connected to the 3 legs of the inverter. Using this
arrangement, the current in the coils of the phases can be reversed independently for electronic pole-
changing. The number of switches required for the 6-phase pole-changing winding machine is
doubled compared with the number of switches required for a 3-phase pole-changing winding

machine.
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Fig. 4.2 Twelve inverter legs for a 6-phase machine to facilitate pole-changing operation.
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However, for a given power rating and voltage rating of the induction machine, the required
current per phase is reduced resulting in the overall volt-ampere rating of the inverter remaining
constant. This results in the inverter required for driving a 6-phase pole-changing winding induction
machine having a lower current rating per switch. In higher volumes where the inverter is
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constructed with discrete devices, this results in a lower overall cost of the inverter for a given volt-
ampere rating [SOZ16]. When the number of phases increases for the same current rating per phase,
the efficiency degrades due to increased conduction losses. However, when compared for the same
power rating (especially for a power rating greater than 100kW), the multi-phase inverters have
higher efficiency than their 3-phase counterparts and this improvement gets better as the power
rating increases further. This is due to the reduction of the conduction losses as the same current is
spread over a larger number of devices resulting in lower current per device both reducing cost as
well as conduction losses [ZAR10]. The number of turns and parallel paths of the 6-phase windings
have to be appropriately adjusted to result in similar electric loading to the 3-phase winding and this

will be explained using the prototype machine as an example in the next section.
4.2 Design of Pole-changing Winding Induction Machine

A prototype induction machine with a stator winding that can be configured as a three-phase
as well as a six-phase winding is fabricated to demonstrate the performance improvement of a six-
phase pole changing winding over the conventional three-phase pole changing winding induction

machine.
4.2.1 Stator Winding

To demonstrate the improvement of the performance of the 6-phase pole-changing winding
induction machine, a 1IkW prototype machine with 48 stator slots and a squirrel cage rotor with 26
slots is analysed and prototyped. The parameters of the machine are provided in Appendix I. To
demonstrate the pole-changing behaviour of the existing topology of pole-changing windings and
the proposed 6-phase pole-changing winding, a 4/2-pole-changing combination was chosen. To
prevent the slots per pole per phase (SPP) from being fractional and/or equal to 1 (due to the high
leakage inductance with SPP=1 [BOLO02]) for any pole and phase combination, the number of stator
slots was chosen as 48. Since a commercially available induction machine rotor was used for the
prototype, the number of rotor bars was fixed at 26. For a 1kW air-cooled induction motor, a 90
frame size is appropriate and the outer dimensions of the lamination are selected to be
accommodated in a 90 frame casing. The stator slot dimensions are calculated (using the measured
rotor slot dimensions) using the method outlined in [GUA14]. FE analysis is used to determine the
parameters and performance of the machine. The number of conductors per slot is chosen to achieve
a copper slot fill factor of 38% which results in 34 turns per coil. The prototype machine is wound

with individual coils brought out to a terminal box to allow for different winding configurations to
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be connected within the same machine. The winding layout of the individual coils for the 6-phases

is shown in Fig. 4.3.
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Fig. 4.3 Winding layout of 6-phases of the prototype machine.

With the terminals of the individual coils available, the induction machine prototype can be
configured as any one of the machines listed in TABLE 4.5 with the connections for one phase being
indicated in the table and the other phases being similarly connected. The base speed of the machine
is 1000rpm and this is based on the DC bus voltage in the experimental setup. For a maximum
available voltage of 400V at the DC bus, the number of turns of the double layer winding was chosen
for a corner speed of 1000rpm for the baseline M3, 4P machine. This results in 34 turns per coil
with 2 parallel paths for the M3, 4P machine and 1 parallel path for the M6, 4P machines. The stack
length of the machine is comparable to the diameter of the machine with the ratio of the stator bore
to active stack length being 0.66. For this aspect ratio, the effects of 3D fringing of fields are not
dominant. While 2D FEA simulations are used to compute the performance of the induction
machine, to improve the accuracy of the simulations, 3-D effects that have been considered include
the end winding inductance, overhang resistance and rotor end-plate inductance and resistance that

have been computed analytically and included in the external circuit of the 2D FEA [BOLO02].

TABLE 4.5 WINDING CONNECTION CONFIGURATION OF PROTOTYPE MACHINE

Phase-A Connection Diagram Machine Configuration Machine ID
e L 3 Phase 120° phase belt 4-poles M3,4P
_ (A-B, X-Y, C-2) (baseline)
e L 3 Phase 120° phase belt 2-poles M3,2P
_ (A-B, X-Y, C-2) (baseline)
M 6 Phase 120° phase belt 4-poles M6,4P
(AZ, X,B,Y,C)
M 6 Phase 120° phase belt 2-poles M6,2P
(AZ, X,B,Y,C)
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4.2.2 Baseline Induction Machine

The winding factor of the state-of-art 3-phase pole changing windings, which necessarily
require 120° phase belt windings is poor. Pole changing operation is not possible with a 60° phase
belt winding due to the fundamental MMF cancellation. This is an inherent limitation of all 3-phase
pole changing winding (including the Dahlander winding). A pole changing machine equipped with
two separate windings for different pole numbers has poor torque density due to half the windings
being idle with low slot utilisation coupled with high leakage inductance of the winding at the slot
bottom [OSA96] [BOLO02]. Due to this, the baseline machine chosen is the 3-phase 120° phase belt
machine that allows for pole changing operation. The proposed 6-phase machine has a 120° phase
belt but superior fundamental winding factor both in the high pole number and low pole number
operation. The peak torque of the 6-phase 120° phase belt machine in the low-speed region is
identical to the 3-phase 60° phase belt machine. However, the latter has inferior flux weakening
performance compared to the 3-phase 120° phase belt machine. The connections of the baseline 3-
phase 120° phase belt winding machine configuration (M3, 4P and M3, 2P) and the proposed 6-
phase configuration of the machine (M6, 4P and M6, 2P) can be obtained by considering the
individual coils of the machine. From Fig. 4.3, it is seen that the coils A and B span a 120° phase
belt for a 3-phase 4-pole configuration and similarly X and Y and C and Z for the other 3 phases
span a 120° phase belt. The spatial separation between the three phases remains at 120° for both 4-
pole and 2-pole operations as shown in Fig. 4.4(a) and Fig. 4.4(b) respectively. To change the
number of poles from 4 to 2, the direction of current in coils A2, B2, X2, Y2, C2 and Z2 are reversed,
as shown by the dot convention in TABLE 4.4. As observed in Fig. 4.4(b), the phase sequence of the
M3, 2P machine has to be reversed in addition to the current reversal for maintaining the same
direction of rotation after pole changing. The number of series turns per phase can be calculated as
shown in (4.5).

nspq (4.5)
a

W =

where W, ns, p, g and a are the number of series turns per phase, the number of conductors per
slot, SPP and the number of parallel paths. To ensure that, for a given DC bus voltage, the rated
current is constant across all the machines, 2 parallel paths are chosen for the M34P and M32P
machines. For a double layer winding with 34 turns per coil, the number of series turns per phase is
W=272. The vector potential and flux densities plots for the M3, 4P and M3, 2P machines at rated
current and 800 rpm are shown in Fig. 4.5(a) and Fig. 4.5(b), respectively. A lower pole number
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machine requires a larger yoke section for a given air-gap flux density and as a result, as seen in Fig.
4.5(a) and Fig. 4.5(b), the yoke section of the 2-pole excited machine has a higher flux density while
the teeth of the 4-pole excited machine see higher flux density.

XY CZ

120° 120°

CZ XY
(@) M3, 4P (b) M3, 2P

Fig. 4.4 Phasor diagram of winding configurations.
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Fig. 4.5 Flux plot of 3-phase 120° pole-changing winding configuration.

4.2.3 Six-Phase Induction Machine

The winding configurations of phase A of the proposed 6-phase120° phase belt pole-changing
winding machine are shown as M64P and M62P in TABLE 4.5. For the 4-pole operation, the winding
sets A, B, C and X, Y, Z are connected as two 3-phase machines shifted by 60° as seen from the
phasor diagram of Fig. 4.6(a). The current in the coils Al and A2 are in the same direction for the
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4-pole operation and the direction of the current is reversed in coil A2, B2, C2, X2, Y2 and Z2.
From the coil connections it can be seen there is only 1 parallel path for the 6-phase operation. This
ensures that per phase impedance is increased relative to the 3-phase configuration ensuring that the
total DC bus current at the rated DC bus voltage remains constant across the machine configurations.
The vector potential and flux density plots for the 6-phase 4-pole and 2-pole, 120° phase belt winding
machine configurations at rated current and 800rpm are shown in Fig. 4.7. The flux-density maps
are shown at 800rpm where all the four machine configurations are at peak torque capability with
rated current and excited with constant flux.

60° 30° A
Y& > A

C zZ Y
(a) M6, 4P (b) M6, 2P.

Fig. 4.6 Phasor diagram of winding configurations.

When the direction of current is reversed to change the winding to 2-pole operation, the spatial

separation between the two 3-phase sets reduces to 30° as seen in Fig. 4.6(b).
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Fig. 4.7 Flux plot of 6-phase 120° pole-changing winding configurations with 4-pole and 2-pole operation.

However, the relative flux density relationships remain the same across speeds. Similar levels
of saturation differences from the 4-pole to the 2-pole operation are seen in the flux density maps
of the 6-phase machine as seen previously in the flux maps of the 3-phase machine. The air-gap flux
density and the associated harmonic spectra for the four different machine configurations are shown

in Fig. 4.8, obtained from FEA.
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Fig. 4.8 Air-gap flux density plot of 120° phase belt 6-phase and 3-phase windings.
4.3 Simulated Performance Comparison of Pole-changing Winding
Configurations

The performance capability envelope curves are determined for the three-phase and six-phase
induction machine pole configurations by supplying the machine with peak rated current at different

speeds.

133



4.3.1 Performance Capability Curves

Four different induction machine configurations are simulated and the torque-speed
characteristics and performance maps are determined using a combination of analytical and FEA
methods [GUA14]. The simulation results that compare the torque-speed envelope of the machines
when supplied by the same rated line current of 4Arms are shown in Fig. 4.9. It can be seen from
Fig. 4.9(a) that the peak torque achievable for the M6, 4P machine is 15% higher than the peak
torque due to the higher winding factor for this winding configuration. In the flux weakening region,
the 2-pole configurations have a wider speed operation as seen from Fig. 4.9(b). The M6, 2P has a
slightly higher power capability in the flux weakening region due to the winding factor being higher
than the M3, 2P machine.
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Fig. 4.9 Torque/power capability curves of induction machine configurations

The power factor curves of the induction machine configurations are shown in Fig. 4.10. The

4-pole induction machine power factor is higher than the two-pole configurations at low speed due
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to the higher magnetising current of the 2 pole machines. As the speed increases into the flux
weakening regions, the power factor of the 2-pole architecture increases over the 4-pole machines
due to the lower drop in the leakage path since the frequency of operation of the 2-pole winding for

a given speed is half of that of the 4-pole operation.
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Fig. 4.10 Power factor curves of induction machine configurations.
4.3.2 Torque Ripple

The steady-state torques of the four machine configurations are shown in Fig. 4.11. It can be
seen that the torque ripple of the 2-pole operation is significantly lower than that of the 4-pole

operation.

The torque ripple of the M3, 4P, M6, 4P and the M3, 4P, M6, 4P machines are comparable as
expected from the results of the space harmonic index factor in TABLE 4.4. The torque ripple of the
baseline M3, 4P machine and the proposed 6-phase M6, 4P machine are similar since space
harmonic index factors are almost equal. The average torque of the M6, 2P machine is slightly
higher than the average torque of the M3, 2P machine due to the higher winding factor of the six-
phase machine as seen from TABLE 4.2. The lower torque ripple of the 2-pole winding machines
compared to the 4-pole winding machines can be explained using an analytical expression for torque
ripple assuming infinitely permeable steel and the electrical loading due to the windings at the slot
openings. The electromagnetic torque is represented as the integral of the Lorentz’s force density
over the air-gap surface multiplied by the radius of the rotor as shown in (4.6). D, Lsw«, Bg and K are

the rotor diameter, the air-gap flux density and the electric loading due to the stator winding.

135



p? Lstkzz f Byy (W) Ke (v)dv (4.6)

The air-gap flux density is a result of the stator and rotor excitation and can be represented as
an integral of the product of the total air-gap MMF and permeability. With the stator and rotor slot
dimensions remaining the same for all the four machine configurations, the air-gap permeance for
the torque ripple analysis is assumed constant. The MMF due to the stator or the rotor is a function

of the winding factor, the current carried by the conductors and number of turns as shown in (4.7)
o mK,,NI
E, W)= z —Tcos(ve — wt) 4.7)

where v, Kw, 6, and @ are the harmonic order, the winding factor, the spatial angle over the

air-gap, the excitation frequency, respectively, of a winding with N turns and carrying current I.

From (4.7) the air-gap flux density for an air-gap of g can be defined as shown in (4.8) and

the stator electric loading is defined in (4.9).

By(v) = %Z (@) + F(v) (48)
K(w) = %sin(v@ — wt) (4.9)

From (4.6)-(4.9), the space-harmonics interaction index is defined in (4.10) as:

ZOO KWS‘UKWT"U
v=1 v

K wsp K wrp
p

Ispi = (4.10)

This index is calculated for the four different configurations of the machines. Since the rotor
is a squirrel cage in all the machine configurations, the winding factor for the rotor is assumed to be
unity for all harmonics in the absence of skew [BOL02]. From the results shown in TABLE 4.6, the
space harmonics index factors for the 2-pole configurations are almost half that of the 4-pole
configurations and the torque ripple values and waveforms reflect this behaviour as shown in Fig.
4.11. Space harmonic index factors are a function of the winding factor of the harmonics. The M3,

2P baseline machine has lower harmonics winding factors as seen from TABLE 4.2, TABLE 4.3 and
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TABLE 4.4 compared to the M6, 2P machine. This is reflected in the space harmonic index factor as
well as the torque ripple waveform in Fig. 4.11. However, due to the higher fundamental winding
factor of the M6, 4P machine, the average torque is higher than the M3, 4P machine. The rotor of
the prototype machine used for experimental validation is from an off the shelf induction machine
whose characteristics and dimensions were available. The off-the-shelf rotor has no skew resulting
in significant torque ripple as seen from Fig. 4.11. The relative decrease of torque ripple between
the 4-pole and 2-pole operation would remain the same even with optimal skew. The loss maps of
the four machine configurations are shown in Fig. 4.12(a), Fig. 4.12(b), Fig. 4.12(c) and Fig. 4.12(d).
It can be seen that the stator losses of the M3, 4P machine are similar to the losses of the M6, 4P
machine for the same peak current but the peak torque is higher for the latter. The iron loss
distributions of the machine topologies are shown in Fig. 4.13. The 3-phase 120° phase belt windings
are seen to have slightly higher iron losses both in the 4-pole and 2-pole modes of operation. This
is accounted for by the higher magnetising inductances in the 6-phase machine topologies due to

higher winding factor resulting in the lower magnetising current and hence lower iron losses.

TABLE 4.6 SPACE HARMONIC INDEX FACTOR FOR DIFFERENT MACHINE CONFIGURATIONS

Machine Configuration Lin Torque Ripple (%)
M3,4P 3.26 27.2
M3,2P 2.53 9.60
M6,4P 3.62 28.3
M6,2P 2.90 17.1
10
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Fig. 4.11 FEA results of steady-state torque of M3, 4P, M3, 2P, M6, 4P, and M6, 2P machines at rated voltage and

line current at 800rpm.
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4.3.3 Losses and Efficiency Maps

The efficiency map is determined for different machine configurations using a series of
transient FEA simulations as explained in 3.4. For every stator frequency in the constant torque
region, the peak torque and losses at different currents are determined. The slip that maximises the
torque at each speed and current combination is determined. This is repeated in the flux weakening
region with the limit of the DC bus voltage used to determine the operating envelope. The simulated
efficiency maps of the four machine configurations are shown in Fig. 4.14(a), Fig. 4.14(b), Fig. 4.14
(c) and Fig. 4.14(d). While the efficiency of the M3, 2P and the M6, 2P machines are similar, due
to the increased fundamental winding factor, the efficiency of the M3, 4P is higher than the M6, 4P,
as seen in Fig. 4.14(a) and Fig. 4.14 (c) respectively. The poorer efficiency of the 2-pole excited
machines compared to the 4-pole counterparts can be explained by referring to the relative stator
and rotor copper losses between the 4-pole and 2-pole excitations of Fig. 4.12 which show higher
copper losses in the stator and rotor windings at similar speeds of operation. The corner speed is
higher for the 2-pole operation resulting in higher current being drawn for the same power level

causing higher losses in the stator and rotor conductors.
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(b) M3, 2P
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Fig. 4.12 Stator and rotor loss distribution maps of the pole-changing winding induction machine. (a) M3, 4P, (b)
M3, 2P, (c) M6, 4P,(d) M6, 2P.
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Fig. 4.13 Iron loss distribution maps of the pole-changing winding induction machine.
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Fig. 4.14 Efficiency maps of the pole-changing winding induction machine.
4.4 Experimental Results and Comparison with Predicted Results

A dynamometer is used to test the prototype machine and measure torque capability and
performance maps. The stator windings are arranged in the four different configurations shown in
TABLE 4.5 and supplied with appropriate excitation from a voltage source inverter. The inverter is

controlled using an indirect rotor field-oriented control with the rotor position measured using an
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encoder mounted at the non-load end of the prototype machine shaft. The field-oriented control
algorithm and data acquisition are performed on a dSPACE 1006 controller. The experimental
layout is shown in Fig. 4.15. The torque capability at each speed is determined using the Maximum
torque per ampere (MTPA) control. The model of an induction machine under rotor field orientation
is obtained by aligning the rotor flux along the d-axis resulting in the zero g-axis rotor flux. The
equations for rotor flux, torque and slip as functions of machine parameters and —axis and g-axis

currents are shown in (4.11)-(4.15).

PYar + 1rigy =0 (4.11)
Lmiss + Lrigr = lp(eir (4.12)
LniSs + Lyicy = %, = 0 (4.13)
Ly .o (4.14)

T igs

wWg = P
dr

3PL$n e e (4.15)

where Yg,., Yer, igr Lor igs tgs Lm, Ly, 77, T and P are the rotor d-axis, g-axis flux, rotor d-
axis, g-axis currents, stator d-axis, g-axis currents in the rotating reference frame, magnetizing
inductance, referred rotor self-inductance, referred rotor resistance, rotor time constant and the
number of poles respectively. The inverter DC bus and the current limit (ls) of the drive and motor
set limits on the torque production in steady-state at different speeds. The maximum torque per
ampere with a limit on the stator current is found by the optimal split of the d and g-axis currents at

a particular speed subject to the constraints in (4.16) and (4.17)
icelsz + igsz = Iszmax (4-16)
. : 2
(a)elegs)z + (weLngs) < Vs%nax (4.17)

where Iy @e, Lg, L, and Vg4, are the stator current limit, synchronous frequency, stator
self-inductance, stator transient inductance and maximum allowable voltage limit, respectively. For
the unsaturated case where the magnetizing inductance is constant, the optimal split of g-axis and
d-axis currents is 0.707Ismax. However, due to the non-linear relationship between the magnetizing

inductance and current, as the machine is increasingly saturated the ratio of g-axis to d-axis current
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increases. The current and voltage limits in (4.16) and (4.17) describe a circle and ellipses of
frequency-dependent radii as shown in Fig. 4.16. As the speed increases the region of operation
narrows as shown in the shaded regions of Fig. 4.16 due to the limit imposed by the DC bus
[KIM93][WALY4].
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Fig. 4.15 Experimental setup showing prototype induction machine coupled to a dynamometer for performance

measurement.
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Fig. 4.16 Voltage and current-limit envelopes for inverter fed induction motor control.

Operating region
within drive limits
at different speeds

To determine the MTPA point within these limits in the test, the dynamometer speed is fixed
and rotor field orientation is achieved by using the rotor position from the encoder and calculated
using the parameters of the machine. At the fixed speed, the peak line current per phase is fixed and

the g-axis current is varied to determine the value at which the torque is maximized. This is the
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MTPA point corresponding to that speed. This process is repeated across a range of speeds and
currents to form a map of torque capability. For each of these points, the input power, shaft power
and efficiency are measured using a Yokogawa WT3200 power analyser. An illustration of the
MTPA curves at a single speed is shown in Fig. 4.17 for the M3, 4P machine for current varying
from 2A to 4A. With 1s=4A the influence of saturation is much more pronounced due to which the

maximum torque point is more apparent than with the case of I;=2A.
4.4.1 Torque Capability

The comparison of the experimental results and the finite element analysis is shown in Fig.
4.18, Fig. 4.19, Fig. 4.20 and Fig. 4.21for the M3, 4P, M3, 2P, M6, 4P and M6. 2P machines,
respectively.
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Fig. 4.17 Test results showing the variation of torque with increasing q-axis-current to stator current ratio of a 3-

phase 4-pole 1200 phase belt connection induction machine.
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Fig. 4.18 Measured and FE predicted torque/power-speed curves of a 3-phase 4-pole 120° phase belt connection

induction machine.
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Fig. 4.19 Measured and FE predicted torque/power curves of a 3-phase 2-pole 120° phase belt connection induction
machine.
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Fig. 4.20 Measured and FE predicted torque/power curves of a 6-phase 4-pole 120° phase belt connection induction
machine.
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Fig. 4.21 Measured and FE predicted torque/power curves of a 6-phase 2-pole 120° phase belt connection induction

machine.

The experimental and simulation results are in good agreement with an average error of less
than 8% over the measured speed range. The torque at rated current of the M6, 4P and M3, 4P are
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8.1Nm and 6.7Nm, respectively, which are in proportion to the respective winding factors of 0.957

and 0.83.

4.4.2 Efficiency Maps

The efficiency maps of the four different configurations are measured and calculated over the
entire speed range. The results are shown for the M3, 4P, M3, 2P, M6, 4P and M6. 2P machines in
Fig. 4.22, Fig. 4.23, Fig. 4.24 and Fig. 4.25, respectively.
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Fig. 4.22 Efficiency map of 3-phase 4-pole 120° phase belt connection induction machines.
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Fig. 4.24 Efficiency map of 6-phase 4-pole 120° phase belt connection induction machines.
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Fig. 4.25 Efficiency map of 6-phase 2-pole 120° phase belt connection induction machines.
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Fig. 4.26 Measured power vs speed curve with constant efficiency contours showing extended flux weakening region
of operation for 3-phase 1200 phase belt 4-pole and 2-pole operation.

The efficiency of the M3, 4P machine is lower than the efficiency of the M6, 4P due to the
higher winding factor of the latter as seen from Fig. 4.22(a) and Fig. 4.23(a). The efficiency of the
M3, 4P machine across the speed and at low torque is seen to be lower than that of the M3, 2P
machine. This is due to the higher corner speed of the machine resulting in higher iron losses over
a larger speed range thus reducing the efficiency for similar speed operations. The benefits of
improved power capability and efficiency with the pole-changing machine can be seen from Fig.
4.26 where the experimentally measured power-speed characteristics with constant efficiency
contours are plotted for the M6, 4P and M6, 2P machines. It can be observed that the region in which
the flux weakening region of operation is extended by using the 2-pole configuration of operation,
the achievable efficiency is higher than the efficiency achievable by the 4-pole configuration of

operation.
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4.5 Conclusions

The limitation of poor torque density of conventional two-speed induction machines and the
poor winding factor, mechanical contactors of a Dahlander winding and the reduced winding factor
of the 3-phase 120° phase belt winding can be overcome by utilising the proposed 6-phase 120°
phase belt winding. The performance of the proposed 6-phase pole-changing winding induction
machine with high fundamental winding factor is discussed which results in a 15% improvement in
peak torque while retaining the ability to extend the flux-weakening region by electronically
changing the number of poles resulting in a 23% increase in power generation capability at higher
speeds. While a larger number of inverter legs and sensors are required for performing the pole-
changing operation of the 6-phase machine, with the VA rating of the inverter remaining the same
and for a given DC bus voltage, the current rating of the inverter being reduced, the trade-off of
increased flux weakening region, higher power generation and efficiency are satisfactory especially
for higher power ratings. The 6-phase pole-changing induction machine has almost identical
performance with the lower number of poles when compared to the 3-phase pole-changing induction
machine. The efficiency of the 6-phase induction machine has a higher efficiency region compared
to the 3-phase 4-pole operation due to the higher fundamental winding factor. The efficiency of the
6-phase induction machine in the achievable extended flux weakening region of operation with the
lower pole number is similar to the efficiency of the 3-phase induction machine.
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Chapter 5

Six-Phase Pole-changing Winding Induction Machine with
Third Harmonic Injection

A well-established phenomenon of multiphase machines is the ability to inject higher-order
harmonics for enhanced torque production [LEVO07]. For an odd phase number k, all the odd
harmonics between 1 and k can be utilised to couple with the MMF harmonics to produce useful
average torque. While this is possible for all odd number of phases, the only possible way to leverage
this phenomenon for enhanced torque production with an even number of phases is with a six-phase
winding as shown in [LYRO02]. Asymmetric six-phase machines are the most commonly analysed
multiphase induction machines for high power applications. In the early days of the multiphase
induction motor drives (when six-step VSIs were more common than PWM inverters) the choice of
the asymmetric six-phase machine was driven by the need to eliminate the sixth harmonic of the
torque ripple, caused by the fifth and seventh harmonics of the stator current [NEL74]. However,
utilisation of PWM switching control for a six-phase VSI results in an asymmetric and symmetrical
six-phase machine having identical performance [LEVO07]. In this chapter, with a theoretical
analysis of the three-phase winding, it is demonstrated that the 3™ harmonic currents only produce
pulsating fields. This is extended to the symmetrical and asymmetric six-phase winding showing
that while in the former winding, the 3™ harmonic currents cannot yield useful torque, in the latter
case the 3" harmonic currents can result in producing synchronously rotating magnetic field that
can be employed to produce useful torque. Subsequently, continuing from Chapter 4, it is shown
that in a six-phase pole changing winding, the higher pole number winding (in this case 4-pole) is a
symmetrical six-phase winding whereas the lower pole number (2-pole) connection results in an
asymmetric winding. Due to this, in the 2-pole operation, with the neutral points of the two three-
phase sets that comprise the six-phase winding connected, the 3™ harmonic currents can be injected
to improve torque capability within the voltage limit of the machine. An optimal 3™ harmonic
current is determined and the machine torque and power capability curves are shown with such an

operation. The simulation results are then experimentally validated in the final section of the chapter.
5.1 Enhanced Torque Capability of Six-Phase IM with 3" Harmonic Injection
The phases of a symmetrical m-phase induction machine winding are displaced by 2z ,/m and

the coils comprising these phases are uniformly distributed in slots in a manner that results in a
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winding as sinusoidal as possible. The resulting MMF is a stepped waveform and can be represented
as a Fourier series, components of which are called space harmonics [HEL77] [NET99]. The MMF
of a single coil with a pitch of «, is given by (5.1). Factor 0 < < 1 represents the extent of short
pitching of the coil. 1, is the current carried by the coil and {, @ and a; represent the coil group axis,
the mechanical angle around the periphery and the slot pitch in electrical degrees. a; = 2zp/Q,

where p and Ns represent the number of pole pairs and the number of stator slots, respectively.
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Fig. 5.1 Distribution of magnetic field intensity of a single turn.
21 o [1 . @
F.(a) = ﬂ_g ] [Esm <U?y> cos(u[a - (C + (x — 1))a1]) ] a, = fr (5.1)

When g = N,/2pm of these coils comprising an m-phase winding are distributed in N/ slots,
the field produced by these coils has been derived in (4.5) of Chapter 4 and is reproduced in (5.2).

sin<ﬂv> (5.2)
%) M—%U)cos (v(a -(@-1+20) % )

The MMF for a symmetrical m-phase winding with integer q and N coil turns per slot, fed
with a sinusoidal current of (5.3), is given in (5.4).

2q1 < | 1
F. . (a) =— —sin(
cozl( ) g ; v

iy = Iy, sin <a)lt—%27c> (5.3)
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The equation for the m-phase MMF can be applied to the 3-phase case resulting in the MMF
of (5.5) for the fundamental current being supplied to the winding.

[ sin &U ]
1. (Vo | 3qa, 2
L (%2 sin (o x

2 gsin (% U)
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sin Uf sin(w,t) (5.5)
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v=1

The fundamental component, the 3, 5" and 7" harmonic components of the three-phase

MMF are given by (5.6), (5.7), (5.8) and (5.9), respectively.

() = \/_ﬂsm <a > sin <3qa1> Siﬂ(%) FCOS (a + =20 ap — a’ﬂ)] (5.6)
3 —phase; 2 2 qsin(%) 2 2
F’)’]—phase3(a) =0 (57)
Fl _ 4 \/—CINI . Say . 15qa1 sin (5q2a1> 3 5(1 —4q) 5 8
3_phases(oz) =3 2ﬂ—gsm <7> sin < > > 5 [ECOS (50: + 5 o + wﬂ)] (5.8)
qszn( > )

! b eVt (5 (2t 0 () 1 7(1 — 4q)

Fy_ ppase, (@) = 7\/§7£_g sin <7> sin < 5 > . 70(1) [ECOS <7a s - wﬂ)] (5.9)

While the fundamental and the 7" harmonic can generate rotating magnetic fields in the
forward direction, the 5 harmonic results in a backwards rotating magnetic field. The forward
rotating field of the 7" harmonic, however, can only produce useful torque from zero speed to 1/7"
of the synchronous speed. The 5™ harmonic field only produces braking torque. In a star connected
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winding, if a neutral is provided for a 3 harmonic current to flow, the MMF due to such a current

being fed into the machine is given by (5.10).
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(a)—g\/zﬂ—gsm <T> sm( 5 ) . <3a1 [3sm (3a+Ta1>sm(co1t)] (5.10)
gsin ( >+

This MMF is not rotating but rather a pulsating MMF and produces pulsating torque which
does not contribute to useful work. With a six-phase winding, two three-phase winding sets can be
either arranged to have a 60° phase displacement between the winding sets making a symmetrical
six-phase winding or an asymmetric six-phase winding with a 30° separation between the phase sets

as shown in Fig. 5.2.
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(a) Symmetrical winding (b) Asymmetric winding

Fig. 5.2 Phasor diagram of six-phase winding configurations.
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Fig. 5.3 MMF waveforms of A and X-phases of 4-pole 6-phase windings.
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The MMF for the symmetrical connection is given in (5.11) and the corresponding connection
for the asymmetric winding connection is shown in (5.12). The fundamental, 5" and 7" harmonics
of the six-phase winding MMF create the same magnetic fields as is the case for the three-phase
winding. The difference is observed when the six-phase windings have a single neutral point and a
zero-sequence current has a path to flow. The MMFs due to this current for the symmetrical and
asymmetric windings are shown in (5.13) and (5.14). From these equations, it can be inferred that
while a 3" harmonic injection into the symmetrical six-phase winding results in a pulsating magnetic
field, the same current when injected into the asymmetric winding results in a rotating magnetic
field that is synchronous with the magnetic field created by the fundamental and can be used to
produce an additional, fundamental synchronised torque. The MMF equations of (5.11) and (5.12)
are applied to the design of a 48-slot, 4-pole, six-phase stator winding with a 60°(electrical)
separation and 30°(electrical) separation between the three-phase sets as shown in Fig. 5.3(a) and
Fig. 5.3(b) respectively for A-phase and X-phase. The MMFs due to a fundamental stator current
flowing in the symmetrical and the asymmetric windings having the same time-phase displacement
as the corresponding windings are shown in Fig. 5.4(a) and Fig. 5.5(a), respectively. The

corresponding harmonic spectra are shown in Fig. 5.4(b) and Fig. 5.5(b), respectively.
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(a) MMF waveform (b) Harmonic spectrum

Fig. 5.4 MMF due to fundamental stator current in the symmetrical six-phase winding.

It can be observed that the 5™ and 7" harmonics in the MMF when a fundamental current is
injected in the asymmetric winding are reduced to zero resulting in better torque ripple performance.
This is numerically shown in Section 5.3.1 for the prototype machine. When a 3" harmonic current
is injected into the symmetrical six-phase winding, the resulting MMF is pulsating and cannot be
therefore used to do any useful work as previously described. When the 3 harmonic current is
injected into the asymmetric winding, the 3™ harmonic MMF developed and the corresponding

harmonic spectrum are shown in Fig. 5.6(a) and Fig. 5.6(b). Due to this 3" harmonic having the
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same speed as the fundamental, it subtracts from the fundamental and makes it increasingly flat-

topped.
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(a) MMF waveform (b) Harmonic spectrum
Fig. 5.5 MMF due to fundamental stator current in the asymmetric six-phase winding.
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Fig. 5.6 MMF due to third harmonic stator current in the asymmetric six-phase winding.

This can be used to increase the fundamental current and thus increase the torque capability

of the overall machine. This is exploited in a pole changing winding machine as discussed in Section

5.2.3.
5.2 Six-Phase Pole-changing Windings

5.2.1 Three Phase and Six-Phase Pole Changing Windings

Electronic pole changing winding induction machines introduced in [OSA96] [SUZ97]
employ the inverter to reverse the direction of current in a portion of the phase windings to change
the pole number. In [OSA96], a six-phase inverter was used to change the number of poles of the
induction machine from 4 to 2 by utilizing a 3-phase stator winding with a 120° phase belt
distribution. In [MAL19] it was shown that the use of 120 ° phase belt winding distribution was
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necessary to prevent the MMF cancellation that would occur if the more common 60° phase belt

winding with higher winding factor was used. The 120° phase belt winding has a fundamental

winding factor that is 15% lower than the 60° phase belt winding which results in a proportionate

reduction in torque when pole changing windings are used.
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Fig 5.7 Phase A winding layouts in slots of a 48-slot 120° phase belt stator winding.
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Additionally, to maintain the same air-gap flux density as the 60° phase belt winding, the
magnetizing current of the 120° phase belt winding will be 15% higher. The ratio of power capability
of a 120° phase belt winding induction machine to a conventional 60° phase belt winding induction
machine approaches the ratio of the corresponding fundamental winding factors as the rating of the
machines increases. Due to a larger portion of the rated current being the magnetizing current, lower-
rated machines have a lower power capability ratio [OSA96]. The improved fundamental winding
factor, avoiding MMF cancellation and pole changing operation can be achieved by utilizing a six-
phase winding. The A-phase winding layout of a 3-phase and 6-phase winding of a 48 slot stator is
shown in Fig 5.7. The 3-phase 4-pole and 2-pole operations are shown in Fig 5.7(a) and Fig 5.7(b)
while the 6-phase 4-pole and 2-pole operations are shown in Fig 5.7(c) and Fig 5.7(d) respectively.
The winding factors of these four cases of winding distribution are shown in Fig 5.8 (a) for the 4-
pole configuration and in Fig 5.8(b) for the 2-pole configuration. The fundamental winding factor
of the 6-phase machine with the 4-pole operation is higher than that of the 3-phase machine by 15%.
The fundamental winding factor of the 2-pole operation is comparable for 6-phase and 3-phase
windings. Using the 6-phase winding enables electronic pole changing while resulting in higher
fundamental winding factor and hence higher torque for the same input current compared to the 3-
phase pole changing winding described in [LYRO02]. The inverter required to achieve electronic pole

changing with the 6-phase windings will be discussed in the next section.
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Fig 5.8 Comparison of winding factors of 6-phase and 3-phase windings.

5.2.2 MMF of 6-phase Pole Changing Windings

The MMF patterns of phase A (comprised of two coils, Al and A2) of the machine in 4-pole
and 2-pole operation are shown in Fig. 5.9(a) and Fig. 5.9(c). The corresponding MMF spectra are
shown in Fig. 5.3(b) and Fig. 5.3(d). Both the modes of operations exhibit phase winding MMFs
with substantial 3™ harmonic components that are necessary for using this harmonic for torque

production. For the 4-pole operation, the spatial separation between the phase axes is 60°. When
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electronic pole changing is used to reduce the number of poles to 2, the spatial separation between
the phases reduces to 30°. The fundamental MMF is reduced and as seen from the MMF spectra of
Fig. 5.9(b). The spatial separation of 30° allows for the injection of the 3 harmonic currents for

average torque production.
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Fig. 5.9 Phase winding MMF and harmonic spectrum of 6-phase pole changing winding machine.

5.2.3 Influence of 3rd Harmonic Injection

In the 4-pole configuration when the spatial separation between the phase axes is 60°, the 3
harmonic currents cannot flow even when a path is provided due to the vector sum of the 3™
harmonic currents in the phases being zero. When the direction of current in the second half of the
windings is reversed to reduce the number of poles to 2, the spatial separation between the phase
axes reduces to 30° and the 3" harmonic current can flow when a path is provided. The MMF set
up by the third harmonic component creates a rotating magnetic field with a synchronous speed
being the same as the MMF setup due to fundamental current injection. The air gap flux density

with 3™ harmonic injection is defined as shown in (5.15)

B,(8) = B1sin(@) + B3sin(36) (5.15)
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To ensure that iron utilization is maximized and flux density is maintained at the permissible
peak value for the steel, the optimum value of the 3™ harmonic and fundamental components are

given by (5.16) [SOZ16] [WAN15]:

(5.16)

By(0) = 2 [sin(8) + %sin(%’)]

ﬁBmax

The MMF with fundamental current excitation, the 3™ harmonic current and the resultant
MMF due to both currents are shown in Fig. 5.10(a). The airgap MMF with the 3™ harmonic current
injection results in a reduction of the peak value of the MMF. To keep the airgap flux with the 3™
harmonic current injection the same as with fundamental current, the fundamental current can be
increased as shown in Fig. 5.10(a). From the harmonic spectrum of Fig. 5.10(b) it can be seen that
the additional torque that is produced by the 3™ harmonic injection is achieved by the increase in
torque due to an increase in the fundamental current as well as the smaller torque increase due to
the synchronously rotating 3 harmonic MMF. The fundamental current can be increased when the
peak current is maintained constant. The RMS phase current with the 3 harmonic injection is higher

when the peak current is maintained the same resulting in higher stator and rotor copper losses.
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Fig. 5.10 6-phase pole changing winding MMF with 2-pole excitation and 3 harmonic injection.

5.2.4 Inverter for 6-phase Pole Changing Windings

The inverter required to drive a six-phase winding with electronic pole changing is shown in
Fig. 5.11. Since each of the phases has to be split into two coil groups for enabling electronic pole
changing, the number of switches required for a six-phase winding are doubled to 24. However, for
a given power rating and voltage rating of the induction machine, the required current per phase is
reduced resulting in the overall volt-ampere rating of the inverter remaining the same as a standard

12 switch inverter driving a 6-phase machine.
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Fig. 5.11 Inverter for driving six-phase machine for electronic pole changing.

This results in the inverter required for driving a 6-phase pole-changing winding induction
machine having a lower current rating per switch. In higher volumes where the inverter is
constructed with discrete devices, this results in a lower overall cost of the inverter for a given volt-
ampere rating [SOZ16]. In the 4-pole operation, the third harmonic currents cannot flow since the
total of the third harmonic components is zero for a 60° spatial separation between the phases.
However, with the 2-pole operation, with 30° spatial separation between the phases, the 3" harmonic
currents can flow between the phases. To allow the 3" harmonic currents to flow, the neutrals of the
phases are connected as shown in Fig. 5.11.

5.3 Simulation Model

To determine the performance of the six-phase pole changing winding induction machine with
the 3" harmonic injection in the 2 pole operation, a 1kW, 48 stator slot induction machine with a
squirrel cage rotor having 26 slots is designed. The 4-pole and 2-pole winding connection of the
phases is shown in TABLE 5-1. The details of the simulated model and the subsequently fabricated
prototype machine are provided in Appendix Il. An FEA model is used to predict the performance
of the machine with 4-pole and 2-pole excitations. The speed of the rotor component is held fixed
in the FEA model and the stator winding is supplied with phase currents at a frequency
corresponding to the slip that maximises the torque for the applied current. The 2-D cross-sections
of the modelled induction machine with 4-pole and 2-pole excitation are shown in Fig. 5.12(a) and
Fig. 5.12(b), respectively
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Fig. 5.12 Flux plots of 6-phase 120-degree pole-changing winding configurations at 600rpm and rated current of
1.9A.

TABLE 5-1 WINDING CONNECTION CONFIGURATION OF PROTOTYPE MACHINE

Phase Connection Diagram Machine Configuration

6 Phase 120° phase belt 4-poles
(A,Z, X,B,Y,C)

6 Phase 120° phase belt 2-poles
(A,Z, X,B,Y,C)

5.3.1 Torque Ripple

The FEA model is excited with the rated phase current of 1.9Arms at a slip value that
maximises the torque which is 7.23% for 4-pole operational and 13.44% for the 2-pole operation.

The steady-state torque at this operating condition is shown in Fig. 5.13(a) and the harmonic
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spectrum of the AC components is shown in Fig. 5.13(b). The average torque of the 4-pole operation
is higher than that of the 2-pole operation. The fundamental frequency of the current for a
synchronous speed corresponding to 600rpm is 21.56Hz and the frequency for the 2-pole operation
is 11.55Hz.
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Fig. 5.13 Steady-state torque of 6-phase 120° pole-changing winding configurations at 600rpm and rated current of
1.5A with 4-pole and 2-pole operation.

The torque ripple is also higher for the 4-pole operation as seen from the harmonic spectrum.
The frequencies of the harmonics of torque are dependent on the rotor slip, the number of stator and
rotor slots and the winding distribution [HIC90]. Two components contribute to torque pulsations.
The first component of torque pulsations is due to the time harmonics of the current supplied by the
inverter. The torque pulsations arise from the interaction of air-gap MMF components that have the
same pole numbers but will be rotating at different speeds. The magnitudes of these pulsations
depend on the magnitudes of the two interacting fields and the frequency on the difference between
the speeds determines the frequency of the pulsation [WIL01]. The second source of the torque is
due to the geometry of the stator and rotor slot geometry and the slip [YLI13]. While analytically
determining the magnitude of this torque ripple is a non-linear problem, an index that quantifies the
space harmonic interactions between the stator and rotor which cause torque pulsations can be
defined for a squirrel cage rotor [ALB12]. The shift of the dominant torque ripple frequency with
slip is shown in Fig. 5.14(a) and Fig. 5.14(b) for 4-pole and 2-pole operation. The torque pulsations
due to space harmonic interactions can be compared between the 4-pole and 2-pole operations using
the space-harmonic interaction index defined as shown in (5.17):

Z;ozl kWLkWTU

v
k wsp k wrp

p

(5.17)

Shi =
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where Kwsv, Kurv, Kusp, kwrp, vV and p are the stator winding factor for the vi" harmonic, the rotor winding
factor for the vi" harmonic, the stator winding factor for the fundamental, the rotor winding factor
for the fundamental, the harmonic order and the number of pole pairs respectively. Sy; for the 4-
pole winding configuration is 3.26 and 1.922 for the 2-pole configuration. The lower torque, as well
as the torque ripple, is due to the lower winding factor of the 2-pole winding.

2.0 0.5
- 70,
—slip: 5% slip: 7%
1.6 A lio: 704 04 4 slip: 9%
_ g . —~
£ S 32.81,1.250 . 7 £ “slip: 11%
£ 124 —slip:9% ‘ i Z 03 4
2 2
T 08 - g 02 A
8 s
= | = |
0.4 - | 0.1 4 .
| j
| fit
0.0 Je— ; L 0.0 et o, : J
10 15 20 25 30 35 40 10,00 2000 3000 4000 5000 60.00 70.00
Harmonic order Harmonic order
(a) 4-pole operation (b) 2-pole operation

Fig. 5.14 Harmonic spectra of AC components of torque showing variation with slip.

5.3.2 Torque and Power Capability Curves

Using a combination of analytical modelling and the model shown in Fig. 5.12, the torque and
power capability at different speeds are calculated using the method described in detail in [GUA14].
At each speed, the slip required to achieve MTPA is determined and the torque and power at this
slip for rated rms phase current of 1.5A are determined as shown in Fig. 5.15(a) and Fig. 5.15(b),
respectively. The corner speed of the 4-pole excitation is half that of the 2-pole operation and the
extended power capability of the 2-pole machine can be seen from Fig. 5.15(b). The variations of
slip and the d-axis and g-axis currents with 4-pole and 2-pole excitations are shown in Fig. 5.15(c)
and Fig. 5.15(d). It can be observed that the slip during the 4-pole operation is lower in the constant
torque region compared to the 2-pole operation while the reverse is true in the flux weakening region.
The slip under field-oriented conditions is proportional to the ratio of the g-axis to d-axis current
and due to the corner speed of the 2-pole excited machine being higher than that during the 4-pole
operation, the d-axis current must be reduced at a lower speed with 4-pole excitation to be within
the DC bus voltage limit. As seen in Fig. 5.15(d), the d-axis current with 4-pole excitation begins to
reduce at 800rpm and the slip begins to increase from that speed. While the increased torque and
power capability due to pole changing is seen from Fig. 5.15(a). The benefit appears to be limited
in efficiency due to the limitation of the maximum speed permissible by the experimental setup.
The improvement in the power capability increases as the speed range is improved as seen for the

higher power rating machine at speed of 10000rpm shown in Fig, 3.7(a) and Fig. 3.7(b).
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5.3.3 Optimal 3rd Harmonic Current

The power capability of the inverter is limited by the voltage and current rating of the device
used. The injection of the 3" harmonic currents can be implemented with a constant peak current or
a constant RMS current [WAN15]. Both these methods have a different impact on the losses and
torque. When the 3™ harmonic currents are injected, as discussed previously, torque capability is
increased by two mechanisms. The 3" harmonic current produces a synchronously rotating MMF
and contributes to torque production while the increase in the fundamental component to maintain
comparable magnetic loading produces additional torque. The ratio of the 3rd harmonic component

to the fundamental component of current a, is defined for a given maximum current in (5.18):
i(8) = I,(sin(pb) + asin(3ph)) (5.18)

where p is the number of pole pairs. The relationship between a for a constant peak current is
given by (5.19) and (5.20).

1 ]
Ipax = (1—a)l;,0 <a < 9 (5.19)
3
1+ 3a\2 1 (5.20)
Imax = Ia8a( B ) ,a >§

The value of a for constant rms current with the 3rd harmonic current injection is given by
(5.21)

a= (1’"“") -1 (5.21)

The influence of this ratio a, on the torque production in the constant torque region is shown
in Fig. 5.1016(a) when the peak current is held constant as the 3 harmonic current is varied,
following (5) and (6). When the peak current is kept constant, with increasing 3 harmonic injection,
the fundamental component increases resulting in higher peak torque. Assuming a linear induction
machine, the total torque the contribution of torque increase due to the 3™ harmonic current is 7%
while the increased fundamental current possible due to the 3™ harmonic current contributes to 33%
increase in torque [LYRO02]. Due to this disproportionate contribution to the torque increase, the
torque is the highest when the fundamental current is the highest. From (5.16) and (5.17), this occurs

when a=0.167 for constant peak current and the torque is also the highest for this value of a. This
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variation of current is shown in Fig. 5.17(a). When the 3™ harmonic is further increased, the
fundamental component is decreased due to which the peak torque reduces as seen in Fig. 5.16(a).
The value of a, at which the peak torque occurs is higher than 0.167 for higher currents due to
saturation. From Fig. 5.16(a), it is observed that for a peak phase current of 1.5A, the maximum
torque occurs at a=0.2, for 1A it occurs at slightly lower than 0.2 and at 0.17 for the low current of
0.5A.
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Fig. 5.15 Simulated torque and power capability curves of 4-pole and 2-pole operation with a rated current of

1.5Arms over the operating speed range.

When the RMS current is kept constant with increasing the 3 harmonic current, the torque
does not increase significantly since the fundamental current has to be decreased with increasing 3™
harmonic current to keep the RMS current constant. This variation of the peak value of fundamental
current is shown in Fig. 5.17(b). The variation of torque for constant RMS current when a is varied
based on (7) is shown in Fig. 5.16(b). The variations of losses with the 3 harmonic injection user

the two conditions of keeping peak current and RMS current constant are shown in Fig. 5.17(c)-(f).
5.3.4 Torque Capability with 3rd Harmonic Current Injection

Peak torque capability of the induction machine is limited by the thermal limit which specifies
the maximum current and the voltage limit imposed by the DC bus. With the neutral point of the
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induction machine phases connected, there is a path for the 3™ harmonic currents to flow when the
3" harmonic voltages are applied. However, additional voltage is required to supply the 3 harmonic
current and this results in the voltage limit being reached earlier than the case when no 3 harmonic
currents are injected as shown in Fig. 5.18(a). As such the corner speed of the machine is lower with
the 3" harmonic current injection. With the 3™ harmonic injection, the torque-speed curve can be
divided into three distinct regions. In Phase I, for speeds below the corner speed, the voltage limit
of the inverter is reached at a 1500rpm with the 3" harmonic injection compared to the base speed
of 1650 rpm when only fundamental current is used to produce torque.
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(b) Constant rms current/phase.

Fig. 5.16 Variation of torque with 3™ harmonic to fundamental current ratio at 500rpm.
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Once the voltage limit is reached with the 3@ harmonic injection, the ratio of the 3" harmonic

current to the fundamental current is progressively reduced from the optimum value of 0.2 to O at

the base speed of 1650rpm. This results in the torque reducing to the value achievable with only the

fundamental current as shown in Fig. 5.18(b). The available shaft power follows a similar trend as

shown in Fig. 5.18(c). The combined torque-speed and power-speed characteristics with 4-pole

excitation and 2-pole excitation with and without the 3" harmonic injection are shown in Fig. 5.19(a)

and Fig. 5.19(b), respectively.
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Fig. 5.17 Variation of phase current and losses with 3" harmonic to fundamental current ratio at 500rpm.

5.4 Experimental Validation

A six-phase induction machine with parameters detailed in Appendix Il was prototyped. The

stator is wound with terminals of all the individual coils brought out to a terminal box to allow for
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the 4-pole and 2-pole connections according to TABLE 5.1. The machine is coupled to a
dynamometer through a torque sensor for torque measurement. A quadrature encoder is mounted
on the non-load end of the shaft for measuring the rotor speed. Five thermocouples on the stator
winding in the slots, end windings and the frame are used to monitor the temperature of the machine
during operation. The machine is supplied from a six-phase inverter for steady-state tests as shown
in the layout of Fig. 5.20. The control algorithm and pulse generation for driving the six-phase
inverter are implemented on a ASPACE1006 controller. The currents in the six phases are measured
and the neutral current is determined by their sum. To reduce the number of current sensors, the

neutral current can be directly measured using only five current sensors instead of six.
5.4.1 Test Methodology

To determine the steady-state performance characteristics and capability curves of the six-
phase pole changing winding induction machine with MTPA control, indirect rotor field-oriented
control (IRFOC) is implemented according to the block diagram shown in Fig 5.21. While the
IRFOC in the d-q plane is identical for the abc and the xyz phases in as described in [SINO5], the
control of the 3 harmonic current is described as follows. The 3™ harmonic current is determined
from the sum of the abc and xyz phase currents. The phase shift between the two sets of 3-phase
windings in the 4-pole mode of operation is 60° and neutral current is zero and no control of the
3" harmonic current is needed when sine-PWM (SPWM) control is used. However, when the
windings are connected for 2-pole excitation, the phase shift between the phase winding groups
is 30° and the neutral current flows between the phases. The neutral current appears as two
waveforms shifted by 90° in the 0-plane after dq0 transformation of the phase currents. To convert
these to time-invariant quantities, a further a8 to dgO transform is performed with the appropriate
angle, three times the fundamental flux angle as shown in Fig 5.21. The 3" harmonic current in
the d-axis current is controlled to a reference value and the corresponding g-axis current is
controlled to 0 using PI controllers. To generate the capability curves of the induction machine,
the dynamometer is configured to hold the shaft speed at a fixed value and the peak current value
is applied as a reference. For this peak current value, initially, no 3rd harmonic current is injected
and the g-axis current is progressively swept from 0 to the peak current. The d-axis current for
each corresponding g-axis current is determined and the torque is observed at each step to
determine the optimum current angle for maximizing torque. Once the optimum current angle is
determined, the 3rd harmonic current to the fundamental current ratio is increased while keeping

the peak current constant.
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Fig. 5.18 Influence of optimal 3 harmonic current injection on the performance of the six-phase induction

machine with 2-pole excitation.
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Fig. 5.19 Characteristics of 4/2-pole six-phase pole changing winding induction machine, with and without 3

harmonic injection.
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Fig. 5.20 Experimental setup showing prototype induction machine coupled to a dynamometer for performance

measurement.
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Fig 5.21 Control block diagram for field-oriented control of six-phase induction machine with 3 harmonic injection.

The measured and simulated variations of the average torque are shown in Fig. 5.22 as the 3rd
harmonic to the fundamental current ratio is increased for the rated current of 125A and a shaft

speed of 500rpm. This process is repeated for different speeds and the capability curves are plotted.
5.4.2 Capability Curves

The measured torque-speed and power-speed curves of the six-phase induction machine for
4-pole operation are shown in Fig. 5.23(a) and Fig. 5.23(b), respectively. As expected, the peak
torque for 4-pole operation is higher in the constant torque region by 15% which is in proportion to
the winding factor for these winding configurations. The measured and simulated torque-speed and
power-speed curves with 2-pole excitation with and without the 3@ harmonic injection are shown in
Fig. 5.24(a) and Fig. 5.24(b). The experimental results and the simulated values are within 8% with
the error being higher in the high-speed flux-weakening region due to the temperature variation
when running with the maximum current for long durations. The measured and simulated torque-
speed and power-speed curves with 4-pole and 2-pole operation including the 3 harmonic injection
are shown in Fig. 5.25(a) and Fig. 5.25(b). The extended power capability due to the pole changing
and the 3" harmonic injection is highlighted in the shaded region of Fig. 5.25(b). At 3000rpm, the
peak power that the 2-pole winding can supply is 21% higher than with just the 4-pole winding
excitation. Between 1300rpm and 1650rpm where the 2-pole winding is injected with the 3™
harmonic, the torque produced by the 2-pole winding configuration is higher than the 4-pole

winding by 14%.
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Fig. 5.23 Measured and simulated capability curves for 4-pole operation.
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Fig. 5.25 Combined characteristics of pole changing winding machine with 4-pole and 2-pole excitation with 3rd

harmonic injection.
5.5 Conclusions

Six-phase pole changing windings offer higher fundamental winding factor for the high pole
number operation while still allowing for an extended flux-weakening region by reversing the
current in half of the coil groups. The spatial angular separation between the two three-phase
winding sets is reduced to 30° with 2-pole excitation, which allows for the injection of the 3™

harmonic currents when the neutrals are connected.

TABLE 5-2 WINDING CONNECTION CONFIGURATION OF PROTOTYPE MACHINE

Machine Configuration Peak Torque Capability Flux Weakening Range
3 Phase 120° phase belt 4-poles Baseline Baseline
3 Phase 120° phase belt 2-poles Baseline Baseline
6 Phase 120° phase belt 4-poles 15% higher Similar to baseline
6 Phase 120° phase belt 2-poles . 21% higher above corner speed,
o 20% higher .
(3 harmonic injection) 14% higher at corner speed

This produces additional torque in the constant torque region. The 3 harmonic currents can
be injected with the 2-pole winding configuration until a base speed at which voltage required for
the additional 3 harmonic currents over the fundamental is equal to the available DC bus voltage.
The stator leakage reactance and the phase resistance have a significant impact on this speed. In the
flux-weakening range, the 2-pole excitation can provide up to 21% additional power capability over
the 2-pole operation with no 3" harmonic injection and up to 14% additional power around the
corner speed where the 3™ harmonic currents can provide additional power. The conclusions for

comparing the 6 phase and 3 phase machines are summarised in Table 5.2.
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Chapter 6

Dynamic Performance of Pole-changing Winding Induction
Machine

Induction machines are subject to a range of dynamic conditions during operation. Induction
machines started direct-on line see significantly different transients compared to transients
experienced by induction machines that are fed from solid-state drives. Transient performance
cannot be determined by the use of steady-state FEA models or steady-state equivalent circuits.
While the steady-state performance might be satisfactory, the transient performance under dynamic
conditions may not be acceptable. In addition to dynamics due to load or supply variation, in a pole
changing winding induction machine, during the pole changing operation there is a transient
experience by the machine where the magnetic field in the rotor corresponding to the existing pole
number has to decay to zero and simultaneously, the rotor field corresponding to the new pole
number needs to be established. While FEA can be used to study this transient behaviour of the
magnetic fields, the accompanying mechanical transient in speed and shaft torque can be very
computationally expensive with FEA model due to the difference in the mechanical and electrical
time constants. Consequently, a pole changing winding induction machine transient model is
necessary to study the behaviour during the pole changing operation. The dynamic model must be
capable of replicating the physical behaviour of the machine with the highest level of fidelity. The
parameters and their variation with different load conditions must be modelled to capture all
transient phenomena. Of particular interest is the magnetising inductance of the induction machine
which varies quite widely with the magnetising current. Dynamic models that can incorporate these
variations are well documented to simulate the physical behaviours of the machine [SLE89]. Most
dynamic models utilise the lumped parameters to represent the equivalent circuit of the induction
machine. While direct models where the inductances of the machine are sinusoidally varying are
well established by the use of Modified Winding Function Theory model (MWFT) [TOL91a], most
models for dynamic control are based on orthogonal axes transformation [SLE89].

In this chapter, the parameters of the prototype machine as required for a d-q model of the
induction machine are derived using FEA and compared with the experimentally obtained values.
The dynamic model of the 3-phase induction machine with non-linear magnetising inductance is
extended to pole changing winding machine as discussed in [OSA97]. Using this model, the
transient performance of the 3-phase pole changing winding machine under full load in the constant
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torque region and the flux weakening region are studied. A dynamic d-q model for the 6-phase pole
changing winding is proposed and a similar analysis of transient performance under full load in the
constant torque region and the flux weakening region are studied. For both machines, the transient
performance is shown under open-loop or direct-on line control and with field-oriented control to

compare the improvement of performance.
6.1 Dynamic Model of 3-phase Induction Machines

The dynamic equations of the induction machine in the rotating d-g-reference frame for a
symmetrical 3-phase induction machine have been discussed in Appendix I. The equations are

replicated in (6.1).

Ue R L L L L r i¢ -I
ZS [ S+S s a)e K S m a)e m '|| ZSI
Uds -—w, L R, +sL, -w,L,, sL, % 6.1)
ve || sL,, (@, —®)L;  R.+sL, (w0, —o)L.|| i,
LUerJ | — —(w, —w,)L,, sL,, —(w,—w,)L, R,+sL, ] | inJ

If the speed of the rotor w, is considered constant, similar to when the machine is connected
to a dynamometer, knowing the input voltage and frequency, the unknown currents in (6.1) can be
determined. If the rotor speed is not constant then the mechanical coupling equation in (6.2) can be
solved to determine the rotor speed.

2 . d

T,=T, +=J =

SI 2o, 6.2)

The electromagnetic torque is given by (6.3)-(6.6), all the equations producing identical values
of torque [BOSO01].

3P . .
3 e .e
Te (l//ds qs l//qslds) (64)
T, = (Wdr qr Wz?rifir) (6'5)
3P e . e .
T, = 37 L, (igsig, — igic,) (6.6)

The pole changing winding induction machine is composed of three phases that are divided

into six-stator coil groups. The pole changing operation as discussed in Chapter 4, is obtained by
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the reversal of current in one of the coil groups. For example, the first coil group of phase A, say
Al and its second coil group A2 are separated by 180° electrical degrees. Similarly, for the phase B
and phase C, the coil groups are shifted from each other by 180° electrical degrees and each phase
is shifted from the other by 120° electrical degrees as is usual for a 3-phase symmetrical induction
machine. For a 6-phase induction machine, on the other hand, the phases are separated by 60°
electrical degrees for a symmetrical 6-phase machine. For the lower pole operation of the 6-phase
pole changing winding machine, the two sets of three phases are separated by 30° electrical degrees.
In this chapter, the prototype induction machine discussed in Chapter 4 will be used for discussion
but the principles can be extended for a pole changing winding induction machine of any rating.
The different winding configurations of the 3-phase and 6-phase pole changing winding machines

are shown in TABLE 6-1.

TABLE 6-1 WINDING CONNECTION CONFIGURATIONS OF THE PROTOTYPE MACHINE

Phase-A Connection Diagram Machine Configuration Machine ID
AN 3 Phase 120° phase belt 4-poles M3,4P
_ (A-B, X-Y, C-2) (baseline)
AN 3 Phase 120° phase belt 2-poles M3,2P
7 (A-B, X-Y, C-2) (baseline)
. ﬁi‘%r PR 6 Phase 120° phase belt 4-poles M6,4P
(AZ, X,B,Y,C)
T SO 6 Phase 120° phase belt 2-poles M6,2P
(AZ, X,B,Y,C)

6.2 Dynamic Model of 3-phase Pole Changing Winding IM

The standard 3-phase d-g model cannot be directly applied to the 3-phase pole changing
winding induction machine due to the six coil groups required for pole changing operation. While
the Modified Winding Function Theory (MWFT) model can be used to model the dynamics of the
machine, the sinusoidal varying nature of the stator to rotor mutual inductances result in large and
computationally inefficient matrices that change at every time instant as the rotor rotates. The
complexity is further increased when the non-linear magnetising inductance is introduced into the
MWFT model as a time-varying air gap thickness. Vector space decomposition (VSD) can be used
as an alternative to model the six independent coil group quantities into an orthogonal six-

dimensional system [ZHA95] [OSA97]. The fundamental components of the MMF for the six coil
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groups are given by (6.7)-(6.12). Assuming the currents fed into these coils have the same phase
angles as the spatial distribution of the windings, a basis vector can be defined as shown in (6.13)

where the spatial angle y =%- The fundamental component of this basis vector with k=1

corresponds to the 2-pole components with wt = 0 & wt = —x/3, the first subspace that is spanned
by this fundamental component and is represented by the two orthogonal vectors gz and d> is
obtained as shown in (6.14) and (6.15).

N 4(¢,,) = Ng cos(¢,,) (6.7)
N 42(¢y) = Ny cos(¢,, — 7) (6.8)

= _r
Npi(@y) = N cos (4, 3) (6.9)

4
Npi (@) = N cos <¢ - ?> (6.10)
Nei(@y) = Nisi cos (b, 2?” (6.11)

= r
Nex@n) = Ny cos (¢, +%) (6.12)
Si(wt) = [cos(kot) cos(k(wt —3y)) cos(k(wt —y)) cos(k(wt — 6.13)

1
4y)) cos(k(w —2y)) cos(k(ot —Sy)I"

n=\1-15 -5 -3 2] (6.14)

00-5 75 -5 3

dzzl V3 V33 \@]T (6.15)

The second orthogonal sub-space is the surface that is spanned by the 4-pole component
corresponding to the 2" harmonics with k=2. The two orthogonal vector g4 and da are selected by

assigning 2wt = 0 & — = respectively. The expressions for g and da are shown in (6.16) and (6.17)
2

respectively.

T
w= 1—% —% —% _%] (6.16)
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V3 _V3 V3 W3 (6.17)

dy=[0 0 - X
2 2 2 2

The other two zero vectors must be chosen to be orthogonal to the 2-pole and 4-pole d-q planes.
The 3" harmonic components corresponding to the 2-pole and 4-pole planes are zero-sequence
components and are obtained by setting k=3. The two zero vectors with k=3 and 3wt = z/4 are

shown in (6.18) and (6.19) respectively.

IR (6.18)

R ]
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\S]
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T
0,=|— L L 1 1 (6.19)
V2 V2 V2 V2 V2 V2
When wt is varied between 0 < wt < 2 it can be seen that the surfaces corresponding to the

harmonics k=1, 2, 3 are orthogonal to each other as shown in (6.20)
dl edy= gl eg,=0L40,=0 (6.20)

The stationary reference frame transformation matrix corresponding to these 6 basis vectors
is given by (6.21).
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at an arbitrary speed is required to convert the time-variant inductances to constant values. The two-
pole surface has the same electrical speed as the speed of the reference frame (w,, = d6/dt). The 4-

pole planes are rotating at twice the speed, so g4 and ds axes rotate at an electrical speed of w, =
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2w, = 2w,,. The transformation matrix is then given by (6.22) which can be used for transforming
the stator variables to the rotating reference frame as shown in (6.23). The rotor is rotating at a speed
of w, = dO/dt and the rotating reference frame transform for rotor variables is modified as shown
in (6.24). In the rotor transform the 4-pole angle 6, is replaced by 6, — 26, and the 2-pole angle 6,
is replaced by 6, — 0..

T®)
[ cos(d,) cos(8,) cos (04 - 2%) cos (04 - 2%) cos (04 + 2%) cos (04 + %) ]
. . . 2z 2z 2r b1
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\/5 sin(#,) —sin(d,) —sin (92 + ?> sin (92 + ?> sin (02 — ?> —sin (02 — ?>

1 1

1
V2 V2

1 1
Vi VR
1 L L 1 1 _1
L V2 2 V2 V2 V2 vz o
(6.22)
fd4114d2¢1264625 = [T srator) (6.23)
fd4q4d2q20402r = [T(9 - 9,)] [frotor] (624)

This transformation can now be applied to the three-phase voltage equations of the induction
machine. The stator voltage equations in the arbitrary reference frame using the transform T are
shown in (6.25). The superscript ‘e’ has been dropped for convenience form variables in a rotating
reference frame.

q4s
Ugds Rslq4s + _t + 04 g4
. Ay 44
Udas Rsld4s + dt - w4Wq4s
(6.25)
quZS
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Upgs = Rylgys + i
dy

o . 02s
Ugps = Rilgpg + i

The stator and rotor flux linkages are also transformed from the phase reference frame to the
same arbitrary rotating reference frame as the voltages and currents. The stator and rotor inductances
are also transformed using the relationship shown in (6.26) and (6.27) respectively to transform the

time-varying inductances to time-invariant quantities.
[Lags| = [TO][ LT O] (6.26)
[Lage] = (TOI[L,](T@O)1 (6.27)
The stator and rotor fluxes in the transformed reference frame are shown in (6.28)
Waas = (Lya + Lig)igas + Lipaiga,
Wass = (L + Lig)igss + Lipgiga,
Vs = (L, + Lls)iqzs + Lmziq4r
Wars = Ly + Ligigos + Lipigo,
Wous = Lisioss
(6.28)
Woy, = (L5 + Lis)igy, + L,5c0s(36,) g,
Woar = LinaCgas + igar) + Lipi gy,
Waar = Lina(aas + igar) + Lipigay
Wor = Lip(igps + i) + Lypigp,
Waor = Lip(igos +igo,) + Liyign,
Waam = Lina(igas + igar)

Warm = Lup(igns + igop)
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The electromagnetic torque can then be determined as shown in (6.29)

3 ) ) ‘ ‘
Te = E(z(l//q4slq4s - ll/q4sld4s> + (wq2slq2s — quSleS) (629)

The magnetising inductance of the machine in the (6.24) is assumed to be constant at the
unsaturated value. However, with high currents especially during the operation in the constant
torque region of the torque-speed curve, the machine is usually saturated resulting in a significant

decrease in the magnetising inductance.

‘ I y
6-phase 6-phase 6-phase EM Rotor
6-phase voltage - current - flux - Torque - dynamics
voltage transformation calculation calculation calculation equation
(7.18) (7.24) (7.24) (7.25) (7.2)
Rotor resistance, Magnetising
leakage inductance Inductance LUT Rotor
LUT o,
position

Fig. 6.1 Simulink model of dynamic equations of the 3-phase pole changing winding induction machine.

This results in the electromagnetic torque also reducing in value. To account for the reduction
in the magnetic saturation, the magnetising inductance can be modelled as a function of the d-axis
current. The magnetising inductance characteristics of the induction machine are derived from the
FEA of the machine. The FEA is performed at the no-load condition with the rotor component being
suppressed. The relationship between the magnetising current and the d-axis and g-axis current for
the 4-pole and 2-pole operation are shown in (6.30) and (6.31) [GUA14].

. L. 2
Py= s [y Irlgds (6.30)
V2 (Lip + Lypa)igss
. L. 2
T P Irlq2s (6.31)
V2 (Lyp + L) gas

This characteristic is incorporated as a lookup table in the block diagram of the simulated

shown in Fig. 6.1
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6.2.1 Parameters of Prototype Machine

Using the FEA model of the prototype machine, the different parameters required to model
the dynamics of the machine can be extracted [CAR18] [CAR19]. The list of electrical parameters

needed and the FEA method that is used to determine the parameters are shown in TABLE 6-2.

TABLE 6-2 PARAMETERS TO BE OBTAINED FOR THE DYNAMIC MODEL OF POLE CHANGING WINDING MACHINE

Parameter Symbol FEA Method
Stator resistance R No FEA required.
Rotor resistance (vs. f) R, Time harmonic (2D)
Stator leakage inductance (vs. ) Ly Time harmonic (2D)
Rotor leakage inductance (vs. f) Ly, Time harmonic (2D)
Magnetising inductance (vs i,,) L, Magnetostatic (2D)

The stator resistance is analytically determined whereas the rotor resistance which varies with
frequency is determined as a function of frequency using a time-harmonic model of the machine
with appropriate mesh sizes being selected for the rotor bars. The rotor leakage reactance is similarly
determined [ALBO08].

J[AmA2]

5.00E+07
ﬂ 3.75E+07
2.50E+07

1256407
0.00E+00

| -1.25E407
-2.50E+07

-3.75E+07

-5.00E+07

C
0 40 80 (mm)

Fig. 7.2 FEA model of the pole changing M3, 4P machine showing mesh and rotor current density plot for at 200Hz

and rated stator current of 4Apeak.

Two methods can be used to determine the stator leakage inductance in the active portion of
the induction machine as discussed in [CHIO8] and [ABD19]. To determine the stator leakage

inductance using FEA, the useful flux that links the rotor due to currents flowing in the stator must
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be neglected and the portion of the flux that does not contribute to torque production due to the
imposed stator current must be determined. This condition can be achieved in FEA by replacing the
region normally occupied by the rotor with air and exciting the stator with rated currents [BANO3].
Alternatively, to completely eliminate the useful flux linkage (this is required to determine the
leakage flux) , the rotor surface may be replaced by a material of very low permeability or a zero
vector potential boundary condition. In this case, the magnetic flux due to the current in the stator
winding does not enter the rotor space and only the leakage flux remains. Both methods show
agreement with each other and analytical methods [CHIO8]. The leakage inductance is measured
using an LCR meter. This, however, results in the rotor and stator leakage inductances being
combined into a single measured value. The separation of the stator and leakage inductances is done
by subtracting the stator leakage inductance obtained by simulation from the measured total leakage
indutance. The magnetising inductance on the other hand is determined using a series of
magnetostatic simulations. The stator is excited along the d-axis meaning i, = —i,/2 = —i./2. The
rotor bars are not shorted by the end ring thus preventing any rotor current from flowing and the
magnetic flux linking the stator winding for increasing values of currents is determined. This is the
flux-linkage vs magnetising current curve. The referred-rotor resistance and the leakage inductances
are measured using an LCR meter and compared with simulated results from FEA. The referred-
rotor resistance and leakage inductance variation for the M3, 4P machine are shown in Fig. 6.3 and
Fig. 6.4. The variation of the rotor leakage inductance over a frequency range is dependent on the
machine parameters like rotor bar shape, bar depth, airgap thickness and lamination material etc.
The variations of the inductances, as shown in Fig. 6.4, Fig. 6.6, Fig. 6.8 and Fig. 6.10 with
frequency, can be explained by the influence of the induced eddy currents in the rotor bars with

increasing frequency.
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Fig. 6.3 Variation of rotor resistance referred to the stator of the M3, 4P machine with frequency.
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Fig. 6.4 Variation of rotor leakage inductance referred to the stator of the M3, 4P machine with frequency.

At lower frequencies, the depth of penetration of the flux is higher, and the flux linkage is

higher than that at higher frequencies. At higher frequencies, eddy currents induced on the surface

of the rotor bar shield the flux lines from penetrating and linking the interior of the rotor bars,

resulting in a reduction of the inductance.

The referred-rotor resistance and referred-leakage inductance variation for the M3, 2P

machine are shown in Fig. 6.5 and Fig. 6.6.
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Fig. 6.5 Variation of rotor resistance referred to the stator of the M3, 2P machine with frequency.
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Fig. 6.6 Variation of rotor leakage inductance referred to the stator of the M3, 2P machine with frequency.

The referred-rotor resistance and referred-leakage inductance variation for the M6, 4P

machine are shown in Fig. 6.7 and Fig. 6.8 respectively.
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Fig. 6.7 Variation of rotor resistance referred to the stator of the M6, 4P machine with frequency.
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Fig. 6.8 Variation of rotor leakage inductance referred to the stator of the M6, 4P machine with frequency.
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The referred-rotor resistance and referred-leakage inductance variation for the M6, 2P

machine are shown in Fig. 6.9 and Fig. 6.10 respectively.
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Fig. 6.9 Variation of rotor resistance referred to the stator of the M6, 2P machine with frequency.
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Fig. 6.10 Variation of rotor leakage inductance referred to the stator of the M6, 2P machine with frequency.

The comparison of the referred-rotor resistance and the rotor inductance variation of the 4
different machine configurations are shown in Fig. 6.11 and Fig. 6.12 respectively. The 2-pole
machine referred -rotor resistances are lower than the corresponding resistances of the 4-pole
machines. This is due to the winding factor being lower for the 2-pole windings as compared to the
4-pole machine. The rotor resistance is proportional to the square of the number of series turns per
phase and the winding factor. The variation of the magnetising inductance with the no-load current
is shown in Fig. 6.13 for all the 4 different machine configurations. The unsaturated magnetising
inductance, which is the maximum value is shown in (6.32).

(6.32)

L. =
" T[geffective

mu, (kWW

2
p ) DisLstk
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The winding function of the 2-pole pole changing winding machine configuration is lower
than that of the 4-pole configuration. In addition, though the number of poles is reduced by half and
this reduction results in the increase of the magnetising inductance by 4 times and reduced in
proportion to the square of the winding factor. For example the M3, 2P machine has a higher
magnetising inductance than the M3, 4P. Similarly, the M6, 2P machine has a higher magnetising
inductance than the M6, 4P machine. It is interesting to note that the corner magnetising current
(which is the magnetising current at which the value of magnetising inductance begins to saturate)
is lower for the 2-pole machine configurations. This implies that the magnetising inductance of the
2-pole machine begins to saturate with a lower value of magnetising current compared to the 4-pole
machine. This means that at high torque low-speed regions of operation where the machine is fully
saturated, the magnetising inductance is lower and hence the torque is lower for the 2-pole machine.
On the flip-side, the higher unsaturated value of the 2-pole machines means that in the flux-
weakening region where the magnetising current is low and the machine is unsaturated, the peak
torque of the 2-pole machines is higher than the 4-pole machines. This results in the wider flux

weakening region of the 2-pole machines but a lower peak torque.
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Fig. 6.11 Comparison of measured rotor resistance variation with frequency for different winding connections.
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Fig. 6.12 Comparison of measured rotor inductance variation with frequency for different winding connections.
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Fig. 6.13 Magnetising inductance variation with the magnetising current for different winding connections.

TABLE 6-3 NOMINAL INDUCTION MACHINE PARAMETERS FOR DIFFERENT MACHINE CONFIGURATIONS.

Parameter

Symbol M3, 4P M3, 2P M6, 4P M6, 2P
Stator resistance (Q) R 8.89 8.89 17.78 17.78
Rotor resistance (Q) R, 1.71 1.39 2.93 2.3
Stator leakage (mH) Ly 32.04 16.06 15.96 8.27
Rotor leakage inductance (mH) L, 40.6 215 40.6 215
(Unsat.)Magnetising inductance (mH) L, 451 1073 1272 2280
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Fig. 6.14 Simulated torque from FEA and dynamic d-g model.
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Fig. 6.15 Simulated A-phase current from FEA and dynamic d-g model.
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Fig. 6.16 Simulated A-phase flux linkage from FEA and dynamic d-gq model.

The nominal parameter list for the different machine configurations are shown in TABLE 7-3.
Using these parameters in the dynamic SIMULINK model, voltage fed, open-loop direct online
starting is simulated and the same conditions are simulated in an FEA model to compare the torque
current and flux-linkage waveforms from these simulations as shown in Fig. 6.14, Fig. 6.15 and Fig.

6.16 respectively. The models show a good correlation and the non-linear dynamic model can be
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used as a replacement for the FEA model for studying the dynamic performance of the machine

during the pole changing operation.

6.2.2 Comparison of Transient Operation of 3-phase Pole Changing Machine: Open-

loop and Field Oriented Control

Using the parameters of the induction machine determined from the above analysis in the
dynamic SIMULINK model, online open-loop pole changing can be performed. The pole changing
operation can be performed under two conditions. In the first case, the induction machine is ramped
up to the setpoint speed with the higher pole number and then the pole changing operation is
performed resulting in a speed and torque transient. This operation can be performed under loaded
or unloaded conditions. Alternatively, the pole changing operation can be performed when the
induction machine is operated at a fixed speed simulating the condition where the machine is
coupled to a dynamometer or an engine. In this case, the pole changing operation is performed at a
fixed speed and the slip of the machine is adjusted (by controlling the stator frequency). The latter
scenario is of greater interest for the target application where the induction machine is used as a

starter-generator.
A. Principle of Field Oriented Control

Field oriented control, a brief overview of the principle of is presented here, can be used to
control the machine in a closed-loop allowing for better transient performance. The objective of the
field oriented control of the induction machine is to control the torque and flux of independently of
one another similar to a DC motor. The torque equation of a DC motor is shown in (6.33) where
kr,w, and i,.are the motor torque constant, the flux due to PM or the field winding and the armature
winding current respectively. Due to the independent nature of these windings in a DC machine, the
torque and flux can be controlled separately. However, in an induction machine, since it is the stator
or armature currents that create the rotor currents and the air gap field, there is a coupling between
these quantities. The rotor currents from the torque expression of (6.6) can be rewritten in terms of
stator currents and rotor flux. The expressions for the relationship between the rotor flux and rotor
currents of the induction machine in the rotating reference frame are shown in (634) and (6.35).

Substituting these values in (6.6) yields the torque equation shown in (6.36)

Tpc = krwyi, (6.33)
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WG~ Ly (6.34)

. m°qs
igr [
W= Ll (6.35)
dr L’.
3PL, . . 6.36
e =53 anwi — i) (659

Decoupling the toque and flux is possible if y;. = 0. Then the torque equation of the induction

machine reduces to (6.37) which is comparable to that of the DC motor torque in (6.32)

3pL, 637
=337, v

When the rotor flux axis is oriented along the d-axis of the synchronously rotating reference

frame this condition of v, = 0 is satisfied as shown in Fig. 6.17.
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3

Fig. 6.17 Phasor diagram showing rotor flux alignment to the synchronously rotating reference frame for field

oriented control.

The rotor voltage equations under the field orientation condition are shown in (6.38) and
(6.39).

0= Rrigr + (we — W) Pgr (6.38)

0 = Lyi%y + Linis (6.39)

W, = (w —w)zﬁie (6.40)
s e r l//srLr qs
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The unknown rotor current can be eliminated from (6.38) and the value of the rotor slip speed
is calculated using (6.36). Once the slip speed is known, with an encoder on the shaft providing the
rotor angular speed, the rotor flux axis which is rotating at the synchronous speed can be determined
from (6.41).

t
01‘ = /(wrotor + wsl) dt (641)
0

This method of orienting the rotor flux vector along the d-axis of the rotating reference frame
is called indirect rotor field oriented control (IRFOC) since the rotor flux orientation in the air gap
is not directly determined from the flux measurement but rather indirectly by the use of the stator

current measurements.
B. P1 Controller Tuning for IRFOC

The linearized model of the induction machine can be used to design the PI controller
parameters to achieve the desired transient performance. The linearized control block diagram of a
DC motor with a speed controller and a current controller is shown in Fig. 6.18. The equivalent
parameters for the induction machine are shown in (6.42) and (6.43).

T,

. T™w |-
[ref

Wref 4 K, + X K, 1 3 P + 1
{) Ko+ Pty R+L,s T B+Js

W,

Fig. 6.18 Dynamic plant model of an induction machine with speed and current control

L \2 6.42
R=R,+R, <—”’> (0.42)
Lr
L2 (6.43)
oL,=L,— L—m

The open-loop transfer function in the current loop is given by (6.44). Using the PI controller
as a pole-zero cancellation transfer function the ratio of the K, to Kp value is given in (6.45). The PI
values that cancel the zero of the open-loop transfer function is given by (6.46) and (6.47).
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( 1 \ (6.44)
7 1 Kp K;\| soLy |
GI(S) = KP + — = —— —
s R + soL s Kp L R +SJ
soL,
ﬁ _ R (6.45)
Kp B oLgs
KP = COCGLS (646)
R (6.47)
K; =
1 O'Ls P

Similarly, for the speed loop PI controller parameters can be determined by assuming that the
compared to the mechanical system, the current response of the electrical system is instantaneous,
the open-loop transfer function is given by (6.48). The PI controller parameters are given by (6.50)
and (6.51).

1 (6.48)
Gi(s) = K+& < ! >=ﬁ s+& sJ
! P B+ sJ s Kp){ B .
s

K _R (6.49)

Kp Js
KP =CUCJ (650)
B 6.51

C. Fixed Speed Pole Changing Transient Operation

In the first case, the speed of the rotor is fixed at 500rpm (in the constant torque region) and
at, in the second case, 2600rpm (in the flux weakening region where the torque capability of the 4-
pole machine is lower than that of the 2-pole machine) and the pole changing operation is performed
at 1.5s. The torque transient, the A-phase and X-phase current transients, the g-axis and d-axis
current transients are observed. The torque transient waveforms with the rated current of 4A peak
current on the DC bus and at 500rpm with open-loop control and IRFOC are shown in Fig. 6.19 and
Fig. 6.20 respectively. The transient performance is improved significantly with the IRFOC during
pole changing and at start-up. With IRFOC, the negative torque transient that occurs during pole
changing when open-loop control is used is reduced from -5Nm to ONm. The transient period is also
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shortened with the closed-loop control. The A-phase and X-phase current waveform during start-up
and pole-changing operation with open-loop control and closed-loop IRFOC are shown in Fig. 6.21
and Fig. 6.22 respectively. With the closed-loop IRFOC, the current transients are also reduced
compared to the open-loop control. This can be explained by observing the g-axis and d-axis current
transients during pole changing from the waveforms with open-loop control and closed-loop IRFOC
shown in Fig. 6.23, Fig. 6.24 and Fig. 6.25, Fig. 6.26 respectively. When the pole changing operation
is performed, the transient occurs for the duration in which the 4-pole flux in the rotor has to decay
down to zero, while the two-pole field is established in the rotor. In open-loop control, the torque
and flux are not decoupled as is the case in IRFOC and as a result, the transients in the d-axis and
g-axis currents last for longer and result in a large torque and current transient. With closed-loop
control, these currents can be independently controlled as shown in Fig. 6.24 and Fig. 6.26 and this
results in better transient performance. Similarly, improved transient performance is observed in the
flux weakening region. At 2600rpm the 4-pole and 2-pole machines are both in the flux weakening
region of operation. The transient torque performance with open-loop control and IRFOC are shown
in Fig. 6.27 and Fig. 6.28 respectively. Similar to the performance at low speed, the transient
performance is improved with the closed-loop control. Similar improvement of the transient
performance is seen by comparing the A-phase and the X-phase current waveforms shown in Fig.
6.29 and Fig. 6.30 respectively. The sharp spike of current in the g-axis and d-axis with the open-
loop control as seen in Fig. 6.31 and Fig. 6.33 respectively is reduced significantly with IRFOC as
seen from Fig. 6.32 and Fig. 6.34 respectively.
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Fig. 6.19 Open-loop control torque transient with pole changing operation at 500rpm with rated current.
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Fig. 6.23 Open-loop control g-axis current with pole changing operation at 500rpm.
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Fig. 6.24 IRFOC g-axis current with pole changing operation at 500rpm.
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Fig. 6.25 Open-loop control d-axis current with pole changing operation at 500rpm.
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Fig. 6.26IRFOC d-axis current with pole changing operation at 500rpm.
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Fig. 6.27 Open-loop control torque transient with pole changing operation at 2600rpm with rated current.
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Fig. 6.28 IRFOC torque transient with pole changing operation at 2600rpm with rated current
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Fig. 6.29 Open-loop control A-phase and X-phase current with pole changing operation at 2600rpm.
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Fig. 6.30 IRFOC A-phase and X-phase current with pole changing operation at 2600rpm.
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Fig. 6.31 Open-loop control g-axis current with pole changing operation at 2600rpm.
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Fig. 6.32 IRFOC g-axis current with pole changing operation at 2600rpm.
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Fig. 6.33 Open-loop control d-axis current with pole changing operation at 2600rpm.
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Fig. 6.34 IRFOC d-axis current with pole changing operation at 2600rpm.
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D. Pole Changing Transient Operation during Start-up

In the second scenario, the voltage (amplitude and frequency) corresponding to the set-point
of speed is applied to the machine and the rotor speed is allowed to ramp up to this value under no-
load and loaded conditions with open-loop control. In the closed-loop IRFOC, the g-axis current is
determined using a PI controller as explained in the previous section and the d-axis current in the
flux weakening region is chosen to be equal to the vale that results in the rated flux in the machine.
In the flux weakening region, the d-axis current is reduced in proportion to the speed beyond the
corner speed of the induction machine. The duration of the start-up transient is determined by the
rotor inertia and the starting torque capability of the simulated machine. The combined inertia of
the rotor and shaft is 8.6 x 1073 kg m?2.
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Fig. 6.35 Speed transient with open-loop control for a reference speed of 500rpm.
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Fig. 6.36 Speed transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.39 A-phase and X-phase current transient with open-loop control for a reference speed of 500rpm.
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Fig. 6.42 g-axis current transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.46 Speed transient with IRFOC for a reference speed of 2600rpm.
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Fig. 6.48 Torque transient with IRFOC for a reference speed of 2600rpm.
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Fig. 6.51 g-axis current transient with open-loop control for a reference speed of 2600rpm.
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6.3 Dynamic Model and FOC of 6-phase Pole Changing Winding IM

The spatial angle between the phases of the 6-phase pole changing winding induction machine
is shown in Fig. 6.55. For enabling pole changing operation that requires the reversal of current in
one-half of the phase coils in all six-phases of the machine, the phases are split into 2 coil groups
Al, A2 for the A-phase, X1, X2 for the X-phase etc. Following the same method of vector space
decomposition as for the 3-phase machine, for dynamic transient modelling, each phase is

transformed onto reference 4-pole and 2-pole d-q axes.

(a) 4-pole connection (b) 2-pole connection

Fig. 6.55 Stator winding phasor connection showing spatial angle for the 6-phase pole changing winding induction

machine with a (a) 4-pole connection and (b) 2-pole connection.

Transient modelling of multiphase machines with an arbitrary displacement between the
phases and for a 6-phase machine, in particular, have been well established in [NEL74] and [LIP80]
respectively. In [SINO5] a simplified model for a 6-phase induction machine is presented. The model
represents the two sets of 3-phases of the 6-phase machine onto d-g axes which are displaced with
each other by the same angle as the angle between the two 3-phase sets. This model has been adapted
here for the 6-phase pole changing winding induction machine. A phasor representation of the stator
and the rotor windings of the 6-phase induction machine is shown in Fig. 6.56. The two sets of 3-
phase windings are separated by an arbitrary angle of a. When the pole number is changed from 4-
pole to 2-pole or vice versa, the dynamic model can then be easily adapted by changing this angle
of separation between the phases. The 3-phase sets, abc and xyz each have a 120° separation between
their corresponding phases. The cage rotor winding can be assumed to be sinusoidally distributed
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with a 120° separation between the rotor phases as well. In this model, there is assumed to be no
fault the 3-phase sets that will result in a fault current physically flowing between the phases. When
3" harmonics are injected with the neutral connected between the phase in the 2-pole mode of
operation, the torque due to this current can be independently computed and added to the
electromagnetic torque due to the fundamental [ABD12a]. The equations of the 6-phase pole

changing winding machine in the arbitrary reference frame are shown in (6.52).

<y,

0
. .
a4 q-a\x15
0, >
a, /)
CS
Cr
W
Zs i
=y d*-axis

Fig. 6.56 Phasor diagram of the six-phase induction machine with a phase displacement of o between the two three-

phase sets.

. dw‘1431
Uq4sl = Rslq4sl + T + a)4wd4s1

dll/d4sl
dt

Ud4s1 = Rsid4sl + - w4Wq4sl

dqusl

Uq251 = Rsiq2sl + dt + a)ZWdZs]

(6.52)
deZsl

Vins, = Rylgns, +———

dt - wZWqul

. qu452
Uq4s2 = Rslq4s2 + dt + w4Wd4s2

AW s5,

Vass, = Rilaas, + —— — 01,
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. duj‘lzsz
Uq2s2 = Rslq2s2 + dt + a)2wd2s2

. deZSz
Vazs, = Rs1d2s2 + dt — W s,

The stator and rotor flux linkage equations in the same reference frame are given in (6.53).
Waas, = Lpa + Liigas, + Lipaigar + Lip(igas, +igasy)
Wass, = (Lypa + Liigss, + Lypaiasr + LipGgas) + igasn)
Wos, = Lo + Liigas, + Lnige, + Lin(igs, + igs,)
Wars, = (Lma + Liiang, + Lipigor + Lip(igog) +ig257)
Woas, = Lopg + Liigas, + Logigar + Lipigas, +igas,)
Waas, = (L + Ligigas, + Lipalaar + Lip(gasy +igas))
Wos, = Lo + Liigns, + Lopige, + Linligns, + igs,)
Wars, = (Lma + Ligians, + Lipigor + Lip(igas) + iaas))
Vaar = Lm4(iq4s1 +igs, t igar) + Lipiga,
Waar = Lina(aas, +laas, + iqar) + Lipigs
Woor = Lip(igs, +igos, + i) + Ly,
Varr = Lungs, +igs, +ia2s) + Lisigo, (6.53)

The torque due to the 4-pole or 2-pole excitation can then be expressed as shown in (6.54)

where x can be 4 or 2 depending on the pole number and excitation.

. . . . 6.54
Te =557 [(qusl + quSZ)ﬂdr - (ldxsl + ldxs2)ﬂqr] ( )

Using the dynamic model equations and the previously discussed principle of IRFOC, the
equations when the rotor flux vector is aligned with the d axis can be derived. From (6.30) and (6.31)

the rotor currents can be expressed in terms of the stator currents as shown in (6.55) and (6.56). The
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rotor slip that aligns the rotor flux with the d-axis is given by (6.57) and the resulting torque is shown
in (6.58).

L
iy =— <L—’;’> (iga, +iga,) (6.55)
igy = (i—i) - <Ii—':’> (iga, +iga,) (6.56)
vy = (0, —,) = % (iga, +iga,)= <LT_:"> (iﬂ“w—:qu (6.57)
T, = %g% (iga,, +iga,)War (6.58)

6.3.1 Comparison of Transient Operation of 6-phase Pole Changing Machine: Open-

loop and Field Oriented Control

Similar to the cases investigated with the 3-phase pole changing winding induction machine,
two control methods are compared with the 6-phase pole changing winding machine. Using the
developed dynamic model, the torque, speed and current transients are simulated, in the first case at
a fixed rotor speed and rated current. In the second case, the torque, speed and current transients are

observed when the rotor dynamics are accounted for, for a given rotor reference speed.
A. Fixed Speed Pole Changing Transient Operation

In this case, the speed of the rotor is fixed at 500rpm (in the constant torque region) and in
another case at 2600rpm (in the flux weakening region where the torque capability of the 4-pole
machine is lower than that of the 2-pole machine) and the pole changing operation is performed at
2s. The torque transient waveforms with open-loop control and IRFOC control are shown in Fig.
6.57 and Fig. 6.58 respectively. As previously seen from the transient performance of the 3-phase
machine, the torque transient is significantly reduced with IRFOC. The A-phase and X-phase
current waveforms with open-loop control and IRFOC control are shown in Fig. 6.59 and Fig. 6.61
respectively. In Fig. 6.60 the A-and X-phase current is shown in the region during which the pole
changing transient operation occurs. The change of phase shift between the two 3-phase sets from
60° during the 4-pole operation to 30° phase shift during 2-pole operation can be observed. The g-
axis currents with open-loop control and IRFOC control are shown in Fig. 6.62 and Fig. 6.63

respectively. Similarly, the d-axis current transients are shown in Fig. 6.64 and Fig. 6.65 respectively.
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The operation, to observe the pole changing transient operation in the flux weakening region at
2600rpm is repeated under the same condition of fixed speed and rated current. The torque transients
with open-loop control and IRFOC control are shown in Fig. 6.66 and Fig. 6.67 respectively. The
A-and X-phase current transients with open-loop control and IRFOC control are shown in Fig. 6.68
and Fig. 6.69 respectively. The g-axis current transients with open-loop control and IRFOC control
are shown in Fig. 6.70 and Fig. 6.71 respectively. Similarly, the d-axis current transients with open-

loop control and IRFOC control are shown in Fig. 6.72 and Fig. 6.73 respectively.
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Fig. 6.57 Open-loop control torque transient with pole changing operation at 500rpm with rated current.
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Fig. 6.58 IRFOC torque transient with pole changing operation at 500rpm with rated current
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Fig. 6.59 Open-loop control A-phase and X-phase current with pole changing operation at 500rpm.
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Fig. 6.60 A-phase and X-phase current showing phase shift change with pole changing operation at 500rpm.
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Fig. 6.61 IRFOC A-phase and X-phase current with pole changing operation at 500rpm.
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Fig. 6.62 Open-loop control g-axis current with pole changing operation at 500rpm.
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Fig. 6.63 IRFOC g-axis current with pole changing operation at 500rpm.
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Fig. 6.64 Open-loop control d-axis current with pole changing operation at 500rpm.
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Fig. 6.65 IRFOC d-axis current with pole changing operation at 500rpm.
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Fig. 6.66 Open-loop control torque transient with pole changing operation at 2600rpm with rated current.
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Fig. 6.67 IRFOC torque transient with pole changing operation at 2600rpm with rated current
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Fig. 6.68 Open-loop control A-phase and X-phase current with pole changing operation at 2600rpm.
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Fig. 6.69 IRFOC A-phase and X-phase current with pole changing operation at 2600rpm.
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Fig. 6.70 Open-loop control g-axis current with pole changing operation at 2600rpm.
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Fig. 6.71 IRFOC g-axis current with pole changing operation at 2600rpm.
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Fig. 6.72 Open-loop control d-axis current with pole changing operation at 2600rpm.
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B. Pole Changing Transient Operation during Start-up

In the second scenario, the voltage (amplitude and frequency) corresponding to the set-point
of speed is applied to the machine and the rotor speed is allowed to ramp up to this value under no-
load and loaded conditions with open-loop control. In the closed-loop IRFOC, the g-axis current is
determined using a PI controller as explained in the previous section and the d-axis current in the
flux weakening region is chosen to be equal to the value that results in the rated flux in the machine.
In the flux weakening region, the d-axis current is reduced in proportion to the speed beyond the
corner speed of the induction machine. The benefit of the IRFOC on the dynamic performance of
the induction machine during the pole changing operation can be observed from Fig. 6.74 and Fig.
6.75. With open loop control at 500rpm, the start-up transient is as expected from Direct Online
Starting of an induction machine and this transient is improved with IRFOC. The reference speed is
reached with no oscillations or overshoot at start-up with IRFOC. The speed transient is also
supressed with IRFOC when a load torque of 2Nm is applied at 2.5s. The most dramatic
improvement is observed during pole changing operation at 4.5s. With IRFOC, as seen in Fig. 6.81,
the d-axis and g-axis currents during transition from 4-pole to 2-pole have lower oscillations and a
lower region of overlap between 4-pole and 2-pole operations when compared to Fig. 6.80. This is
possible with IRFOC with which the d-axis and g-axis currents can be independently controlled.

The impact of IRFOC during start-up at 2500 rpm can be seen by comparing Fig.6.84 with
Fig. 6.85. The start-up transient is reduced to less than 10" due to the ability to control the g-axis

and d-axis currents independently to reach a steady state control quicker than with open loop control
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as seen from comparing the g-axis currents in Fig. 6.90 and Fig. 6.92 and the d-axis currents in Fig.

6.91 and Fig. 6.93 for the open loop and IRFOC cases, respectively.
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Fig. 6.74 Speed transient with open-loop control for a reference speed of 500rpm.

800

600

T
1
]
1
1

—-—————3

1

Speed(rpm)
N
S

m load i
Zlyrquc is Poi:,s:ﬂf:g
applied applied
200
0 |
0 I 2 3 ‘
Time (ms)

Fig. 6.75 Speed transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.76 Torque transient with open-loop control for a reference speed of 500rpm.
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Fig. 6.77 Torque transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.78 A-phase and X-phase current transient with open-loop control for a reference speed of 500rpm.
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Fig. 6.79 A-phase and X-phase current transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.80 g-axis current transient with open-loop control for a reference speed of 500rpm.
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Fig. 6.81 g-axis current transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.82 d-axis current transient with open-loop control for a reference speed of 500rpm.
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Fig. 6.83 d-axis current transient with IRFOC for a reference speed of 500rpm.
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Fig. 6.84 Speed transient with open-loop control for a reference speed of 2600rpm
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Fig. 6.85 Speed transient with IRFOC for a reference speed of 2600rpm.
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Fig. 6.86 Torque transient with open-loop control for a reference speed of 2600rpm.
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Fig. 6.87 Torque transient with IRFOC for a reference speed of 2600rpm.
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Fig. 6.88 A-phase and X-phase current transient with open-loop control for a reference speed of 2600rpm.
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Fig. 6.89 A-phase and X-phase current transient with IRFOC for a reference of 2600rpm.
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Fig. 6.90 g-axis current transient with open-loop control for a reference speed of 2600rpm.
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Fig. 6.91 g-axis current transient with open-loop control for a reference speed of 2600rpm.
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Fig. 6.92 g-axis current transient with IRFOC for a reference speed of 2600rpm.
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6.4 Conclusions

In this chapter, the dynamic model of a 3-phase pole changing winding induction machine
using the vector space decomposition method has been reviewed. Applying this model to study the
transient behaviour reveals that the torque and current transients can be significantly reduced with
IRFOC as compared to open-loop control. A dynamic model for multiphase induction machines
with arbitrary phase displacement between the three-phase sets is used to model the 6-phase machine.
Using this in conjunction with vector space decomposition, a dynamic model for the 6-phase pole
changing winding has been developed. The transient performance of the 2-pole operation of the 6-
phase and 3-phase machines are identical as expected. The peak torque of the 6-phase machine
under 4-pole operation is higher than its 3-phase counterpart due to improved winding factor. The
transient performance is improved with IRFOC for the 6-phase pole changing winding machine.
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Chapter 7

General Conclusions and Future Work

7.1 Introduction

This thesis aimed to investigate the use of induction machines for extending the flux-
weakening region of induction machines while preserving the peak torque capability in the constant
torque region of operation making it a suitable candidate for starter-generator applications.
Beginning with the relative comparison of various methods to extend the speed range and the peak
torque of the induction machine, the electronic pole changing winding is identified as the most
suitable candidate. The cause of the disadvantage of the poor fundamental winding factor of the
state-of-art electronic pole changing winding three-phase induction machines are identified. A six-
phase alternative winding is proposed to overcome this limitation and to improve the fundamental
winding factor by 15% resulting in a winding factor comparable to a standard distributed winding
with a 60° phase spread. Additionally, the benefit of injecting an optimal 3" harmonic current for
increasing the torque capability when operating with the lower pole number is determined. This
results in the peak torque capability in the constant torque region improving proportionally by 15%
for the same frame size as an equivalent three-phase pole changing winding induction machine. The
injection of the 3 harmonic improves the torque capability in the constant torque region by 21%
when operating with the lower number of poles. The transient performance of the three-phase and
six-phase induction machines during the pole-changing operation is simulated and compared. The
vector space decomposition method is used to develop a dynamic, dg- model for the six-phase pole
changing winding induction machine. The transient performance with indirect rotor field oriented
control is markedly improved compared to the operation with open-loop scalar control. This is due
to the independent control of the torque and rotor flux of the induction machine with field orientation
which enables the rotor flux corresponding to one pole number to be controlled to zero and the rotor

flux corresponding to the other pole number to be established in the shorted possible time.
7.2 Conclusions

The conclusions from the different chapters of the thesis are categorised and discussed in
this section. Beginning with the influence of the geometric parameters on the induction machine

behaviour, the conclusions from the comparisons of the torque, power, power factor, efficiency and
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transient performance of three-phase and six-phase pole changing winding induction machines are

discussed.
7.2.1 Influence of Machine Parameters

The number of series turns per phase has a direct influence on the corner speed of the
induction machine. As the number of series turns is increased for a given stack length and frame
size, the peak torque in the constant torque region increases but the corner speed decreases. This
reduces the torque in the flux weakening region. With low voltage 48V systems, the number of
series turns per phase is limited by the DC bus voltage. For high power machines with a 48V DC
bus, the current rating of the machine is relatively high (>250A per phase) and this results in the
conductors are of large cross-section area to limit the current density. This limits in the number of
conductors per slot to 2 or 4 conductors and hairpin windings make a suitable choice for such
windings. Additionally, in an induction machine, the number of poles, the number of slots in the

stator and rotor influence the torque density and torque ripple.

The influence of the number of stator slots and the number of poles is investigated under
two scenarios. In the first case, the number of series turns per phases is held fixed at 12 to fix the
corner speed and the number of conductors per slot is varied as the number of slots per pole per
phase is changed. The influence of the slots per pole per phase and the number of poles for this

scenario can be summarised as follows:

1.  The 8-pole induction machine with an SPP of two has the highest torque below the base
speed but the lowest torque in the flux weakening region.

2. Thetorque in the flux weakening increases with the SPP while the torque in the constant
torque region decreases with SPP.

3. A compromise between high peak torque and a wide speed flux weakening region, the

8-pole induction machine with an SPP of 3 is the optimal machine.

In the second case, the number of conductors per slot is fixed at 2, which maximises the slot
fill factor. The number of series turns per phase is allowed to vary with SPP. The influence of the

slots per pole per phase and the number of poles for this scenario can be summarised as follows:

1. Withincreasing series turns per phase, the peak torque is increased in the constant torque
region but the torque in the flux weakening region decreases at a given speed.

2. For an identical number of series turns per phase, the machines with higher pole
numbers have better power factor due to the shorter end winding and consequent lower

leakage inductances.
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3.

In this scenario as well, the machine with an SPP of 3 and 8 poles has the best

compromise between the peak and the widest flux weakening region.

The number of rotor slots has a higher influence on the torque ripple and the torque in the

flux weakening region compared to the torque in the constant torque region. The influence of the

slots per pole per phase and the number of poles for this scenario can be summarised as follows:

1.

When the number of rotor slots is an odd multiple of poles, then the torque ripple is
higher.

Torque ripple is low for the cases when the difference in the number of stator and rotor
slots is not an integer multiple of the number of pole pairs.

Increasing the number of rotor slots decreases the leakage inductance for all value of
SPP and number of poles.

However, the increasing number of slots is limited by the manufacturable tooth width.
Considering this behaviour, the optimal number of slots is determined to be 0.75Ns <

Nr < 1.25Ns where Ns is the number of stator slots and Nr is the number rotor slots.

From the optimisation study, the parameters of the baseline induction machine that is best

suited for the starter generator application can be summarised in Fig. 7.1. The number of series

turns per phase and the number of poles and SPP are chosen to maximise the peak torque in the

constant torque region and the flux weakening region while the number of rotor slots is chosen to

minimise leakage inductance and torque ripple.

Induction

Machine
Stator Rotor
Stator \Vil’ldil’lg: Slots per po]e per .
Series turns per phase, pole Optimum rotor
phase (77) aumber slot number
W=12;n;, = 2; SPP =3;2p=8 0.75Ns < Ny < 1.25N;
\ ) ( J
I |
Maximise peak torque and flux weakening region Minimise leakage inductance and torque ripple

Fig. 7.1 Summary of optimisation of machine parameters for optimum peak torque and flux weakening region.
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7.2.2 Pole Changing Windings and Influence of Phase Belt

Based on the slot and pole number combination determined from the optimisation study, a
baseline 3-phase induction machine with 8 poles and an SPP of 3 is designed. A simple replacement
of the fixed pole winding for the same stack length and series turns per phase, with an 8/4-pole 3-
phase pole changing winding results in a 15% lower peak torque in the constant torque region due
to a poor winding factor. For a starter generator operation where a peak torque capability for
cranking is required at a lower speed, the torque at low speed can be increased and the stack length
decreased. In chapter 3, it was shown that, for the specifications of the starter-generator application,
the baseline machine with 12 series turns per phase can be replaced with a pole changing winding
induction machine with 18 series turns per phase and a 20% reduction in active stack length. This
comes at the expense of a drop in efficiency in the flux weakening region due to the higher copper
losses as a result of the increased resistance. However, the peak efficiency in the flux weakening
region above 6000rpm is improved by 3%. This is due to the increased number of conductors per
slot (6 compared to 2) of the pole changing windings which reduces the conductor eddy current
losses. The reduction in the winding factor is due to the 120° phase belt that is required in 3-phase

pole changing winding induction machines.

TABLE 7.1 COMPARISON OF FEATURES OF WINDINGS WITH DIFFERENT PHASES AND PHASE BELT

Feature Three-60° phase Three-phase 120° Six-phase 120°
belt phase belt phase belt
Maximum fundamental 1 0.829 0.959

winding factor

Pole changing winding Inefficient due to Possible. No MMF Efficient. No MMF
MMF cancellation cancellation cancellation
Magnetising inductance per 1lp.u 0.75p.u 1.84 p.u
phase

With a 120° phase belt, the fundamental winding factor is below 0.83, compared to winding
factors above 0.95 achievable with a 60° phase belt windings. When a 60° phase belt is used with
pole changing windings, the portions of the windings where the current is reversed to change the
number of poles cancel the MMF in the other sections of the windings where the current is not

reversed. This MMF cancellation is inefficient since the currents in these windings do not produce
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torque but crease copper losses. The comparison of winding factors, the ability for pole changing

and magnetising inductance for different phase belt is shown in TABLE 7.1.

7.2.3 Performance of Six-Phase Pole Changing Windings

The poor winding factor of the three-phase pole changing windings due to the 120° phase belt

can be overcome by the use of a six-phase pole changing winding induction machine.

TABLE 7.2 COMPARISON OF FEATURES OF WINDINGS WITH DIFFERENT PHASES AND PHASE BELT

Feature

Three-phase pole changing

winding

Six- phase pole changing winding

Torque and power
capability (4-pole)

Torque and power

capability (2-pole)

Power factor (4-pole)

Power factor (2-pole)

Efficiency (4-pole)

Efficiency (2-pole)

Torque ripple (4-pole)

Torque ripple (2-pole)

3 harmonic injection

15% lower peak torque and power.

Twice the flux weakening region

compared to 4-pole operation.

High at low speed, reduced at high

speeds.

Lower at low speeds and improved
at high speeds.

Low in constant torque region,

higher in flux weakening region.

Low in constant torque region,

higher in flux weakening region.

High
Low

Not feasible

High peak torque and power.

Twice the flux weakening region
compared to 4-pole operation. 3.7%
improvement over three-phase pole

changing winding.

High at low speed, reduced at high

speeds.

Lower at low speeds and improved at

high speeds

Low in constant torque region, higher in

flux weakening region.

Low in constant torque region, higher in
flux weakening region compared to

three-phase pole changing winding.
High
Low

Feasible with the 2-pole operation. 21%
increased torque capability in constant
torque region and 14% increased power

at corner speed
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The six-phase induction machine can be wound with a 120° phase belt which results in an
improved winding factor while avoiding the MMF cancellation if such a phase belt were used in a
three-phase pole changing winding machine. For comparison, in chapter 4, the fundamental winding
factors of the three-phase and six-phase 120° phase belt windings are shown to be 0.829 and 0.957
respectively. A summary of the comparison of the three-phase and six-phase pole changing winding
machines are shown in TABLE 7.2. The individual performance metrics are discussed in the

following sections.
A. Torque and Power Capability

Below the base speed, in the constant torque region, the starter-generator application requires
a high peak torque for cranking operation and as such is operated with the higher 4-pole winding
configuration. The peak torque in this region, for the six-phase pole changing winding machine, is
increased by 15% as a direct result of the improved fundamental winding factor. During the 4-pole
operation, due to the increased winding factor, the peak power capability of the six-phase pole
changing winding machine is improved from zero speed to 1600rpm which is twice the corner speed.
Above the base speed, in the flux weakening region, the number of poles is reduced to 2 poles and
the corner speed of the machine increases. The fundamental winding factors during 2-pole operation
for the three-phase and six-phase pole changing windings are 0.675 and 0.7 respectively which result
in a marginal increase of 3.7% in torque and power capability. Due to the increase in the corner
speed, the flux weakening region is extended in both the three-phase and six-phase winding

machines.
B. Power Factor

The power factor variation of the three-phase and six-phase pole changing winding induction
machines follow similar trends with speed. With the peak current, the total magnetising currents of
the three-phase and six-phase windings are similar and the power factors are comparable. If the
machine is operated with a 2-pole excitation below the base speed at peak current, the saturated
magnetising inductance is significantly lower due to the lower winding factor. As a result, at low
speeds, the power factor with a 2-pole excitation is lower. However, in the flux weakening region,
the magnetising current is reduced and the machine is unsaturated. Due to the lower number of the
poles, the magnetising inductance is higher and the power factor in the flux weakening region of the
2-pole operation is better than that during 4-pole operation in the flux weakening region.
Additionally, due to the reduced frequency of operation with 2-pole compared to the 4-pole in the
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flux weakening region, the leakage reactance of the 2-pole operation is lower than that of the 4-pole

operation.
C. Efficiency

In the constant torque regions at high torque operation, the largest component of loss of is the
stator copper loss. During 4-pole operation, the efficiency of the six-phase pole changing winding
induction machine is higher than that of the three-phase pole changing winding induction machine
for the same speed and torque capability. This is due to the winding factor being directly
proportional to the torque capability and the higher winding factor of the six-phase pole changing
winding induction machine results in a lower current requirement for developing the same torque
as compared to the three-phase pole changing winding machine. The winding factors are similar for
the three-phase and six-phase pole changing windings during the 2-pole mode of operation. As a
result of the lower winding factor of both the three-phase and six-phase pole changing windings,
the efficiency of the machine during the 2-pole operation at low currents is poorer than the efficiency
during the 4-pole operation for the same speed. The benefit of improved efficiency during the 2-
pole mode of operation is observed when operating at the peak value of current in the extended flux

weakening region where the torque capability is better than during the 4-pole operation.
D. Third Harmonic Injection

In addition to a higher fundamental winding factor, the 3™ harmonic currents can be injected
to enhanced torque capability of the six-phase pole changing winding induction machine during the
2pole operation. The six-phase pole changing winding induction machine is wound with a
symmetrical 4-pole winding with a 60° electrical separation between the phases. When the number
of poles is reduced to 2-pole using the inverter, the spatial separation of the windings remains
physically the same, however, the electrical separation reduces to 30°. This asymmetric angular
separation enables the injected 3" harmonic currents to produce useful average torque. Utilising this
phenomenon, the optimum ratio of the 3@ harmonic current to fundamental current that maximises
the peak torque for a fixed DC bus voltage and current rating is determined to be 0.2. The benefit
of the 3" harmonic injection is limited at higher speeds in the flux weakening region due to the fixed
DC bus voltage. However, at the corner speed of 1600rpm with the 2-pole operation, the power
capability is increased by 14% with the 3™ harmonic injection when compared to the operation

without the 3 harmonic injection.
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7.2.4 Transient Behaviour with Pole Changing Windings

The vector space decomposition method was applied to a six-phase pole changing winding
induction machine and a dynamic model was implemented in SIMULINK. Using the dynamic
model, the transient performances of the three-phase and six-phase pole changing winding induction
machines under open-loop scalar control and closed-loop field oriented control are studied. Despite
the torque being higher for the six-phase pole changing winding induction machine, the dynamic
performances of the three-phase and six-phase machines are similar. With scalar control, the flux
and the current control are not decoupled and this results in significant torque and current transients

during pole changing operations.

With the rotor held at a fixed speed, with scalar control, when the pole changing operation
is performed, a very high negative torque transient is observed. This negative torque transient is
almost eliminated when field-oriented control is used. This also is reflected in a reduced current

transient with field-oriented control during the pole changing operation.

TABLE 7.3 COMPARISON OF TRANSIENT PERFORMANCE DURING POLE CHANGING WINDING MACHINE

Feature Scalar Control Indirect Field Oriented Control
Speed transient Negative speed transient Negligible speed transient
Torque transient Negative torque transient Torque transient reduced by 50%
(with fixed speed) compared to scalar control
Torque transient Negative torque transient Torque transient < 20% of rated
torque

(with speed control)

Current transient 3 times the peak value of steady-state <15% peak value of steady-state

current current

In the second scenario of simulations, the load torque is imposed on the rotor shaft and the
speed controller maintains the shaft speed at the setpoint value. Under this condition, the field-
oriented control is superior to the scalar control. With scalar control, when the number of poles is
changed the rotor speed goes through a transient where the speed momentarily dips to zero and the
electromagnetic torque sees a large negative torque transient. The speed transient is negligible under
similar load and speed setpoint conditions when field-oriented control is used. Both the duration
and the amplitude of the current are reduced with field-oriented control during pole changing

operations. This is due to the decoupled nature of the field-oriented control where the d-axis current
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can be independently controlled to decay the 4-pole flux and simultaneously build up the 2-pole

flux when transitioning from a 4-pole to 2-pole operation. The transient performance during the pole

changing operation for scalar and field-oriented control is compared in TABLE 7.3.

7.3 Limitations of Pole Changing Windings

The pole changing winding machines can double the flux weakening range of operation. Using

the proposed six-phase pole changing winding, the MMF cancellation and poor winding factor of

three-phase electronic pole changing windings can be avoided and a torque density improvement is

possible. This advantage, however, is at the cost of using a higher number of switches for the inverter,

driving the machine. The limitation of the six-phase pole changing windings are as follows:

1.

The inverter to drive the electronic pole changing winding has doubled the number of
legs as the number of phases of the machine. This implies that a 12 phase inverter is
required to control a six-phase pole changing winding induction machine as opposed to
the six-phase inverter required to run a three-phase pole changing winding induction
machine. Despite the increased number of phases of the inverter, the VA rating of the
inverter and the DC bus remains the same. This results in the ampere rating of the
devices being lower. Device prices are dependent on the current rating of devices and
this allows the inverter required to drive the pole changing winding machine to be cost-
competitive.

The number of current sensors for an electronic pole changing winding induction
machine is increased compared to a standard six-phase induction machine with a fixed
number of poles. While five current sensors are sufficient for a fixed pole six-phase pole
induction machine, eight current sensors are required for the six-phase pole changing
winding machines. The number of current sensors is, however, lower than those required
for a toroidally wound pole-phase modulated machine with a similar number of phases.
The inherent limitation of the electronic pole changing winding is the poor winding
factor. Using the proposed six-phase pole changing winding improves the winding
factor at the higher number of poles but does not improve the winding factor when
operating with a lower number of poles.

Taking advantage of the asymmetric spatial distribution of the windings with the lower
number of poles, the 3" harmonic currents can be injected to improve the torque
capability of the machine. While theoretically, a torque improvement of 40% [LYRO02]
is possible, when the DC bus voltage and inverter current limit are factored into the

operation, the improvement in the flux weakening region is limited to 14% close to the
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corner speed since the voltage limit is exceeded if the 3 harmonics are injected during

operation well into the flux-weakening region.

7.4 Future Work

In this thesis, the relative advantages of different methods of pole changing have been

investigated and the proposed six-phase electronic pole changing winding induction machine has

been studied in detail. Tests on a prototype machine have been used to validate the hypothesis. There

are, however, further opportunities to improve the performance of pole changing winding induction

machines as discussed in the following.

1.

A complete and detailed electric vehicle model is out of the scope of the thesis. Future
work includes incorporating a pole changing winding induction machine into a detailed
electric vehicle model to determine the impact of the proposed six-phase pole changing
winding.

With the pole changing winding machine incorporated into the electric vehicle model,
an algorithm to determine the most efficient way to switch between the two pole
numbers needs to be developed to leverage the benefit of the machine.

The transient that occurs in the torque during the pole changing operation is largely due
to the decaying of the flux of the outgoing pole number and the building up of the flux
of the incoming pole number. Both of these fluxes decay and build up to the steady-state
value depending on the rotor time constant of the corresponding pole numbers. The rotor
time constant is defined as the ratio of the total rotor inductance (which is the sum of
the leakage inductance and the magnetising inductance corresponding to the pole
number) to the rotor resistance. Rotor design optimisation aimed at minimising the rotor
time constant while preventing an increase in rotor copper losses can be studied.

Pole changing windings are most suitable for starter-generators applications where high
peak torque and wide speed flux weakening region of operation are required. This is
achieved by the increase in corner speeds by changing the number of poles. All of the
pole changing windings for induction machines (with the exception of toroidal windings
which have other disadvantages as discussed in Chapter 1) have distributed windings
which increase the axial length of the machine. While tooth wound induction machines
have a shorter end winding length, the high MMF harmonic content causes heating of
the rotor and reduces efficiency. A combination of fractional slot windings with pole
changing operation can be used to extend the flux weakening region while reducing the

overall axial length of the machine.
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Lastly, the concept of pole changing windings can be extended to permanent magnet
machines. Induction machines are particularly suitable for pole changing windings due
to the presence of a squirrel cage rotor that can take up any number of poles that the
stator MMF excites. With PM machines, the number of rotor poles is determined by the
rotor construction. However, using a combination of Alnico magnets and NdFeB
magnets, the proposed pole changing winding can be used to change the stator number
of poles and suitable current pulses in the d-axis to demagnetise and magnetise the

Alnico magnets to change the number of poles can be explored [OST02].
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Appendices
Appendix |

Design and Analysis of Induction Machines

Several methods for the analysis of an induction machine exist in literature. Depending on the
level of accuracy needed, lumped equivalent circuit models, magnetic equivalent circuit (MEC) and
finite element analysis (FEA) can be used to predict the performance of the induction machine with
increasing levels of accuracy. For each of these methods, the geometric dimensions must be known.
Sizing of the induction machine to meet a set of specifications results in a large number of possible
designs. From an initial design an optimisation study, as discussed in Chapter 3, is performed to
choose a machine design which best meets the specifications at the lowest cost, highest efficiency,
highest torque or power density depending on the requirements of the application. In this chapter, a
compilation of the equations used to arrive at the geometric dimensions of the machine is discussed.
Using the geometric dimensions, the method of predicting the performance characteristics of the
machine using analytical equations is discussed. An analytical dynamic model of a 3-phase
induction machine that can be used to determine the transient performance (as opposed to the steady-
state performance predicted by the lumped parameter, MEC or FEA) is also derived. Finally, the
design process is used to dimension a baseline induction machine to meet the specifications of peak

torque for a PO induction machine.
Al.1 Specifications, Constraints and Constants

The specifications for a given induction machine are usually defined by the application that
the machine is being designed for. For a starter generator application at the PO location of a hybrid
electric vehicle, an example is listed in TABLE Al.1. The outer diameter and the overall length of
the machine are fixed, together with the terminal power conditions at the DC bus. If the outer
diameter is not fixed, the induction machine designs with increasingly larger rotor dimensions can
be investigated until the specifications are met [BOG12]. Alternatively, an empirical formulation
that relates the air gap power density to the volume utilisation factor for various pole numbers, called
the Esson’s constant [BOL02], can be used to determine a starting point for the stator bore diameter.
The outer diameter is calculated to accommodate sufficient ampere-turns in the slots that can meet
the torque specifications [BOL02]. When the stator outer diameter is constrained by the

specifications, the split ratio, which is defined as the ratio of the stator bore diameter to the stator
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outer diameter, is used as the primary design factor that has the highest influence on the torque
capability of the designed machine [ZHUQ1]. Some parameters are kept constant across designs due
to geometric, thermal or mechanical constraints. The methods for selecting these constraints are

shown in TABLE Al.1.

TABLE Al.1 PO INDUCTION MACHINE SPECIFICATIONS

Peak Power Mode for 30s @85% Efficiency

Power (kW) Speed (rpm) Environment DC Bus Voltage (V)
10 (31Nm) 3000 80°C air and 105°C water 52
15 (23Nm) 6000 80°C air and 105°C water 52

Continuous Power Generation Mode

Power (kW) Speed (rpm) Environment DC Bus Voltage (V)
3.2 2400 120°C air and 105°C water 36, 42, 52
5 6000 120°C air and 105°C water 36, 42, 52
5 20000 120°C air and 105°C water 36, 42, 52

Cranking Mode (Duration of 500ms)

Torque (N) Speed (rpm) Environment DC Bus Voltage (V)
60 (4kW) 0 120°C air and 105°C water 36
60 (10kW) 1200 120°C air and 105°C water 36
12 (7.5kw) 6000 120°C air and 105°C water 36

Drive Specifications

Vpc=48V
Iphase = 230Arms (6 Phase Cranking)

Iphase = 160Arms (6 Phase Generating)

Packaging

Stack Length +End Winding=100mm

External Diameter=144mm

The stator and rotor tooth flux densities are decided by the choice of the lamination steel
materials’ saturation flux density point. The stator current density is based on the method of cooling.
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An upper limit of 30A/mm? is usually set for water-cooled machines. For a given stator bore
diameter, the stack length can be selected based on empirical relationships between these quantities

for a given pole number as shown in TABLE Al.2.

TABLE Al.2 INDUCTION MACHINE DESIGN CONSTRAINTS AND CONSTANTS

Material constants and constraints

Parameter Name Reference/comment
B, By, Stator tooth and yoke Limited to the saturation value of the steel
flux densities material
B,,. B,, Rotor tooth and yoke Limited to the saturation value of the steel
flux densities material
Jg, J, Stator and rotor current  The choice is based on the cooling system
densities [SOO08][GIAL9]

Geometric constants and constraints

095<1<471 2p=2)

_ 047<1<2312p=4)
i Stator active stack length 032 < A< 1.57 (2p=6)

to bore diameter ratio 023<i<1.172p=8)

[BOLO02] [PYR13]
Dy, Shaft diameter [OBEO04]

Minimum stator and

Weg, s Wer, rotor minimum tooth [BOLOZ]
width
g Air gap thickness [BOLO02] [PYR13]
_ 60%-85% for hairpin windings and up to 40%
K Slot fill factor )
for round wire [GRO14]
Kiack Stacking factor ~ 97% [BOL02] [PYR13]
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The shaft dimensions are selected based on the torque transfer capability and the expression
for keyed and non-keyed shafts are shown in (Al.1) and (Al.2) respectively. The motor rating P is
in hp and the speed N is in rpm. Manufacturing limitations sets the minimum tooth width to 2mm.
The air gap length is chosen to minimise the magnetising current while being feasible to
manufacture. Too small an air gap increases the air gap permeance harmonics and also the surface
eddy current losses. Empirical relationships for the air gap length are shown in (Al.3) [PYR13]. The
lowest mechanically feasible air gap is 0.2mm. The smaller air gap results in high pulsating losses
especially in stators with open slots.

_ 3f60x P (AL1)

N
/105X P . (AlL2)
Dy, = ~ "

_02+0.01 x P4

0 m; if p=1,
1000 - (AL3)
0.18 + 0.006 x P°
5 = - 1.
1000 m if p>

For 48V machines, the number of turns is usually low and the slot currents are high. Hairpin
windings are known to improve the slot fill factor significantly and subsequently improve the torque.

The fill factor range for rectangular and round conductors are shown in TABLE Al.2.
Al.2 Basic Design Methodology

The design of the induction machine from a set of specifications subject to the constraints

previously discussed is based on the iterative process shown in the flowchart of Fig. Al.1.
The steps are discussed below:

1. Given an outer stator diameter, the stator bore diameter can be chosen based on the empirical
relationship between these quantities from the values shown in TABLE Al.3 [BOLO02]. The
number of poles can be chosen based on the top speed of the machine. Detailed optimisation
for the choice of the number of poles is discussed in Chapter 2. Larger pole numbers result
in a lower length of end windings as well as thinner yokes thus maximising the slot area
available for accommodating windings. However, with rectangular conductors, the high
frequency required for higher speeds with higher pole numbers can result in high AC losses

in the windings and the stator surface. For a chosen split ratio, the stack length of the machine
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START

Choose split ratio,

Choose updated split
ratio, stack length.

Performance
meets
specifications?

pole number, stack

length.

Determine design
constants and
constrains based on
Table 2.2

Stator winding
distribution, slot
dimensions and rotor
slot and end ring
dimensions

can be determined from the stator active stack length to bore diameter ratio given in TABLE

Al.2. The value A is chosen based on the length limitations imposed by the specifications.

Choose a B

Determine electric
loading and magnetic
loading. Calculate
teeth saturation

coefficient

Has teeth
saturation
coefficient
converged

l YES

Determine machine
equivalent circuit
parameters

l

Determine machine
torque, pf, efficiency
etc. and compare to
specifications

NO

Choose updated
saturation coefficient

Fig. Al.1 Flowchart for the induction machine design algorithm.

242




TABLE Al.3 RANGE OF SPLIT RATIO FOR DIFFERENT POLE NUMBERS [BOL02]

Number of poles 2 4 6 8
Dis 0.54-0.58 0.61-0.63 0.63-0.68 0.68-0.73
D

2. From the constants in TABLE Al.2, the other parameters, namely, the air gap thickness, the
flux density limits in the teeth based on lamination steel material, the current density for the
stator and rotor based on the cooling technology to be adopted and the slot fill factor based
on the winding methodology to be used, are selected [GOR14]. The choice of current density
is a parameter that may have to be revisited after the thermal analysis is performed. This is
especially true for high torque density water-cooled machines.

3. For a given pole number there is a wide choice of stator and rotor slot numbers available.
Based on the stator slot number, the winding distribution is chosen to maximise the winding
factor while minimising the MMF harmonics. The number of slots per pole per phase (SPP)
impacts the differential leakage inductance of the stator winding. The differential leakage
coefficient for SPP=1 is 10% and is too high to be practical. Higher values of SPP result in
decreasing differential leakage coefficients. Higher values of SPP for a given pole and phase
number result in a larger number of slots, more coils to be wound, and thinner slots. The
mechanical limit and magnetic saturation of the teeth will limit the largest value of SPP that
can be chosen. For a chosen number of stator slots, the fundamental winding factor can then
be determined.

4. The iterative process begins at step 4 where an initial average air gap flux density, B, is

chosen and the flux per pole is calculated for a given tooth saturation factor.
A. Induced EMF and Saturation

Assuming a sinusoidal distribution of air gap flux in the machine, the equation for the main
flux is given by (Al.4). ¢.,, k,,, N and w represent the maximum value of the air gap flux over a

full-pitch winding, the fundamental winding factor, the number of turns per phase and the electrical

frequency.
Gt = by sin ot (AL4)
d(Nk .
e, = — ( d;mm) Nk, cos ot (Al5)
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The induced EMF in the winding associated with this flux is given by (Al.5). The peak value

of the air gap flux over one pole pitch for an assumed average air gap flux density is given by (Al.6).

0.85r 7
0.8

0.75
0.7

0.65

0.6-

K
st

Fig. Al.2 Saturation factor vs flux density shape factor.

D (Al.6)

In (Al.6), the flux density shape factor a; depends on the initially chosen value of the tooth
saturation factor. For a given tooth saturation factor, the value of the flux density shape factor is

determined from the curve of Fig Al.2. The product a; B, represents the average of the flux density

in the tangential direction. ; = 2/7 = 0.64 for a sinusoidal flux density distribution. For best
utilisation of the iron material in the stator, the dimensions of the stator teeth are chosen so that the
machine is saturated at the peak value of the sinusoidal flux density. The resulting flux density
distribution is a flat-topped waveform which results in a; being greater than the ideal sinusoidal
value of 0.64. The teeth experiencing this peak flux density are more saturated than the other teeth
spatial located at other points of the flux density waveform. The value of the tooth saturation factor
IS to be iterated gradually until convergence is reached during the design process as shown in the
flow chart of Fig. Al.1. The tooth saturation factor is defined as the ratio of the sum of stator MMF,
Fstator, and rotor teeth MMF, Frotor, to the air gap MMF, Fairgap, is sShown in (AL7).

_F

stator T Frotor) (AL7)
KSt - F

airgap

The number of series turns per phase, W can now be determined from (Al.8) and the number

of conductors per slot for a chosen number of parallel paths a, and SPP of q is given in (Al.9).
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Em
W =12 7D, (AL8)
1S
a)kwaiBgLS,k p

_aW
pq

g (AL9)
The number of conductors per slot should be an integer number and an even number for a
double layer winding. With the number of conductors per phase rounded off, the number of series

turns per phase and the air gap flux density have to be adjusted accordingly.

B. Stator and Rotor Slot Dimensioning

With the number of conductors determined and the assumed stator current density, the
dimensions of the slot can be determined by calculating the area (A,,) and diameter (d,,) of the

conductors in the slot from (Al.10) and (Al.11) respectively.

4 = Lms (A1.10)
co — Jsa
[, (Al.11)
“ T gstrands

In (Al.10), 1., is the maximum value of the rms current that can be supplied by the inverter.

In (Al.11), a
to limit large diameter wire cross-sections. While (Al.11) is suitable for round wires, for a

is the number of strands per conductor which are used for high current machines

strands

rectangular cross-section, the dimensions of the wire can be determined based on the slot width and
height. From the conductor area and slot fill factor, the area of the slot, A, that can accommodate

the windings is given by (Al.12).

AN (AL12)

Aslot =
K ..
fill

The stator tooth width can be determined by assuming that all the air gap flux passes through
the stator teeth using the relationship in (Al.13).

nD;g
Bglek N zBlsbtslekI<stack (A|13)

N
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The symbols for the slot dimensions for a flat and a round bottom stator slot are shown in Fig.
Al.3. The other parameter used for optimisation is the stator tooth-width to slot pitch ratio which is
defined as the ratio of tooth width to slot pitch. The slot dimensions now can be determined by these
known parameters. The quadratic equation of (Al.15) is solved to determine the slot height A for a

given height of slot opening and slot wedge for a round-bottomed slot.

(a) Flat-bottomed slot (b) Round-bottomed slot

Fig. Al.3 Representative dimensions of stator slots.

2(h,.+ h Al.14
T=Trx <Dis+—( o w)> ( )
N,
3 207 — (Al.15)
T T o) (T — bys) 4 o)
Z o Z i+ (b +—— ) h +Z(c— b ) — Ay, =0
<Ns+2Ns2> s+< s1+ 2Ns s+8(T ts) slot
b 2rh Al.16
R=—S2 =7+ il s_bts l ( )
2 N, 2

For a flat-bottomed slot, the dimensions of the slot can be determined by solving the quadratic

equation of (Al.17) in which the unknown dimension being calculated is the height of the slot h,.

2(h,.+h Al17
<]2V_7[> h§+ <7[ <Dis +¥> +bs1_bts> hs_Q‘Aslot:O ( )

N N

Once the slot height is determined, the yoke height can be calculated from Al.18.
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(Dout — (Dis + 2(Rgs + hy, + hs))) (A1.18)
2

hes =

The number of rotor slots is chosen based on considerations of torque ripple and leakage
reactance. It is an optimisation parameter that also influences the torque capability in the flux
weakening region of operation. Once a rotor slot number has been chosen the slot dimensions can
be determined using a similar procedure as for the stator slot dimensions. The rotor bar current is
given by (AL.19).

_2mWky | (Al.19)

bar — N rms
r

The bar current and the rotor current density are used to determine the rotor slot area and based
on the shape of the slot the dimension of the slot can be determined from (Al.14)-(Al.17).

hy + hor + R, a D,

Fig. Al.4 End ring cross-section showing dimensions.

The cross-section of the end ring region is shown in Fig. Al.4. The end ring current is related
to the bar current as shown in (Al.20). The end-ring current density is assumed to be 75%-80% of
the bar current density. The rotor bars are in contact with the rotor laminations and can conduct the
heat more effectively than the end rings, and therefore, a lower current density is assumed for the
end-ring [BOLO02]. The end ring area is given by (Al.21). The dimensions of the end ring are
determined using the equations shown in (Al.22)-(Al.23).

Ibar
zTp (AlL.20)

Ng

1

er

2 sin
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A =l Al21

er Je'. ( )
b=(h +h, +R) (AL.22)
o= % (Al.23)

5. With the slot dimensions calculated, the MMF drop across the stator tooth and the rotor tooth
are determined and the tooth saturation factor is calculated and compared to the initially
selected value. If these are different, the newly computed value is used to lookup an updated
value of «; from Fig. Al.2 and the air gap flux density is recalculated and steps 1 through 4
are repeated until convergence is reached.

6. In the next few steps, the machine performance is calculated by determining the equivalent
circuit parameters from the geometric and winding parameters. Once the machine design is
finalised and the steady-state performance is computed at the design point, the torque-speed
characteristics can be determined using the method discussed in Section Al.3.

7. Using these machine parameters, the dynamic performance can also be determined using a

d-g-axis dynamic model to be discussed in Section Al .4.
Al.3 Analysis of Electromagnetic Performance

The rated torque at the inverter current and voltage can be determined from the steady-state
equivalent circuit of the induction machine. The equivalent circuit parameters of the machine can
be calculated from the physical dimensions of the machine and the material properties of the
machine like the grade of copper, aluminium and steel. In this section, the method of calculating
these equivalent circuit parameters are discussed based on equations compiled from [BOL02]
[PYR13] [BOL11a] [BOG11b].
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Al.3.1 Equivalent Circuit Parameter Calculation

Rs ijls ijlr

—A—

JwLoy, ey

Fig. Al.5 Steady-state equivalent circuit of the induction machine.
A. Resistances

The stator phase resistance at any temperature can be calculated by taking into consideration
the number of series turns per phase and the wire dimensions shown in (Al.24). y is the coil pitch
expressed in the number of slots.

Rg=" C”LC;’Z‘:;"”W (1+ 2A7T3) (Al.24)
Leconductor = 2(Lstack + Lena) (A1.25)
L,,=2y—004m; forp=1
L,,=2y-002m; forp=2
(A1.26)

L, = %y+0.018 m; forp=73

L,,=22y—0.012m; forp=4
The end winding length L,,, is determined based on the empirical relationships of (Al.26).
These are based on a circular shape of a distributed end winding coil [BOLO02].

The relationship between the current in the rotor bars and the end rings can be determined by

considering the current phasor diagram of the rotor cage shown in Fig. Al.6. The angular phase shift

between the bars currents for the vi" harmonic is given by avp = v?\]ﬂ. Based on the polygon of Fig.
R

AL6, the ring current is given by (Al.27).
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g = —2 (A1.27)
ring — . 7P .
2 sin _NR

The currents in the squirrel cage create a resistive loss in the rotor given by (Al.28). The rotor

resistance is then given by (Al.29) where 1,,.is the length of the end ring section given by (Al.30).

2 2 2 Rring
PcuR = NR(RbarIbar + 2RringIring) = NRIbar(Rbar + —ﬂ-p (A|.28)
2 sin? N
R
( \
L /
Rg =] f;’“k Kg+ 7 | (1 + %) (Al.29)
| “ar 2A,, sin Nx )
(D, —b
l,, = M (Al1.30)
NR
A ) vap
I Iburz B,
IY'l"ﬂNn . ngl Ivars
Irmyz —\
vap
Irinq:z
i lh 4

Fig. AlL.6 Current distribution in cage bars and end ring sections.

The rotor bar is a solid conductor and is prone to skin effect induced losses. The factor K in
(Al.29) accounts for these losses and is given by (Al.31) for a rectangular bar.

. (sinh 2¢ + sin 2{)
R= (cosh2f — cos2()

¢ =, /;’”O hig (A1.31)
P Al

(A1.31)
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B. Leakage Inductances

The stator phase leakage inductance is a sum of the slot leakage inductance, the differential
leakage inductance, and the end winding inductance and is given by (Al.33).

2
Lg=2u,Ly; —”q(zs + Ags + Awp) (Al.33)
p

Using the slot dimensions shown in Fig. Al.3, the slot leakage inductance coefficient (4;) is
given by (Al.34). p = y/z where y is the coil pitch in the number of slots and s the coil pitch for

a full pitch winding in the number of slots.

(A1.34)

_ 2 A N 2h,, Dos <1+3ﬂ>
a 3bsl_i_bSZ b0s+bs1 bos 4

The differential leakage inductance is influenced by the effect of slotting which can be
incorporated using Carter’s coefficient. The stator and rotor slotting effects on Carter’s coefficient
are shown in (AL.35) and (AL.36) respectively [HEL77]. The total Carter’s coefficient is given in
(AL37).

D,

_
K. = Y 7 (A1.35)

LS oS

NS _5g+bos

nD,
Ny
K. = Al.36
“Tan,__ B (A1)
NR 5g+bor

K, =K, xK,, (A1.37)

The differential leakage inductance coefficient [HEL77] is given by (Al.38).

zDis 5.2
09—=—Lqgk: C
L Ny e (AI.38)
“T 0 Ke(l+Ky)
2
oS

is

gNs
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Yas = 9.5x 1072 g =1
Yas = (0.25singp +2.6)x 107 ;=2
Yas = (0.18sinp+ 1.24) x 1072 ;¢ =3
v4s = (0.14sinp + 0.76) x 1072 ;g =4 (A1-40)
Ygs = (0.11singp +0.41) x 1072 ;g =6
Ygs = (0.11sin¢p+0.28) x 107 ;g=38

The end winding leakage inductance coefficient for a two-layer winding is shown in (Al.41)
[BOLO2].

Ay = 0.34%(Le,,d — 0.64 fir) (Al.41)

The length of the end winding section is defined in (Al.25).
C. Magnetizing Inductance

The magnetising inductance of the induction machine is dependent on the magnetic
characteristics of the material and the dimensions of the induction machine. The unsaturated value
of the magnetising inductance can be determined by assuming a sinusoidal flux density distribution
B, over the pole pitch. The peak value of air gap flux &, is the maximum flux that also produces
the maximum flux linkage y,, of a coil. These quantities are given in (Al.42) and (Al.43)

respectively.

~ 27[Dis
m = ; 2p sthg (A|42)
~ ~ 2 ”Dis
Ym =k W, = kwwzj L, B, (Al.43)

The magnetic reluctance of the air gap is determined by the effective air gap length and the
flux density is related to the current linkage of the stator phase winding as shown in (Al.44).

®
B, =t (Al44)
gk

4

From (Al.42) and (Al.43) the flux linkage of a single phase is obtained in (Al.45).
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~ ~ 2 ﬂ-DiS MDG)S
Inbm = ka(nbm = ka__Lstk_ (A|45)
T 2p gk,

The MMF of a single-phase winding is given by (Al.46).

kW
o, =2 i, (Al46)
T 2p

Substituting (Al.46) in (Al.45) yields the expression for flux linkage of a single-phase in terms
of the current flowing through the phase as shown in (Al.47).

2
2 4zD,L, (ka)

Y =—u,— 2p

\/EIS (ALA4T)
n °nr gk,

From (Al.46), the magnetising inductance for a single-phase winding is determined by the
ratio of the flux linkage and the current through that phase. In an m-phase machine, the flux is
contributed by all the phases and the magnetising inductance is determined by the product of the

single-phase inductance with m/2 as shown in (Al.48).

D; Ly [k ,W\?
L, =3, lsKstk< - > (A1.48)
z "’ gk, P

The magnetising inductance is a strong function of saturation. While analytical methods exist
to determine this variation [GUA14] [BOL02] [BOG11a], these characteristics can be determined
with a series of fast magnetostatic FEA simulations and result in a high accuracy model of the
induction machine [ALBO08]. This is discussed with numerical examples for 4 different induction

machines in Chapter 7.
D. Magnetising Current

The complete magnetising inductance characteristic as a function of magnetising current is
necessary only for the complete torque-speed characteristics of the machine. To determine the initial
torque capability of the machine, the magnetising current under the single saturated operating point
is sufficient. With the dimensions of the machine known, the magnetising current can be determined
by calculating the magnetising MMF of the machine. The magnetising MMF is the sum of the MMF

drop across the air gap, the stator tooth, the rotor tooth, and the stator and rotor back irons.
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K.gB
F1m=2< ~ Ly F, 4+ F,, +F,.+F

M mts mtr mcs mcr
o

> (A1.49)

From (Al.13), the tooth stator and rotor tooth flux densities are determined. For these flux
densities in the iron regions, the corresponding flux intensity can be looked-up from the material

BH characteristics to determine the MMF drop in the tooth regions of the stator and rotor (Al.50).
Fois = Hi(hy + hog + hy) (A1.50)
Fmtr = Htr(hr + hor + hwr) (A|51)

The MMFs in the stator and rotor back irons are calculated based on the flux intensity due to
the flux density in the back iron. The flux densities in the back iron of the stator and rotor are
determined based on (Al.53) and (Al.55).

Dout - (Dis + 2(h0r + hr + hwr)) (A|52)

hCS = 2
b, (A1.53)

B. =
¢ 2Lstkhcs

D,. —2(h,. + h,+ h,,)— Dy, (AlL54)

hcr = 2
B [ (AL55)

or = 2Lstkhcr

The back iron MMFs of the stator and rotor are shown in (Al1.56) and (Al.57).

(D, —h,) Al.56
chs = Ccs # Hcs(Bcs) ( )

7Dy, + h,,) (A1.57)
chr = Ccr % Hcr(Bcr)

The coefficients C

cs?

the back core and are defined in (Al.58) [BOLO02].

C.,. are empirical coefficients that represent the length of the flux path in

C,,, ~ 0.88¢ 0480 (A1.58)

cs,F

The magnetising current is then defined as shown in (Al.59).
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I = zpFyy, (AL59)
" eV2wik,
Al.3.2 Performance Characteristics from Equivalent Circuit

The equivalent circuit of Fig. AL5 can be simplified to a Thevenin equivalent circuit of Fig.
AlL7.

iXrn jX3

AMA— KK

|
|
|
|
Vrn | Ri
|
|
|
|

Air gap

Fig. AL7 Thevenin equivalent circuit of the induction machine.

The Thevenin voltage of the equivalent circuit is given by (A1.59).

Xm
Vs (A1.59)
[R2 + (X, + X,,)?|2

Vin =

The Thevenin equivalent circuit impedance is given in (Al.60).

JXm(Rs +jX)

ZTh:RTh+jXTh:R X T X
S N m

(Al.60)

The mechanical torque can now be calculated as a function of slip for an applied phase voltage
as shown in (Al.61)

2
Vi R,

1
Wy R\’ ) (Al.61)
<RTh + T) + (X + X))

e

The stator current for an applied phase voltage is given by (Al.62).
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I, = s

' v (R, .,
JXm | 5 tiX, (Al.62)
Rs+sz+R’
L+ J (X + X))

Using the current equation of (Al.62), the variation of stator current with slip is plotted and
the slip corresponding to the rated current can be determined. Substituting this slip in (Al.61), the

rated torque is determined.
Al.4 Dynamic Modelling of Induction Machine

The standard per phase equivalent circuit of the induction machine is only valid for
determining the steady-state performance of the machine. This is due to the absence of velocity-
dependent flux terms in the equivalent circuit. However, to determine the transient performance of
the induction machine and to couple the electromagnetic behaviour of the machine to a mechanical
model, a dynamic model of the induction machine is required. In addition, the induction machine
dynamic model must be capable of modelling the nonlinear behaviour of the induction machine.
The stator and rotor coupling of the induction machines is characterised by the magnetising
inductance which is a nonlinear quantity and is dependent on the magnetising current. The
complexity of modelling the dynamic behaviour of the induction machine arises from the rotor
dependent nature of the inductance of the stator and rotor windings. The induction machine can be
modelled in the so-called natural reference frame where the physical variables are modelled as
position-dependent variables. An extension of this proposed in [TOL91a] [TOL91b], known as the
Modified Winding Function Theory (MWFT) model, is especially useful where the windings of the
machine are non-sinusoidally distributed and all the corresponding effects of the harmonics are
required to be captured by the model. Such models are also advantageous in cases where mechanical
non-linearity like non-uniform air gaps, rotor eccentricities, broken rotor bars, stator turn-faults and
other asymmetric faults are present [JOKOO0] [FAIO2]. The non-linearity of the magnetising
inductance can be incorporated in the MWFT model by assuming that the effect of saturation is to
increase the effective air gap of the induction machine. The extent of this modification of the air gap
is dependent on the flux level in the machine [BISO1] [NANO3] [NANO4]. This model is however

computationally intensive since a new non-sparse matrix inversion is required at every time step.

Induction machines considered in this thesis have sinusoidally distributed stator windings and
for sinusoidally distributed windings, the dynamic d-q model of the induction machines can be used

[KRAO2]. In this section, a brief outline of the d-gq model of induction machines is discussed. In
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Chapter 6, this model is extended with appropriate transforms for 3-phase and 6-phase symmetrical
and asymmetric induction machines, as well as pole-changing winding induction machines. The
motivation for developing the dynamic d-g model was to reduce the complexity of the induction
machine model with time-varying parameters that results in a computationally intensive model. The
induction machine can be considered as a rotating transformer with the primary and secondary
corresponding to the stator and the rotor winding respectively. The phasor diagram of the stationary

stator winding and the rotating rotor windings of a 3-phase induction machine is shown in Fig. Al.8.

Fig. AL.8 Phasor diagram of stator and rotor of a 3-phase induction machine.

Each phase of the stator and the rotor are characterised by a resistance and inductance. The
mutual inductance between the stator and rotor windings vary with rotor position. The
transformation from of a stationary 3-phase voltage vector set to a stationary 2-phase system shifted
at an angle 6 from the 3-phase voltage vector is shown in Fig. Al.9(a). The corresponding

transformation matrix is shown in (Al.63).

vas| = 5| sind  sin(0 —120°)  sin(6 + 120°) | [Vbs

Vs 3 0.5 0.5 0.5 Ves

Vgs o [cos8 cos(6 —120°) cos(6 + 120°)] [Vas
” ] A163
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The position-dependent inductances are not converted to position-invariant inductances using
this transformation. To convert the inductance to constant position-invariant quantities can be

achieved by transforming the d*-g° reference frame to a synchronously rotating d®-q° reference frame.

@ = B E
e o o
& 3 r@
o & o)
d /oy 8 -%
© I e
é’ a}:b'
2 Y, < @
$ bYs) ?
o =
v > [ =M
el
& 2
(a) Stationary three-phase to stationary 2-phase (b) Stationary two-phase to rotating 2-phase
transformation transformation

Fig. AL.9 Phasor diagram showing the transformation from stationary 3-phase axes to a stationary and rotating 2-

phase d-q axis.

The corresponding phasor diagrams are shown in Fig. AL.9(b). The transformation matrix to
perform this operation is shown in (Al.64).

[vc?s] _ [ cos(6,) sin(ee)] [ vc?s]

vil T L —=sin(8,) cos(6)! [ vE, (A1.64)

Applying this transformation, the voltage equation of the induction machine in the
synchronously rotating reference frame is shown in (Al.65)-(Al.68).

d
Vs = Ryigs + - Ws + 0ol (ALS)
d
vgs = Rsigs + %wgs - welpgs (AI-GG)
d
Ve = Ryigy + =6 + (00 — 0, )P (AL67)
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) d
U;r = ergr + Elpoelr - (we - wr)lpgr (A|68)

The flux linkage values in the voltage expressions are functions of the current and inductances
and are shown in (Al.69)-(Al.74).

Wes = Lisis + Ly (i&s + &) (A1.69)
e = Lipi&r + L (i&s + i&r) (A1.70)
Yem = L (i + i&r) (Al.71)
Yas = Lisigs + Lm (igs + igy) (AL72)
Yar = Lipigr + Lm (igs + igy) (AL73)
Vam = Lin(iGs + igy) (AL.74)

Combining equations from (Al.65)-(Al.74) the electrical transient model can be expressed in

a matrix form as shown in (AL.75).

Vs
Vs
ve
@ . (A1.75)
R + sL; WLy SLp, WeLy [ tgs]
B —weLg R + sLg —weLpy, SLpy, igs
B SLiy, (we - wr)Ls R, + sL, (we - wr)Lr [ ing
_(we - wr)Lm SLm _(we - wr)Lr Rr + SLr i;r

If the speed of the rotor w, is considered constant, like when the machine is connected to a
dynamometer, given the input voltage and frequency, the currents in (Al.75) can be solved. If the
rotor speed is not constant then the mechanical coupling equation in (Al.76) can be solved to
determine the rotor speed.

2 d

Te=T,+=]

=] — o (A1.76)

The electromagnetic torque is given by (AlL.77)-(Al.80), all the equations being similar.
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3P ) )
T, = EE (l/)gmlgs - lpgmlgs) (ALTT)

3P ] ]

T, = EE (lpflslgs - 1/’55135) (AL78)
3P ] ]

Te = EE (lpflrlgr - lpc;rlgr) (A|79)
3P

T, = EELm(igsigr - igsigr) (Al.80)

The dynamic equations can be extended to multi-phase induction machines to determine the
dynamic performance of these machines. In Chapter 7, the dynamic model discussed here is
extended to pole changing 3-phase and 6-phase induction machines. Field oriented control is also

discussed concerning these machines.
Al.5 48V Induction Machine Design

The steps discussed in the flow chart of Fig. Al.1 are applied to design an induction machine

for the specifications of TABLE Al.1.

TABLE Al.4 CONSTANTS AND CONSTRAINTS OF INDUCTION MACHINE DESIGN

Parameters Value
B, B,, 1.6T
B, B,, 1.2T

J 20 A/mm?
J, 20 A/mm?
Dy, 25mm
Wig Wy 1.5mm
g 0.3mm
Ky 0.64
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K

stack

0.97

D, 25mm

1. The outer diameter is fixed at D,,, = 144 mm. With 8-poles, a starting split ratio of 0.67 is
chosen resulting in a stator bore diameter of D;; = 96.5 mm. For the number of poles and
stator bore diameter, the stack length to bore diameter ratio (4) of 0.68 is chosen from TABLE
Al.2 resulting in a stack length of 66mm.

2. The rotor bars are cast from aluminium and the stator iron material is M-19 steel. The
following constants are chosen for the designs based on TABLE Al.2.

3. The stator windings are designed to be accommodated in N, = 72 slot with an SPP ¢ = 3.
A stator winding with a one slot short pitch is designed resulting in a winding factor of
0.9452. The stator slot width to slot pitch ratio of 0.55 is chosen for the stator and rotor

laminations.
hCS
Doyt hs
bs

(a) Stator slot (b) Rotor slot

Fig. AL.10 Slot dimensions of induction motor design.

Aninitial B, of 1T is chosen and a saturation factor K, = 0.65 is chosen. The flux and series
number of turns is determined to be 2.943mWhb and 12 turns per phase respectively with 2
conductors per slot. The conductors per slot are rectangular in cross-section and for the given current
density, the slot area and the slot dimensions are determined. The value of the saturation factor is
iterated until the MMF drops across the stator and rotor are approximately equal and their sum is

equal to the MMF of drop across the air gap.
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TABLE Al.5 STATOR AND ROTOR DIMENSIONS OF INDUCTION MACHINE DESIGN

Rotor
Stator Value (mm) Value (mm)
Parameters Parameters

D, 144 D, 95.85
ou.

D 96.5 bor 0.9
b 10 by 2.37
b, 1.95 by 0.85

b 2.36 h, 135
h, 13.2 a 4

A 9,56 b 16.8

TABLE Al.6 INDUCTION MACHINE EQUIVALENT CIRCUIT PARAMETERS

Parameters Value Parameters Value
Rotor Leakage
Stator Resistance 2.07mQ 8.75m2
Reactance
Stator Leakage 8 43m0) Magnetising 126.3mO
Reactance Reactance
Referred Rotor 1.43mQ Rated slip 0.173
Resistance

TABLE Al.7 INDUCTION MACHINE PERFORMANCE CHARACTERISTICS AT CORNER SPEED

Parameters Value Parameters Value
Torque 60Nm Power Factor 0.81
Speed 1900rpm Efficiency 64.5%
Current 450A Total Loss 6530W

To accommodate the rectangular conductors, a rectangular stator slot is chosen with
dimensions as shown in Fig. Al.10 (a). A parallel tooth slot shape is chosen for the 56 rotor slots

and the dimensions are marked in Fig. Al.10 (b). The numerical values of the slots are shown in
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TABLE Al.5. The slot opening height and the wedge height of both the stator and rotor are chosen
to be 0.5mm. The dimensions of the stator and rotor being fixed, the equivalent circuit parameters
of the machine are determined. These are listed in TABLE Al.6. The performance at the corner speed
of the torque-speed curve where the rated inverter current and rated voltage are applied are shown
in TABLE AL7.

Al.6 Lamination Drawing and Material Properties

The radial cross-section of the baseline induction machine is shown in Fig. Al.11. The axial
drawing of the induction machine is shown in Fig. Al.12. The rotor and slot sections are shown in
Fig. Al.13.

?144.00
R48.23
R47.93

$22.00

Fig. Al.11 Radial drawing of baseline induction machine lamination.
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Fig Al.12 Axial drawing of baseline induction machine lamination.
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Fig Al.13 Drawing of baseline induction machine stator and rotor slot dimension.

The BH curve of the lamination material, M19 24G, used in the simulation is shown in Fig.
Al.14 and the iron loss variation of the steel with frequency and flux density is shown in Fig. Al.15.
The same material is used for the prototype machine that is fabricated. The details of the prototype
machine are discussed in Appendix II.
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Fig. Al.15 Lamination (M19-24G) loss properties of the baseline induction machine.
Al.7 Conclusions
The design process of induction machines involves a combination of analytical equations and
empirical relationships. Being a machine that is usually operating under saturated conditions, the

non-linear characteristics of the materials need to be incorporated into the design process for

accurate prediction of the performance of the designed machine. These analytical formulation
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compiled from various resources in literature have been presented in this chapter. The design
methodology is an iterative process that makes it suitable to use for optimisation. This is used in
Chapter 3 for determining the optimal number of slots and poles for maximising torque capability
while meeting the specifications. A dynamic model that uses the analytically computed parameters
to predict transient performance has also been discussed. This model is extended in Chapter 7 to

multiphase and pole changing winding induction machines.
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Appendix 11

Design and Fabrication of Prototype Induction Machine

All. 1 Introduction

The process of fabrication of the prototype machine and the winding arrangement is
described in this appendix. Following this, the dynamometer test setup to characterize the

performance of the machine is described and the inverter layout to control the machine is discussed.
All.2 Prototype Machine Fabrication & Winding Layout

The induction machine prototype is made of wire cut laminations that are stacked together
into which the windings are inserted. The lamination material is M19 26Ga and the laminations are
tig-welded together in a hydraulic press as shown in Fig. All.1(a). The lamination stack is shrunk
fit into a NEMA 90 size frame with air-cooled fins. The machine is wound with the individual coil
terminals brought out to the terminal box. The advantage of this method is the ability to externally
configure the machine for any number of phases and phase belts. The individual coils corresponding
to each of the phases under each pole-pair are wound on a former externally and inserted into slots
that are lined with mylar insulation. The non-terminal section of 8 such coils is shown in Fig.
All.1(b).The end winding sections are tied and held in place together and wrapped with mylar
insulation before vacuum impregnation as shown in Fig. All.1(b) and Fig. All.1(c). The rotor from

a NEMA 90 frame is used to test the performance of the prototype machine as shown in Fig. All.1(d).

(a) Wire cut lamination stack (b) Inserted coils (c) Tied end of individual coils
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(d) (e)

Fig All.1 Lamination, coil insertion and rotor of the prototype machine.

(a) Terminal box on the machine frame (b) Configurable terminal box

Fig. All. 2 Terminal box of the induction machine showing individual phase coil terminals

Poles N ... - @ @
Slot N°

Laver [ AL AT [ALT AL [ALT AT [ALT AL el [t et [ et et [t et [t i o 1o 61 o1 o1 o1
Layer2| c2 | c2 | c2 | c2 | B2|B2 | B2|B2|B2|B2|B2|B2|al|al|al|aljal|al]aljal|Cl|Cl|Cl|Cl

Poles N
SlotN°| 25 | 26 | 27 [ 28 | 29 | 30 | 31 |32 (33|34 |35|36|37 (38|39 |40 |41 |42|43 |44 |45 |46 |47 |48
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Layer2| C1|C1|C1|C1| bl |bl|bl|bl|bl|bl|bl|bl|[A2|A2|A2|A2 A2 A2 | A2|A2 | c2|c2|c2]|c2

Fig. All.3 Winding layout showing the coils for the six-phase windings brought out to the terminal box.

The dimensions of the stator and rotor lamination are shown in Fig. All.4 and Fig. All.5
respectively.
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Fig. All.4 Stator lamination dimensions of the prototype machine.
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Fig. AlL5 Rotor lamination dimensions of the prototype machine.
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Fig. All.6 Axial dimensions of the prototype machine.
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Fig. All.7 Stator and rotor slot section dimensioning.

Each coil that is inserted is tied to hold the bundle of wires together as shown in Fig. All.1(c)
to allow for the end windings to be held in place. The terminal box showing individual terminals of
the machine coils being brought out is shown in Fig. All.2(a) and Fig. All.2(b). The coils are divided
into the six phases and the two terminals of each of the windings of the phases Al, A2, B1, B2, C1,
C2, X1, X2, Y1, Y2, Z1 and Z2 as shown in Fig. All.3 are individually brought out to the terminal
box. The rotor is a standard off the shelf rotor from a NEMA 90 frame induction machine. The axial
section of the lamination is shown in Fig. All.6. The stator and rotor slot sections are shown in Fig.
All.7.

All.3 Dynamometer Test Setup

The prototype induction machine is loaded using an AVL dynamometer. The dynamometer
is a 4-quadrant drive with the ability to regenerate and supply power back to the grid as well as
provide motoring torque to run the machine under test as a generator provided the DC bus supplying
the inverter that is driving the test machine has the ability to push power back into the grid. The
dynamometer consists of the prototype machine under test mounted with an encoder at the non-load
end of the machine. The machine is mounted on a frame and coupled with flex couplings to a
Magtrol torque transducer. The torque transducer is coupled to the dynamometer load machine
mounted on a frame and in line with the prototype machine. The entire assembly is mounted on a

frame resting on vibration resistant pads.
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Fig. All.8 AVL dynamometer setup.

The machine is a six-phase machine and two three-phase inverters are used to control the
machine. With two three-phase inverters, online pole changing operation of the three-phase machine

is possible and steady-state operation of the six-phase machine with 4-pole and 2-pole operation is

possible.
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Fig. AlL.9 Control line diagram of the inverter for testing the prototype machine.
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TABLE All.1 PROTOTYPE TEST EQUIPMENT MODEL AND MAKE

Equipment Make and Model Number
Power analyser Yokogawa WT3000 [YOK20]
Three-phase inverter Infineon, Evaluation Hybrid Kit for

HyperPak-1. 600V/400A IGBT & Diode
chipset [INF20]

Motor controller dSPACE 1006 [DSP20]

Current sensor LEM LA25-NP 8, 12, 25 ARMS nominal.
Multi-range, Fixed gain and offset [LEM20]

Torque transducer Magtrol TM308 [MAG20]
Dynamometer AVL, 250kW dynamometer [AVL20]
DC bus power supply Regatron, ACS.350.528.504 [REG20]
Encoder Hengstler ICURO R164 [HEN20]

As explained in chapter 3 and chapter 4. For on-line pole changing of the six-phase machine,
four three-phase inverters with 12 inverter legs are required. The control system for testing the
machine consists of two Infineon HybridPack-1three-phase inverters fed from a common DC bus.
The DC power supply is fed from a 4-quadrant Regatron DC power supply. The two three-phase
inverters are connected to the prototype induction machine through six LEM current sensors. The
current sensor's output is connected to the Yokogawa power analyser as well as the dSPACE
controller. VVoltage measurements on the phases of the inverter are also connected to the Yokogawa
power analyser for power measurement. The dSPACE controller runs the control algorithms to drive
the induction machine and provides the necessary PWM signals to drive the two three-phase

inverters. The details of the various equipment used in the system are listed in TABLE All.1.
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