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Abstract

Switched reluctance motors (SRMs) are promising carebdat electric vehicles due to
lower manufacturing costs, higher efficiency, and robustness operation in a harsh environ-
ment. For accurate control of the SRMe ttealtime rotor position is needed for phase
computation. To obtain position information,st@n-sensorless control techniques have
been developed to take the role of position sensors in commercial SRM fori\est
reductionor sensoiffault tolerane capability. Nowadays, the positisensorless control of
SRMs still suffers from a technicplroblem: the dependence on magnetic characteristics.
Existingposition estimation algorithms often require tis@suming offline measurement

of magnetic paramets limiting the broad applications due to the low generality. It is
therefore of great sigitance to develop universal positisensorless control techniques
with less magnetic parameter dependence.

Zero- and lowspeed positioisensorless control ofélSRM needs higfrequency in-
jection into the idle phase to measure the stator inductane®.gsition is often estimated
from the prestored inductance lookup table but is replaced by a new regionaloqohkase
loop (RPLL) with a selcommissioning proessn this thesisThe modeling of the unsatu-

rated stator inductanaan beestablished autoatically via the pulse voltage injection at
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the initial stagavithout offline testingThe RPLL embedded with a thrphase heterodyne
design can estimate thellfeycle rotor position from the idlphase inductance based on
the unsaturated inductance netdl'he proposed low8peed position estimator can also re-
alize robust sensorless control in fayuadrant operation and magnetic saturation
conditions without complicated magnetic characteristics. Besides, local stabiiitige po-
sition estimators provel, andan optimized parameter design schesngiven

Although pulse voltage injection offers accurate position estimation indpeed op-
eration, the induced psg current results in additional copper loss and torque ripples. This
problem is overcomm the thesidy regulating thenagnitudeof induced currenata min-
imal level. The induced current regulator is designed as a terminal stididg controller
that adjusts the injection voltage online over the wholeptilese period. Proper control
paramete selection based on the convergence analysis and stabdity ensures robust
control performance against parameter uncertainties. The proposed pulse injection scheme
combined with the RPLL can guarantee accurate position estimation while reducing coppe
losesand torque ripples significantly.

Due to theshotenedidle-phase duration when the rotor speed increases, pulse injec-
tion methods are infeasible fhigh-speedposition estimation. To solve the problem, this
thesis proposea nonlinear observdrased on feature position estimationconduction
phasedor high-speedsensorless controf selfcommissioning method is adopted to cap-
ture atwo-dimensionalflux linkage curve at a feature position, which avoids offline
measurement ahe complete theedimensionalcharacteristicsHowever,the estimated

featue position has lowesolution and its estimation accuracy is degraded by nonideal



flux linkage errorsTo improve the sensorless control performamoggnlinear state ob-
serverusingonline Fourer series is then designed to eliminate disturlbamc@ostion
estimation. Parameter design baseda@mallsignal analysiss alsogiven to guarantee
accurate position and speed estimation.

High-speed positioisensorless control is further simplifieding a new quadrature
flux estimator without using any fluxkage characteristic3.he method requires neither
offline measurement nor online sethmmissioningThis advantage is realized by adopting
a speeehdaptive bandpass filter to extract fiimdamental flux linkage. A threphase
phaselocked loop ighen used to estimate th&tor position from the orthogonal flux link-
age signalgvithouta priori knowledge of the SR¥hagnetic characteristiche magnetic
parameteffree position estimation candiitate the application of sensorless control in a
geneal-purpose SRM converter.

A wide-speed rangposition estimation schenmerealized by combining both theaw-
speed and higbpeed position estimation approach@snsequentlya universal position
sensorless control scheme is proposed in the tleesisring the fullspeed range and not
requiringoffline measurement effort.

The proposed position estimation schemes are verified on a 5.5 kW 12/8 SRM test

berch.
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Notation

Symbols

Phasdlux linkage

Phase voltage
Phaseesistance
Phaseselfinductance
Phase current
Reference phase current
Number of rotor poles
Rotor position

Estimated rotor position
Rotor msition estimation error
Phase turfon angle
Phase turroff angle
Aligned rotor position

Unaligned rotor position



dov

dfeature

o3

Udc

Uinj

Ts

Fn

F+

Position at which the stator and rotor poles staiveylap

Feature rotor position
Rotorrotor speed

Reference rotor spde
Estimated rotor speed

Rotor speed estimation error
Electromagnetic torque
Reference electromagnetic torque
Load torque

Inertia

Friction coefficient

DC-link voltage

Amplitude of injected voltages

Disturbance

Control frequency/sampling frequency

Gate drive signal
Feature position vector
Harmonic position vector

Fundamental position vector

Input position error signal of thghaselocked loop

Fundamental flux linkage

Quadrature fundamenttilix linkage



kp, ki

Yo

Abbreviations

SRM

FEA

PWM

RPLL

PLL

NSO

IM

PMSM

SNR

backEMF

SMO

Pl

KF

EKF

LPF

HPF

TSMC

Proportionaldintegral parameters

Central frequency of the SOGIPF

Switched Reluctance motor
Finite element analysis
Pulsewidth modulation
Reginal phaséocked loop
Phasdocked loop
Nonlinear state observer
Induction machine
Permanent magnet synchronous motor
Signalto-noise ratio
Backelectromotive force
Sliding mode observer
Proportionalintegral
Kalman filter

Extended Kalman filter
Lowpass filter

Highpass filter

Terminal slidingmode controller
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QFE
SOGI
SOGHHPF
AC

DC

NN

MRAS

Quadrature flux estimator

Secondorder generalized integrator

Secondorder generalized integrataith highpass filter
Alternating current

Direct current

Neural network

Model reference adaptive system

Xii



Contents

Y 013 = Lo TP TPPPPPN V.
ACKNOWIEAGEIMENTS ...ttt e anenanane Vil
[N\ o] 2= 11T o PP PP TR X
Chapter 1 INrOTUCTION ........uuiiiiiiiiiiiiiiie et e e e neeas 1
1.1 Background and MOUVALION. ..........uuuiiiiiiiiiiii et 1
1.2 CONIBDULIONS.....oiiiiiiiiiieee e eeee e 3
1.3 Outling Of the THESIS.....uuiiiiiiiiiiiiie s 4

Chapter 2 Fundamentals of SRM Drives and Literature Review oPosition

SENSOMESS CONIIAL......iiiiiiiiiiiiii ettt e e nene s 8
2.1 Fundament@lof SRM DIIVES.........cooiiiiiiiiiiieeee e eeesr b 8
2.1.1 Configuration of the ThreBhase SRM Drive.............oooiiiiiiieenn e 9
2.1.2 Modeling of the SRM.......ccooiiiiiiii e 12
2.2 Literature Review of PositieBensorless Control of SRM Drives................... 16
2.2.1 Low-SpeedPositiorSensorless Control.............coooooiiiimmmn i 17
2.2.2 High-Speed Positiot®ensorless Contral..............eeeeeeviiiiieesiieieeieiiieeeeeenns 33
2.2.3 Wide-Speed Range Positiggensorless Contral............cccuuvvveiiivieecvvnnnnee. 53

Xiii



2.2.84  DISCUSSION .. cunee et e ettt 55
PG T 0] o Tod V1< (o] o WU RO ORPRORPRN 57

Chapter 3 A Regional Phasd_ocked Loop Based LowSpeed PositiorSensorless

CoNtrol SCREMIE.......e e 58
G 0 R [ 01 (oo [F o3 10 o WSO P P PP PPPPPRPPTPPPPN 58
3.2 Discussion on Conventional leSpeed Position Estimation Methods........... 60
3.3 Proposed LowSpeed Position Estimation Scheme............ccoooovvviiivienl 62
3.3.1 Overview of the Proposed Method..............ccooiiiiiiiiemriiiiii e 62
3.3.2 Idle-Phase Inductance Analysis and S&tfmmissioning.............ccccceee..... 64

3.3.3 Position Estimation from the IdH#éhase Inductance Through an RPLL....66

3.3.4 Analysis of the Approximated Inductance Madel..................ceeevveeeeeennn. 75
3.4 Experimental VerifiCation................iiiiiiiiiiceeciee s eeeer e 79
I T @0 o [od 11 ] o] o NP PR PP 91

Chapter 4 Induced Current Reduction Schemefor Low -Speed PositiorSensorless

(©70] 011 o] E PP P PP PPPPPPPPPPPPRPP 93
R [ 10 o 18 ox 1o o F PP PP PSSR PPPPP 93
4.2 Discussion on Conventional Pulse Injection Methods............cccoovvvvieeeeeeen. 94
4.3 Proposed Pulse Injection SCheme.............ovviiiiiiicceeeee e 96
4.3.1 Design of the Terminal Slidinylode Voltage Controller.......................... 96
4.3.2 Stability Analysis of the Proposed TSMC.........coooooeeiiiiiiiieeeiieeeeeeeeee Q9
4.3.3 Performance ANAlYSIS..........coooiiiiiiiiiiiieee e 102
4.3.4 Parameter DESIQIL.......ccooiiiiiiieiiiieeee e 105

Xiv



4.3.5 Overall Structure of the Proposed Scheme............ccccovvvvieeeeiiieeeeeene, 108
4.4  Experimental RESUILS............iiiiiiii e 110
A5 CONCIUSIONS ...ttt e e e et e ettt e eee e e e e e e e e e e e eeeeeatebbb s mmmeeeeeees 116

Chapter 5 Nonlinear State Position Observer for PositionSensorless Control at

Medium and High SPEEd.........coooiiiiiiiii e 118
5.1 INFOAUCTION ... e eeee e 118
5.2 Conventional FeaturElux-LinkageBasd Position Estimation Method......... 120

5.2.1 Feature Flux Linkage of the SRM...........cccooiiiiiiicciiiie e 120

5.2.2 Position Estimation Based on Feature Flux Linkagev@ntional Methodl22

5.3 Proposed PositieBensorless Control Algorithm...............cceeiiiiiicceeevvvvinnnns 125
5.3.1 Fourier Series of the Feature POSItION...........ccccceviiiiiccce 125
5.3.2 Design of the Proposed NSQO...........ooiiiiiiiiiiiiieeee e e 127

5.4 SmallSignal Modeling and Parameter Design of the Proposed Observer.133

5.4.1 SmaltSignal Modeling..........couuuiiiiiiiiiiiieere e eree e 133
5.4.2 Parameter Design and Stability...............coovvviiiie e 135
5.5 EXperimental RESUILS..............uuuuiiiiii i srree e e e e e 138
5.6 CONCIUSION.....ciiiiiiiiiie ettt ettt e e e e e e e rmmee e 151

Chapter 6 Magnetic-Characteristic-Free Position Observer for HighSpeed

POSition-Sensorless Contral.............oooooiiiiiiieeeiee e 153
6.1 INEFOTUCTION....ceiiiiiiiiiiii it ece et emme e e e enmr e e e 153
6.2 Investigation of Flux Linkag®8ased Position Estimation....................c.ccceee. 155

6.2.1  FIux LINKAge ANAIYSIS.....uuuuiiiiiiei e eeieeeeeeeee et mmme e enannnns 155

XV



6.2.2 Basic Principle of the Proposed Scheme.............ccccociiiirveviiviviiennn, 156

6.3 Design of the Proposed Position Estimationesot Based on QFEs............ 159
6.3.1 SecondOrder Generalized Integrator With A Highpass Filter............... 159
6.3.2 Overall Design of the Proposed PasitiEstimator.............cccceeeeeivvvvviceanns 161
6.3.3 Design of the QFE..........uiiiiiii e 162
6.3.4 Design of the Thre®hase PLL.............coooiiiiiiiiiieee e, 167
6.3.5 Design for Generating Sensorless Operation............ccoevvvvieeeiiineeeennnns 169
6.3.6 Design for NegativeSpeed Sensorless Operatian............cccoeeeevvieeeeennns 171
6.3.7 Selecton of Discretization Methods...............cccooiiiiimmmn 172

6.4 Experimental Validation..............ccoooiiiiiiiieeeic e 175

6.5 CONCIUSION ...ttt e e enenn e es 187

Chapter 7 Wide-Speed Range Positioisensorless Control..............c.c..ovvvvvviiieeee.. 189

7.1 INEFOTUCTION....eeiiiie ittt ece ettt et e e e eenmr e e e e 189

7.2 Wide-Speed Range Sensorless Contriglohithm................ccccooiviieeen 190

7.3  EXperimental RESUILS...........oooiiiiiiiieeee s 192

T4 CONCIUSION ...ttt e e e eennn e es 194

Chapter 8 Conclusions and Future Work...........ccccoeeeeeiiiiiiiieeeii e 196

8.1 CONCIUSIONS......eiiiiiieeiiiiie ettt e et e e e s e ensr e 196

8.2 FULUIE WOIK....oiiiiiiiie ettt emmme e 199

8.3 PUDICALIONS.......uiiiiiiiiiiiti et 201
8.3.1 ACCEPIEA PAPELS......oveiiiiiiiiie ettt eeee e e e e e 201
8.3.2  SUbMIttEd PAPEIS......ccciiieiieeeeeeeeee e e e 204

XVi



8.3.3 To Be Submitted PaperS..........coovviiiiiiiimreeeeee e

References

XVii



List of Tables

2.1

2.2

2.3

3.1

6.1

Parameters dhe SRM-IM TeSt BENCh.........ccoooeiiiiiiiiieeeee e 9
Summary and Comparison of Le8peed SRM PositieBensorless Control
=1 (=T 0|1 31

Summary and Comparison of HigpeedSRM PositiorSensorless Control

=1 (=T 0|1 52
Overall Design of the Proposed Regional Heterodyne Opetatar..................75
Four Disgetization MethOUS............uuuuiiiiiiii i errn e 173

Xvili



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

Threephase SRMM SEEUP.......uiiiiiiiiiiiiii e 9
The schematic of the piion-sensorless 12/8 SRM drive...........ccccevvvvvnnnneeee.. 10
Switching patterns of the asymmetrical Haldfdge converter. (a) Magnetization.

(b) Demagnetization. (C) FreeWheeling...........couuviiiiiiiiiiecc e 11
Phase voltage and current in the voltpgése test...........cccoooiviiiiiiiiicc 13
Flux-linkage characteristic of the SRM..........cccooiiiiiiiiiiiceeeic e 14
Co-energy of the SRM at different rotor pasits. (a)da. (D) d. .......eevvvvveeeernnnn. 14
Torque characteristic of the SRM..........ccoiiiiiiii e 15

Classification of positiorsensorless control of SRM drives. (a) L.epeed

positionsensorless control. (b) Higgpeed positiorsensorless control.............. 18
Overall block diagram of aW-speed positioisensorless SRM drive............... 19
Induced current under pulse voltage injection with varying positians.......... 21
Generatliagram of fullcycle position estimation methods at low speed........ 23
Conttol diagram of the lookup tablgearching method..................ccooeireeee. 26
Fourier analysis of phase inductance at a given current..............coeeevveeeennn. 27
Linear regions in phase inductance profiles of a 12/8 SRM at a given curr&8.

XiX



2.15 Overall block diagram of a higipeed positiorsensorless SRM drive.............. 33
2.16 Principle of gradient detection methQds...............cooviiiiiceeiii e 35

2.17 General block diagram of the lookup tadd@ching method with mutual

(oTo1UT o [T o T 0 1111 =14 0] o PR 40
2.18 Control diagram of SRM poSition ODSEIVEIS........cccuvviiiiiiiiiieemeee e 41
2.19 Structure of the PL-hased position ODSErVer..........co.oovviiiiiiiiieeen e 45

2.20 Position estimation using intelligent algorithms. (a) Fuzzy logic. (b).NN......47
2.21 Position estimation using feature flux linkage.............cccoooeiiiieeei i, 50
2.22 General contraliagram of widespeed range positiesensorless contral.......... 53
3.1 Pulseinjectionbased position estimation methods. (a) Phasewruand

phase inductance. (b) Current derivative calculation in the conduction period.

(c) Current derivative calculation in the igdase (jection) period.................. 61
3.2 Schematic diagram of the proposed posisensorless control scheme........... 63
3.3 Self-commissioning procedsr parameter identification dfo andLi. ................. 65

3.4 Block diagram of the proposed RPibased lowspeed position estimation
SCheme fOr SRM AFIVES..........uuiiiiiiiiiiiii e 67

3.5 Idle-phase inductance in three phases of a 12/8 SRMcr(@hr>15° (b) dost-

Ton=152 (€) Tof-on<L5 ..vevveeeeeeeeeeeeeeeeeseeeeeemeseseeeeseseeeeeeeeeeeeeeeaneeseseseneneseneneeas] 68
3.6 Linearization model of the proposed RPLL...............oovvviiiiicreieeeeeeeie L
3.7 Nonlinear gairgin (3.14) with respect to the position and position ertar......... 72
3.8 Bode diagram of the proposed RPLL...........ccooiiiiiiiiiiiceecccceee e 74
3.9 Self-commissioning for the proposed scheme..............ccoovviiiieeee e 80

XX



3.10 ldlephase inductance, phase current, and position estimation gtriif0
without load. (a)gen=0°and =202 (b) gor=0°and ge=15? (¢) gon=0°and
G122 e ettt ee ettt reeee et 82
3.11 Position estimation at other speeds without load. (a) 200 r/min. (b) 400.r/n88.
3.12 Experimental position estimation results (in sefizsed control) between the
proposed scheme and the conventional piragctance vectomethod at 150
r/min. (a) Proposed scheme under thel@ad condition. (b) Proposed scheme

under the 30 Nm load condition. (c) Conventional method under thimad

condition. (d) Conventional method under the 30 Nm load condition............ 86
3.13 Positiorsensorless control at 200 r/min under load changes........................ 86
3.14 Positiorsensorless control at standstill condition with load........................... 87

3.15 Positionsensorless control under speed variation from 150 r/min to 250 r/min.
(a) Rampspeedesponse. (b) Step speed respanse..........ccoeeeeveevieemeeeivnnnnnnn. 388

3.16 Validation of the speed reversal operation of the peab®snsorless control

3.17 Positionsensorless control performance under increasing speed from 150 r/min
(15% rated speed) tigh Speed.............cooiiiiiiiiiiiie e 90
3.18 Position estimation results of the proposed RPLL when using diffarent
172z LD PSP P PR PP PPPPPRPPN a1
4.1 lllustration of pulsenjectionbased position estimation methods. (a) Phase
current and phase inductance. (b) Sifgeiod pulse injection method. (c)

Doubleperiod pulse injection methQd.................uuuiiiiiccciieii e 95

XXi



4.2 Injected voltage and induced current of the pingection-based posion

estimalon MELNO... ..o e e e e 98
4.3 The control diagram of the proposed TSM&sed pulse injection.................. 109
4.4 Schematic diagram of thoposed positioisensorless control scheme......... 109

4.5 Experimental results of the fixeamplitude pulse injection method at 200
r/min with 10 Nm load. (a) Injection voltage and phase curré€hj Position
ESHMEALION. ... 111
4.6 Experimental results of the proposed pulse injection method at 200 r/min with
10 Nm load. (a) Injection voltage and phase current. (b) Position estimatiohl 2
4.7 Position estimation results of the proposed pulse injection method at other low
speeds with 10 Nm load. (a) 100 r/min. (b) 300 r/MiN........ccccoeeeeiiieeiiieeennn. 113

4.8 The parameter sensitivity test of the proposed scheme at 200 r/min and 10 Nm

4.9 Comparison of negative torque ripples and copper losses in the idle phase.
(a) Fixed-injectionramplitudemethod. (b) Proposed methad......................... 115

4.10 Positiorsensorless control under speed variation from 150 r/min to 250 r/min. (a)

Ramp speedesponse(b) Step speed reSp@s..........cccceeeeeeieeeeececciiiniieeeenn 116
5.1 Threephase torque of the SRM..........ccooiiiiiiiiiiiiee e 120
5.2 Feature flux linkage of the SRM at?lh.......ccccooeiiiiiiiiiiiiicee e 122

5.3 Feature position detection: calculated flux linkage, reference flux linkage at
157 and the estimated feature POSItION.............coovvviiiviiicccre e 123

5.4 Limitation of the conventiordinear prediction method.................coceeeeiiianee.. 125

XXii



5.5 Vector graphs of the feature position..............ccoovviiiieeee e, 127

5.6 Block diagram of the NSO for the SRM sensssleontrol..............c.cccceeeeveenes 127
5.7 The smallsignal model of the proposed NSQ...........ccccceiiiiiiiiiimn i 135
5.8 Bode diagram of the position estimation with differeolepvalues................... 137
5.9 Schematic diagram of the praged positiorsensorless contral....................... 138

5.10 Feature position detection by fllixkage estimation at 500 r/min.

(a) Calculated flux linkage, reference flux linkage at 157 and the estimated

featue position. (b) Estimated feature position in the mechanical cycle......140
5.11 Experimental verification of the proposed NSO at 50@im. (a) Feature

position vector. (b) Estimated harmonic vector. (c) Fundamental vector. (d)

Estimated fundamental VECIOL.............uuvviiiiiiieeeeee e 142
5.12 Compardéve experimental results of the proposed observer and the

conventional linear prediction method at 500 r/min...........ccccoovvvviieeeeeeeenene. 144
5.13 The comparison of estimation errors between the proposed observer and the

conventional linear prediction method at 500 r/min. (a) Position estimation

errors. (b) Speed estimation EITOrS............uuuuueiiiiieeeee e e e eeeeaaaes 145
5.14 Position estimation results with different control anglesp(a0° and

Gt =15% (D) Gon=0%ANMA Goff 232 ...t eeeee e 146
5.15 Estimation errors under ramp speed change from 300 r/min to 1000 r/min

(rated speed). JaActual and estimated speeds. (b) Speed estimatiorse

(C) POSItioN €StIMALION EITOLS.. .. .ieeeiiiiiiieee s e e e e e e e e anenre e e e as 148

xxiii



5.16 Estimation errors under step speed change from 300 r/min to 1000 r/min
(rated speed). (a) Actual and estimated speeds. (b) Speed estimati®n error
(C) POSItioN StIMAtiON EITOLS.......cuvviiiieeeeeiie e ereei e et e e eere e e e e e eane 148

5.17 Comparative tests with the 15 Nm load disturbance at theratdtl speed.....149

5.18 Canparative experimental validation of the conventional linear prediction
method, an idoop-filter-based linear prediction method, and the proposed
observer at 500 r/min, with a suddenly added large flux linkage error. (a) Block
diagran of the inrloop-fil ter-based linear predictiomethod. (b) Position
ESHMALION FESUILS. ... s 151

6.1 Flux linkage of a threphase 12/8 SRM at different rotor positions, including

[real flux linkage and its modedsults from(6.2). ...........ccovvviiiiiiiiiiicceeeeiiiinnens 156
6.2 The structure of the PLL fgrosition estimation.............ccccccooeeeeivieeeiiceeeeeenen. 158
6.3 The structure of the SOGHPF...............oiiiiiii e 159
6.4 Bode diagram of the SOGHPF ..o e 161

6.5 Signal processing of the proposed position estimation method based on. QBEs.

6.6 Design of the proposed QFE.............oooriiiiiiiieee e 163
6.7 lllustration of the logidesign of the proposed QFE...............oovvriiiiieeeeeee 164
6.8 Flow chart of the logic design of the QFE in one electrical cycle................. 167

6.9 Full-cycle position estimation by combining thethpedr a s e QF E.0.s168& ut pu't
6.10 Commutation angle settings of the motoring mode and generating mode..170

6.11 lllustration of the proposed method in the generating mode...................... 171

XXIV


ZEqnNum977447

6. 12 FIl1 ux e s townthaiffevent cahtropfreqaenaes whert using
four discretization schemes(=837.76 rad/s, i.e., 133.3 Hz and rated speed).
(a) Fundamental flux estimator. (b) Quadrature #gmator.......................... 174
6.13 The overall control diagram of the proposed posgemsorless contral.......... 176
6.14 Experimental results of thrphase phase current, calculated stator flux, and
trigger Signals at SOMMIN. .......uuuiiiiiiii e ceree e 177
6.15 Expemnental results of proposed Flux estimation from QFEs at 500 r/min.178
6.16 Comparative position estimatiomtwl results at 500min. (a) Proposed
scheme not using magnetic characteristics. (b) Conventional method using
MAGNELIC CNArACIENISTICS........ivvvieiiiiiiie s rme s e e rrrn e e e e eeaes 179
6.17 Positiorsensorless control performancetlod proposed scheme under
15 Nm load change at 800 I/MiN...........uuuiiiiiiiee e eeeer s 180
6.18 Positiorsensorless control performance of the proposed scheme under speed
changes from 500 r/min to 1000 r/min: (a) Slopeegsbcommand. (b) Step speed
(001191111 0 [o IR PP EPPP P PRROPPPPPPPP 182
6.19 Positiorsensorless control performance at 500 r/min with 15 Nm load.
(a) Using fixed commutation anglef{0°and dor=20°). (b) Using optimizd
torque sharing function methad...............oooooiiiiieeei 183
6.20 Positiorsensorless control result in the generating mode at 500 r/min with

o RS\ c o (o 7= Yo IR PRRRTUPR 184

XXV



6.21 Position estimation results when using different voltages for flux linkage
calculation at 500 r/min with 15 Nm load. (a) Voltage comparison.
(b) Position estimation error COMPAriSON...........iiieieeriiiiieeerieeeeeeeeriineeeeeennns 186
6.22 Position estimation results with current measurement errors around 500 r/min
with 15 Nm load. (Conditionl: accurate current measurement, cond#ion
90% gain error, and conditidtl: 90% gain error and 2 A offset). (a) Position
estimatio error and currents. (b) ZOGIM CUIMTENtS..........cccevvvvviiieeeeiiieemeeeiinnnn. 187
7.1 Wide-speed range positiesensorless control scheme by combining the- flux
linkagebased method at high speed and the injediesed estimat at low
S, ... ittt ————— et — o ————— 11— 191
7.2 Wide-speed range SRM sensorless control by combining the proposed QFE
and the pulsénjection-based method. (a) Overall performance. (b) Zoom in

position estimatiomesults at a transition poimt=350 r/min............................. 193

XXVi



Chapter 1

Introduction

1.1 Background and Motivation

Switched reluctance motors (SRMs) have attracted extensive attentiantion applica-
tions[1]. Different from permandrmagnet synchronous motqiBMSMs)and induction
motors(IMs), the rotor of the SRM is constructed by laminated silicon steels without mag-
net materials and magighg windings. Therefore, the SRM has advantages in lower
manufacturing costs, robust mecltah strength, and higher efficiency, making it a poten-
tial option for driving systems.

Due to the doulyisaliert structure of the SRM, the high nonlinearity irases its con-
trol complexity. For accurate speed, current and torque control, phase commutatio
includingturn-on and turroff angles of the semiconductor switches in$#&M converter
should be determinaf@]. Thus, position sensors such as incremental encoders, resolver
Hall sensors, and tachomeetgeneratorsre installed to obtain accurate rotor position.

However, the installation of the position sensors has the following drawbacks:



Ph.D. Thesis DianxunXiao McMaster- Electrical & Computer Engineering

1) Increasing cost and volume. The high price of the position sensor limits the market
competitiveness of loveost al low-power SRM drives. The extra size of the position
sensor is unacceptable for specific applications, such-asralitioning compressors.

2) Reducing the reliability and robustness. The position sensor and its interfacts circu
would beaffected by temgrature, humidity, vibration, and other ambient conditions.
The working environment dramatically interferes with the regular work of the sensor
and reduces its accuracy.

To solve the issuepositionsensorless controf the SRMhas been receiving increas-
ing attentiorin theresearcltommunityin these twenty yeai8]. Due tothe douby salient
characteristics, the rotor position can be estimated frorfittkdinkage or the stator in-
ductance of the SRM vimeasuing terminal voltages and currersa Numerousposition
estimation methodsave beeproposed to obtain the rotor positioitheSRMover a wide
speed range.

However, the position estimation processftencomplicated for the SRM due its
deep magnetic saturation. Flurkage or stator inductance is a nonlinear function of both
the rotor position and phase curreftte position estimation from the magnetf@racter-
istics often relies on prestored flux linkage or stator inductprafées. However, the usage
of predefired magnetic characteristics has some drawbacks, such as
1) The acquisition of magnetic features needs knowledge of the motor proiotiype

finite element analysid=EA) or requirestime-consuming offline measuremed.

2) The senerless control algorithm has low generality and cannot be usaiffierent

SRMs if motor characteristics are unknown.
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3) The storage athreedimensionaimagnetic data requires larger memory, which is not
attractive for lowcost applicons.

4) The position stimation algorithms are parameter dependent and parameter sensitive.
The purpose of thd’h.D. thesids to propose universal positiesensorless control
schemes for SRMIriveswithout using offline measurement of magnetic characteristics.
The rotor posittn and speedan beestimatedvia online parameter sefommissioning
processe®r without using any magnetic characteristics. Wgpeed range positiesen-
sorless control fronthe standstill tothe rated speedre alsarealized. This work aims to
facilitate the positiorsensorless control to be a more genptaposesolution for SRMs

in various industrial applications.

1.2 Contributions

The author has contributed severaloriginal developments on genemirpose position

sensorless control schemes for SRM drives in a-sp#ed range. The contributions are

summarized as follows:

1) A low-speed positiorsensoress control approaaksinga regional phaskoked loop
(RPLL) for generalpurpose SRM drives.

2) A new pulse injection method for leapeedSRM sensorless operationith reduced
torque ripplesand copper losses

3) A nonlinear state observ@SO)for high-speed SRM positiorsensorless control us-
ing simplified feature flux hkage.

4) A magnetiecharacteristidree highspeed position estimation strategy for SRM drives.

3
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5) Full-speed positiorsensorless control with a combination of speed and higepeed

methods.

1.3 Outline of the Thesis

This thesisdevelopsuniversal positiorsensorless control schemes for SRMs in the full
speedange Several position estimation strategies are proposed to estimate the rotor posi-
tion without offline measurement or FEA.

Chapter 2 itroduces the fundamentals of SRM drieesla literature review of exist-
ing SRM positiorsensorless control methodBhetest benclof a 5.5kW 12/8 SRM is
first introduced The SRM modelingncluding mathematical equations, flux linkage char-
acteristic mesurement, and derivation of the nonlineaique profileare then discussed
After that, the statef-art research of lovgpeed and higepeed sensorless control methods
are compared and analyzed in the literature review.

Chapte3introduces a universadi-speed position estimation scheme basepudse
voltage injection for SRM drivedn conventional lowspeed sensorless control methods,
magnetic characteristics are often used for position estimation, but it requires offline meas-
urement and reduces tgenerality of sensorless control algorithiis solve the issues, a
new position estimator based on an RPLL is designed. The approach utilizesarself
missioning process to capture the unsaturated inductance adaptively at the initial stage. The
RPLL is then adopted to estimate the fajicle roto position from the idlgohase induct-
ance during sensorless operation. The sjpeeersible sensorless control capability is also

realized by a simple heterodyne design. Furthermore, stability analyses and @aramet

4
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design are given to prove the robustdostability and convergence. Finally, comparative
experimental validation is conducted on akV8 12/8 SRM setup to verify the proposed
method's effectiveness under bothload and load conditions

Chapterd is an extenddwork of Chaptei3, where the pulse injection scheme is im-
proved to reducegorque ripplesand copper logs caused byhigh-frequencyinjection
voltages. Théigh-frequencyinjection is necessary for legpeed position estimation, but
due to thenonlinear inductance profiléhe amplitude of induced current increases signifi-
cantly around the unaligned positidhresults in large copper lossasd torque ripples in
idle phasesTo mitigate this problem, this chapters introduces a new pulséamecheme
with magnitude reglation based on terminal slidingode control. The amplitude of pulse
voltages is adjusted online through a nonlinear control law, and the induced current can be
maintained at a minimal level over the whole iglease periodMoreover, the adverse
impactsof motor parameter uncertainties are eliminated. The position estimation is then
realized by the RPLibased position estimator designed in Chapter 3. As a result, the pro-
posed schemis able toreduce the torque ripple andvper loss significantly withouthe
need of magnetic characteristics. The effectiverseesgperimentally validated with com-
parisons of the conventional method.

Chapters is focused on mediurrand highspeed position estimation of SRM drives.
The chapter mposes a NSO for robust podin-sensorless control of SRM drives over
medium and highspeed range. A classical reference flux linkage method is adopted to
capture a feature position of the SRM, which avoids the useed#dimensionamagnetic

charactestics and has better univatisy. However, the estimation accuracy of this method
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would be easily deteriorated due to flux linkage errors. To ease the problem, the NSO is
developed to enhance the robustness against flux linkage distortions for a moeteac
position and speed estation. This observer can reconstruct complete position information
from a lowresolution feature position. The adverse impact of flux linkage dsorges-
tigated through a novel smalignal approximation analysis and theumppressed by an
augmented ste estimator. A parameter design schenadsisgiven to ensure the stability
of the observer and improve the capability in distortion suppression. To baseline the per-
formance, comparative experimental validation betweeN8@ and a widely used linear
prediction method is conducted. The results show that the proposed strategy can improve
the overall positiorsensorless control performance in both the steady and transient states.
In Chapter6, the highspeed sensorless contneethod is further improvedyhich can
estimate the rotor position at high speed without using any magnetic characteristics of
SRMs. Although the method proposed in Chaptenly uses a simple setbmmissioning
procesdo capturefeature flux linkagenformation the developed stegy in the chapter
does not require any offline or online parameter measurement/learning process. Hence, the
implementation of the highpeed positioisensorless control would be further simplified.
This improvement isichievel by using a novel quadratuilex estimator (QFE) that can
extract the fundamental flux and its quadrature from thetimal flux linkage. DC com-
ponents and flux harmonics caused by the magnetic saturation effect can also be suppressed
due t o tdhptive aRdpasscapabilityhdrefore, the proposed method can reduce
the nonlinearity in SRM flux linkage and derive simple sios position signals. After-

ward, the rotor position and speed can be estimated from the fundamental flux signals using
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a three-phase phascked loop(PLL). To baseline the advantages, comparative experi-
mental validation with the conventional method is conducted. The proposed scheme can
achieve the same estimation accuracy as the conventional method even though no magnetic
cham@cteristics are used.

In Chaper 7, awide-speed rangpositionsensorless control design by combining the
proposed lowspeed methods and higbeed methods is introduced. A speelated
switching function is proposed to determine the operating rangetlotie lowspeed and
high-speed position observer&xperimental results are provided to prove the robust and
smooth transition in theride-speed rangpositionsensorless control.

In the end, Chapter 8 concludes the reseeancitributionsin this thesisand discusses

future



Chapter 2
Fundamentalsof SRM Drives and
Literature Review of Position-Sensorless

Control

2.1 Fundamentals of SRM Drives

The SRM has a doubly salient structure in rotors and stators, with concentrated windings
fully pitched across the stator psl The torque production of the SRM requires sequential
energization on each phase towardsiaimum reluctance path, requiring independent
phase control capability in an SRM drijgd. Current regulation is often realized by hyste-
resis control opulsewidth modulation(PWM), with reattime rotor position feedback to
determine the phase commutation instd8is In this thesisa 5.5 kW SRMinduction
machine (IM)test benchs built, as shown irFigure2.1. The parameters of the SR

test benctaregiven in Table 2.1.
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Figure2.1 Threephase SRMM setup.

Table2.1 Parametersf the SRM-IM Test Bench

Parameter Value Parameter Value
Numberof statorpoles 12 Numberof rotor poles 8

Rated Power 5.5kW Rated Speed 1000r/min
Rated Voltage 72V Phase resistance 18. 3 n
Rated Spee@iM) 3530 r/min  Rated Load (IM) 30N-m
Rated Power (IM) 11 kW Rated Voltage (IM) 230 V

2.1.1 Configuration of the Three-Phase SRM Drive

The threephase 12/8 SRM drive is illustrated kigure 2.2, composed of threephase
asymmetric hatbridge convertergurrentsensorsa microcontrollergate drives, position
estimationalgorithms andDC power suppliedUnlike the conventional threghasefull -
bridge AC inverter, the asymmetricalf-bridge inverter adopts two IGBTs and two fast
recovery isolated diodes tonfigure arasymmetrichalf-bridge The converter modulates
bipolar phase voltages to generate unipolar phase current as thenedggtetic torque of

9
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the SRM is independent of current directions. Each phase in the asymmetric converter can
be controlledseparately, offering faulblerant control capability and flexibility in phase

torque control.The gate signals for semiconductoritsives are given by gate drives, of

which commands are generated in the controller board according to the speed, current or
torque reference. The rotor position and speed feedbacks are needed for accurate speed and
current control, which are often measutfgg a position sensor. In positika@nsorless

drives, the position and speed information are obtained by the positioratestiralgo-

rithm.

Asymmetric half-bridge converter

Current IGBT gate |__| DC-DC DC voltage
Sensors drivers power supplieg sources
PWM

Load
machine

|

. ]
—— Yrer__| Speed/current d | Position & speed
Tref controller estimation i

____________________________________________

Figure2.2 The schematic of thgositionsensorless 12/8 SRM drive.

The asymmetric halbridge converter has three switching patterns for one phase, as
shown inFigure2.3. The first switching state happens when the two switches are turned
on, as presented Figure2.3(a). The DClink voltage #Jqc is added to the stator and in-
creases the stator current, which is a magnetization process. When both the twe switche
are turnd-off, as shown irFigure 2.3(b), the winding is demagnetized under a negative

10
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phase voltage ofUqc, forcing the energy stored in the phase windings flows back to the
DC bus. The third pattern is freewheeling as showignire2.3(c), in whichone switch
is turned off and another one is turned on. In this case, the phase current only flows inter-

nally under a zerphase voltage.

(b)

Figure2.3 Switching patterns of thesymmetrical halbridge converter. (a)
Magnetization. (b) Demagnetization. (c) Freewheeling.

A threephase asymmetric converisrdesigned for the 5.5 kW 12/8 SRielst bench
The power converter is rated for 300V/50/ke Infineon600V/100A IGW10060H3 igh-
speed IGBT andDW100E60 fast switchingmittercontrolleddiode are selectefdr the
SRM inverter.Six isolated 12\Mo 15VF9V DC-DC converters are used to supply the six
IGBT gate drivesgOD8316§. LEM LAH-50P (56A RMS current sensor) and LEM -V
25P 600V voltage sensrareusedfor the SRM inverterTo guarantee accurate voltage
and current measurement, another isoldi2d to #12V DC-DC converter(PQDEG6W
Q24D12-D) is used to power the sensors aneasurementircuits. The isolatedpower
supply caravoid theswitching noises from the IGBT, offag accurate current and voltage
samplingsBy using a 14bit external analogligital converter (A 357 with adifferential

input structure (byAD8138), thesampling error is less th&i81R2 = 0.06%. In tems of

11
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the control board, the DSAMS320F2833%s employedas the microcontroller, the switch-
ing and controfrequen@sare both set as 20 kHz

In addition to the inverter, thiareephase 12/&8RM-IM setupis built. The SRM is
served as the test machjmehich is powered by the designed thpeseasymmetrie
bridge inverter and anlM is connecteds the loadas shown irFigure2.1. ThelM is
powered and controlled by a commerddl motor drive,YASKAWA AC Drive-A1000.
Since the rated voltages of the dRnd IM are different, the SRMM test bench is not
connected in bacto-back. To realize generating operation of either the IM or SRivha
gramming loadNHR Model 4700 LXI DC Load, is connected to the-Ihik voltage for

absorbing the regenerative eger

2.1.2 Modeling of the SRM

Due to the doulalsaliercy, the magnetic characterisbt the SRMis highly nonlineaand
presentecsa function of phase current and rotor positibime magnetic characteristic can
be obtained from the FEA with known parametdrhe machine prototype. Alternatively,
offline measuremerdan be performed terivemagnetic characteristics for a commercial
SRM.I.

In this thesis the flux-linkage characteristic is measurexperimentallyandused to
calculate the torque characsic. The measurement procedure is thatnjecting a short
period pulse voltagat different rotor positions, the induced pulse curiemeasured, and

the flux-linkageat a specificposition can be calculated by its voltage equation as follows

[4]:

12
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/( gi)=fu -Ri) (2.1
wherea(d, i) is the fluxlinkage,dis the rotor position, is the phase currenti,is the phase
voltage, andR is the stator resistance.

The measurement resudt one rotor position is shown fRigure2.4. As can be seen,
with the shorperiod voltage pulsehe phase current can reach 160BYy using the equa-
tion (2.1), the flux linkage at the positiathwith respect to the current ranging from 0 to
160 A can beobtained Afterward by repeating the tests for all positsadinom O to 22.5
mechanical degre€0 to 180 electrical degrees), the fllimkage characteristic of the SRM
can bederived as shown irFigure2.5. The dher characteristirom 22.5degrees tal5
degreegsan beobtaineddue to thesymmety. Without specific mention, the rotor position
is expressed in mechanical in the thdsis. worth noting that the rotor of the SRM should
be clamped by clamping tools during the tests to atteedrotor roating caused by the

pulse injection

60

40f
20}

Voltage (V)

-20
200
150f

100f

Current (A)

50T

Time (10ms/div)

Figure2.4 Phase voltage and current in the voltpgése test.
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Figure2.5 Flux-linkage characteristic of the SRM.

After obtaining the fluxinkage characteristic, the torque characteristic can be calcu-
latedby therate of change imagnetic ceenergyW with the rotor positiorf [6]. The co
energy of the SRM atifferent rotor positions are illustrated in Big2.6. The instantane-

ous torque derivation at a given phase expressed i(2.2).

v

(a) (b)
Figure2.6 Co-energy of the SRM at different rotor positions.d&) (b) ds.
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As long as the position interva¢tweerda andds is snall enough, the electromagnetic
torque at each rotor positiand each phase currerdn be derived accurately based on

(2.2). As a result, lte derived torque characteristic is shown in Figure 2.

50

Current

25T .
increases

Torque (NIm)
o

NS
3y

-50

0 22.5 45
Position ()

Figure2.7 Torquecharacteristic of the SRM.

The mathematianodel of the SRM can be formulatading the measured magnetic
characteristics. The voltage equation give(RiB) can be expanded by taking the magnetic

saturation antback electrorative force (backEMF) into account.

u=Ri % (2.3)

Substituting the relationship between the flux linkagend the selbtator inductance

L, expressed by
/(q)=L( .giC (2.4)
into the voltge equation gives:

15
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o i
u=Ri (g, |)dt & (2.5)
where
Loe (041) =L( 4) '“Lfﬂ‘.’") (26)
€nf = iWM, 2.7)
Mg

the Linc is theincremental inductancens is thebackEMF, andy is the rotor speed.
With neglection of magnetic saturatistatorinductance is indemelent of the pase

current Thus,the electromagnetic torque of the SRM can be expressed analytically by

Te(g,1) :%d:—gl)iz. (2.8)

Considering the magnetic saturation, analytical torque expression is challenging. In-

stead, the torque characteristic lookup table camsbd fortorquecalculation

2.2 Literature Review of Position-Sensorless Cotrol of

SRM Drives

Positionsensorless control of the SRM drigea hot spot in academia and indusioe to

its advantages of low costs and sensor faldtrance control capabilitfrhe doubly salient
structuremakes thdlux linkage and stator induatae of the SRMyeingpositionrelated
functions. The rotor position can be estimated from the magnetic quantities calculated by
terminal voltage and current measurements. In the last decades, tremendousgmsition

sorlesscontrol schemedor SRM drives were proposed coveringstandstilloperationto

16
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high speeds.

According to the available speed region, major posi@nsorless control techniques
can be roughly categorized into higheed estimation schemes and-kpeed estimation
schemes, aggsented in Figre 1. High-speed sensorless control is realized by monitoring
the motor states during phase excitation periods. Flux linkage or inductance can be obtained
from the SRM model during phase conduction periods. The acquisition of magnetic char-
acteristics possesses a highgratto-noise ratio (SNR) due to the large back
electromagnetic force (badkMF) at high speed, thereby ensuring accurate position esti-
mation. With a decreasing rotor speed, the low HadE is not able to guarantee precise
flux linkage and inductance calation in a noisy environment. Alternatively, by means of
additional highfrequency pulse voltage injection into idle phases, the magnetic quantities
are observable, making the sensorless control feasible at zero and Ide: spee

This section aims to prasea comprehensive review of the statehe-art solutions for
positionsensorless control of SRM drives. A schematic overview, performance evaluation,

andexisting challenges will be analyzed.

2.2.1 Low-Speed PositiorSensorless Gntrol

Low-speed positioigsengrless control is realized by injecting hifflequency pulse voltages

into the idlephase stator. Figure 2present a general control diagram of {speed
sensorless control methods of ldfphase SRM. A speed regulator works as an outer loop
controller al generates torque reference. A torque control scheme can be adopted to

maximize toque output, reducetorque ripples, and give currentcommands.The torque

17
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Figure2.8 Classification of positiorsensorless control of SRM drives. (@w-speed
positionsensorless control. (b) Higgpeed positiorsensorless control.
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Figure2.9 Overall block diagram of a lowwpeed positiorsensorless SRM drive.

cortrol is optional but often requiredfor high-performanceSRM drives. The reference
current is then tracked by the current controllers in all phades.pulse voltage with
adjustable magnitudes and duty cyciesnjected into idle phases by modifying the gate
commandg” andinduces high-frequency currentdhe currenvibrationcan be measured for
inductanceor flux linkagecalculationat low speed, includinthe standstill The estimated
magnetic information can be used for position and speed estimation otipgetiie phase
commutation instantdVith a short period of pulse injection, the induced currents in idle
phasess low andcan keep the magnetic field unsaturafalis, the stator inductance in idle
phases are unsaturated amdependent of loadonditions facilitating position estimation
via inductance detection.

Given the superiority, many research works on-ép&ed sensorless control have been
conducted in litettaire. This section classifies the lspeed techniques into direct sensorless
driving methods, magnetgarametefree position estimation methods, and magnetic

parametebased position estimation methods.
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2.2.1.1 Direct Sensorless Driving Methods

For highspeed 8M drive systems, such as compressors and fans, starting stage sensorless
control is temporary and does not require high dynamic performance. Direct sensorless
driving methods are straightforward for sensorless starting cprfirfil0]. These techniques

do not estimie the exact rotor position; instead, the dspeed operation is achieved by
selecting the optimal driving phase for torque production and the injection phpssifam
estmation.

A representative method proposedhinjects highfrequency voltage pulses into all
phases, and the magnitudes of induced currents are compared. According to the current
magnitude order, the phase inductarover one electrical cycle is divided into several
sectors. The phase locatddlge inductance rising region, which gives a positive torque, is
selected as the initial driving phase at the standstill. This scheme is feasible for all
conventional SRMs, Ut it cannot support sensorless control in rotating conditior8] lia
doublecurrentthresholds solution based on iglbase pulsenjection was analyzed to
control the SRM atero andow speed. As illustrated irigure2.10, a low current threshald
locatedaround the aligned positioth, is used to determine the idle phases for position
sensing, and a high current threshold arotedimalignedpositiond, works for conduction
phase selection. The approach does not neeghadle pulse injectiomuring normal
operationand is able t@ontol the SRMat both zero and low speeds. An alternative direct
driving method using one currehiréshold for the fouquadrant operation was proposed in
[9]. The current threshold is predefined bylkalsition sensors and is used to determine the

phase commutation instant. Furthermore, the thredteddd method was extended to

20
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enhance the phase fatdlerant control capability if10], adoping a current ireshold in
idle-phase periods and a flux linkage threshold for conduction phlepbasefault driving

conditions

High threshold

Low threshold

d, da d,

Figure2.10 Induced current under pulse voltage injectiorhwiarying positions.

The direct sensorless control methods are simple for implementation and are motor
parameteindependent, but a common drawback is that these schemes cannot estimate the
rotor position.The phase commutation is fixed in various opegatonditions Accurae
current and torque control, which requires 4téak rotor position feedback, would be

infeasible.

2.2.1.2 Magnetic-Parameter-Free Position Estimation

Accurate position estimation is indispensable in fghformance SRM drives to regulate
the rotor speegbha® currentand output torqueptimally. Stator inductance calculated from
the highfrequency induced current carries rotor position information, which can be used for
position estimation. With the same advantage as the direct dmétigpds that do not ed
machine magnetic characteristics, magreliaracteristidree position estimation schemes

are potential solutions for loapeed sensorless operatjhh]i [18].
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A. Single Position Estimation

The first category of moddtee position estimation methods was adopted to estimate a single
rotor position of the SRM. Initial rotor position estimation belongs to the single position
estimation as it is enabled at the starting stage only. Linear regressition estimation
methods using quadratic polynomial and Txpexponent were proposed [ibhl] and[12]

for initial position estimation, respectively. The schemes adopt general inductance models to
identify an approximated inductanpesition relationship. Injecting voltagoulses in all
phases is able to obtain the regression coefficients3]nanother initial position estimation
method using bootstrap circuits was proposed. The inductance is calculated byingpnito
the charging time to the peak current value in the bootstrap circuit, and the rotor position can
be estimated through a linear inductance maidigtie that the linear regression and bootstrap
approaches can only estimate an initial position and arailaide for sensorless control in
driving conditions.

To realize position estimation during lespeed operation, the aligned position,
reflecting a critical position at which the stator pole and the rotor pole overlap, can be detected
with the independemocof magnetic characteristics. One approach is to estimate the phase
inductance intersection poift4], [15]. The twoephase intersection corresponds to the
aligned positioror the unaligned positiom the remaining phase. Repeating the intersection
detection for all phases in sequence, the detéetddrepositions could be used to estimate
full-cycle rotor position over an electrical cycle. Compared to the conventional pulse
injection that only calculates the phase inductance in idle phases, the approaches-need full

cycle inductance information, which can be obtained from both the idle phase and the
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conduction phase. A typical way to calculate the condugti@se inductance io measure

the current ripples caused by the current hysteresis cdttpl However, it causes a
limitation that the inductance acquisition is affected by magneticagatyrwhich may lead

to deviation in aligned position detection under load conditions. Moreover, since the rotor
position detection is only available afritical position, the instants of position estimation
are discontinuous. Thus, the inductance inttige detection methods are unavailable at the
standstill and require initial position estimation discussed early.

B. Full-Cycle Position Estimation

Different from the single position estimation that obtains limited position information,
continuous positiorstimation methods without SRM magnetic parameters are capable of
offering higher estimation accurafd6]i [18]. A general diagram of the fullycle position
estimation at low speed is presentedigure2.11. The core idea of the fullycle position
estimation is to assume a sinusoidal inductance characteristic of the ARphase
inductances calculated from the current variation are transformed by Clark transformation.
This coordinate transformation can project the inductor vectorgarhogonal coordinate
system, which derivesin-cos functions with the rotor positioAfterward, the rotor position

can be estimated by arctangent calculafidre idea simplifies thenodelingof the SRM,

and the position estimation procésss simm as welknown AC machines, i.ePMSMs

. e La r N (

la —p » I—U

. Ly »

Io —»| Full-cycle phas > Clark Arctangent
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Figure2.11 General diagram of fultycle position estimation methods at low speed.
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The first attempt of thg@hase inductance vector hetl was to estimate the initial
positionas analyzed i16]. Same as the aforementioned current magnitude comparison
scheme for direct sensorless driviffg, three idle phases are injected by voltagksesi
simultaneously to calculate the phase inductance at the stafdilinitial rotor position
canthen be calculated by coordinate transformation and arctangent functiongfiddod
research was proposed 18] for initial positionestimation with reduced interference caused
by modeling errors. Ifi17], the phase inductance vector scheme was extended to running
conditions. The fultycle phase inductance derived from both the idle and conduction phases
is used for position estimati. Notably, although existing research is focused on a three
phasemachine, the phase inductance vector method can be extended to multiphase SRM.

Moreover, the inductance calculation meth@doposed in17] and [18] utilize the
current variations under positive and negative injection periods as expresé2é).bit
cancels the ohmic resistance drop and ##dk in incremental inductance calculation. A
potential benefit is that the available speed range foe njksction methods can be expanded,
facilitating more accessible transition design with Fégeed pdson estimation methods
for full-speed sensorless control.

2U. .

Line(9) = G, _'“(’ji/qu (2.9)

where the subscript O6P6 and ONO dadugise t he
amplitude ofinjection voltage.
Although the phase inductamegector methods show advantages in continuous position

estimation and parameter independence, their accuracy suffers from the magnetic saturation
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effect since the inductance is assumed to be current independent in thesehapproac
Therefore, the phasednctance vector schemes|[ik6]i [18] are suitable for applications

with no loads or light loads. Improvements on such schemes can be achieved by involving
somea priori magnetic characteristic information, whicle arategorized in the followg

sections.

2.2.1.3 Magnetic-Parameter-BasedPosition Estimation

Magneticcharacteristidased position estimation methods are superior in estimation
accuracy at low speeds, which estimate the rotor position basegriamni knowledgeof the

SRM inductance or flix linkage characteristidmong the existing methods, the usage of
magnetic characteristics could be the complete magnetizing data, partial regions, or several
feature points. Regardless of the approatchesnagnetic charactstics need to be obtained

from either offline/online measurement or the FEA

A. Lookup TableSearching Methods

Searching prestored lookup tables of phase inductance is straightforward for position
estimation[19]i [24]. A general control diagram is presentedrigure2.12. The injection

phase can be first determined by comparing the magnitude orders of all phases, and then the
rotor position is estimated through tmeluctancepositionrcurrent lookup tablg¢l9], [20].

The position estimation accuracy is directly associated with the inductance calculation. For
more accurate inductance acquisition, the measurement efrbiglency induced current

can be improved using a multiple current sampling method with onlineskgaate fitting

[21]. In [22], the authors proposed a numerical method to solve the initial position from an

optimization problem based on the FEA inductance characteristic. The numerical technique
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shows robustness to inductance parameter mismatch and thus enhances thenestimat

accuracy.

Ug, ia—»

Up, ib—>»] .
. | Phase inductang

Un, in >

Figure2.12 Control diagram of the lookup tak$earching method.

In aforementioned works, only the motoring conditions and standstill states are
considered. Accaling to the defined operating quadrant, two inductance lookup tables in the
inductance increasing and decreasing regions can be used for position estig®tion
Furthermore, an interesting hiftequency voltge injection method inspired by AC machine
sensorless control was analyzed2d]. Instead of injecting voltage |ses into idle phases
only as conventional approaches, a pulsating voltage is superimposed wvoltdgye
command uninterruptedly. The resultant higgguency current is extracted by highpass
filters, of which positive or negative current sequences contédr position information.

The prestored magnetic characteristics are used to adjust th®mpeoplitude according

to load conditions for accurate position estimation. The methda84inis an attempt to
employ mature sensorless control techniques in AC machines for SRM drives. Still, the
adverse effet of injected signals on torque ripples would be aggravated.

B. Inductance Model

For a concise sensorless SRM drive, storing complicated magnetic characteristics is not

attractive since it occupies large memory and requires more offline effort in parameter
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measurement. Some research works adopt inductance models for position estinsaiven
the storage memoif25]i [27]. Since the phase indance is distributed periodically with
respect to the rotor position, a genémductance model can be presented by a Fourier series

form, as expressed by:

L(@.)=L,0) +,0)sinN, g +) & _L OsikN, ¢,3) (210
whereLo(i), Li(i) and Lk(i) represent the DC inductance, the first inductance har@manic
amplitude (also known as the fundamental inductance), attidl ikductanceharmoni® s
amplitude respectivelylik denotes the phask: is the number of rotor poles. The Fourier
analysis of phase inductanoka threephase SRMat a given current idustratedin Figure

2.13.
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Figure2.13 Fourieranalysis of phase inductance at a given current.

On this basis, a simple inductance Fourier model considering the DC inductance and its
first harmonic was used [25] to estimate the rotor position through an arccosine function.

This model ignores other harmonic components and may result in a modeling mismatch. As
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an upgrade, theecondmductance harmonics can be considered in the inductance model, as
proposed irf26], of which model coefficients are fitted by polynomial current functions. In
[27], the second inductance harmonic model was also employed, while the optimal
inductance region was selected for moreusate psition estimation. In existing studies of
inductance Fourier models, the model with maximum secondary inductance harmonic can
offer good estimation accuracy.

C. Linear Inductance Region

Modelbased position estimation at low speed can be simpliffagsimg linear inductance
characteristicf28]i [32]. Themiddle region of the phase inductance has a linear relationship

with the rotor position in a constant current condition, as illustratEgyure2.14.

AL La Lg Lc

I's

Linear
region

Figure2.14 Linear regims in phase inductance profiles of a 12/8 SRM at a given current.

Simple offline testing can identify the linear inductance region of a tested machine, and
the position estimation is realized via a linear fittjag]. An improved work proposed in
[29] extends the linear region method to a nonideal case thidephase unbalance
i nductance, facilitating the methodébés avai
linear inductance region schemes are more suitable foadaand lighoad conditions, but

28



Ph.D. Thesis DianxunXiao McMaster- Electrical & Computer Engineering

the position estimation accuracy is distortecewthe SRM operates with a heavy load due

to the ignorance of magnetic saturation. The literd@0fproposed a modified approach to

ease the issue considering the inductance variation with magnetic saturation. The slope of the
linear inductancgosition elationship changes with the phase current, and the rotor position
estimation can be adjusted under various load level§31 the authors analyzed an
unsaturated inductance reconstrctmethod to obtain the unsaturated inductance from the
saturated incremental inductance under load conditions. The mapping between the two
inductances utilizes the seceadier polynomialwhich can be manually identified in a
commissioning process. Thebave methods[28]i[31] require fullcycle inductance
information in both the idiphase and the conduction phase. A simplified linear region
approab proposed ifi32] only considers the idiphase inductance. The linear regioridle

phases can cover the fa§cle rotor position estimation kaw speed, simplifying the offline

testing effort. The work also analyzes a variable pulse injection scheme to reduce the copper
losses and the torque ripples caused by induced currents.

D. FeaturePosition Estimation

Feature position estimation methods are concise foisjmed position estimation as only
partial inductance characteristics at one or several unique positions are used for sensorless
control[33]i [37]. These approaches do not requhe complete magnetic piteé and large
storage memory, suitable for lesost microcontrollers. A group of special position
estimation schemes adopts the same idea as the previous thleseulddirect driving
methods, which use several current thoddd to judge the phase comtation instants. In

contrast, the rotor position can be estimated simultaneously.
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In [33], the highfrequency induced current is extracted using lowpass filters from the
sampled currents, and three current thresholds, located at the lower inductance intersection
points, are given. When the idfhase current reaches the preset thresholds, the phase
commutation happens, and the rotor position at the intersection point can be recorded.
Different from the modeiree inductance intersection detection approaghés [15], the
method in[33] estimates the rotor position only in idle phases, which is possible for
sensorless control with the load. |84], a modified doubkeurrentthreshold method,
upgraded from the prewis work in[8], was proposed. The approach determines phase
commutation instants by the two thresholds as the meth@pand simultaneously estimates
the rotor position according to the inductance characteristic at the selected current thresholds.
Similar ideas were agbted in singlecurrentthredold schemes ifid5], [36], which can
estimate the rotor position and obtain the phase adation signals by compariniipe
current threshold and the induced hfgdguency current. In addition to the threshold
techniques, the research worl{&7] utilizes feature flux linkage characteristics at 7.5°and
157 dividing one electrical cycle into several sectors. The injection phase and the driving
phase an be determined by comparitite induced higtirequency flux linkage with the
prestored feature flux data. The two feature positions can then be recorded for estimation.

In these feature position estimation methods, only limited position points areedetect
over one electrical cycldt causes difficulty in initial position estimation and may require
additional motor starting strategies. Another potential problem is the reduced estimation
accuracy at an ultsdw speed, in which the undetected rotor positbetween two feature

positions is hard to predict. Whereas, when the rotor speed increases, the speed variation
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during the short detection interval could be ignored, and a simple linear fitting method is

available for continuous position estimation.

2.2.1.4 Comparison of the LowSpeed Posibn-Sensorless Control Methods

In short, an intuitive review and comparison of existing-&peed positiorsensorless control

schemes of SRM drives are summarized in Talde

Table2.2 Summary and Comparison of Le8peed SRM PositieBersorless Control

Strategies
Sensorless Initial Low-speed
Categories sensorless sensorless Advantages Disadvantages
methods
control control
Current Generalpurpose el\égnggzglg
Direct magnitude Yes No initial driving unavailability in
comparisorj7] phase detection . o
sensorless driving conditions
driving Thresholds . .
Robustnes in No position
based methods Yes Yes o ” e
(8] [10] driving conditions estimation
Yes No ; ;
. .. B \ Discontinuous
Single position  [11]i[13]  [11]i[13] Computatimal estimation&
Magnetic- esurpauon No Yes efficiency unavailability
arameter- [L11]7[15] with load
P " [14], [15]  [14], [19]
free position
estimation Full-cycle _ o
position Yes Yes Continuous Unavailability
estimation estimation with load
[16]i[18]
LOOKUDt"’.‘ble Straightforward Large storage
searching Yes Yes solution memor
[19]i [24] y
Reduced
M i Inductance Yes Yes Less storage estimation
agne 'C'_ model[25]i [27] memory
parameter accuracy
ba_sgad Linear Increased
p93|t|qn inductance Less offline o
estimation region Yes Yes measurement complexityin
(28] [32] saturaibn cases
FeeeltSL:ir:q;)t(i)osr:tlon No Yes Computaional Discontinuous
[33] [37] efficiency estimation
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Direct sensorless driving methods have more advantages in terms of generality and
simplicity. These schemes do not require magnetic parameters, and the sensorless control is
achieved by comparing the current magnitudewar thresholdd he technique tsabeen
the commonly adopted initial driving phase selection method for sensorless starting control.
However, the exact position estimation is unavailable in the approaches, thesdilg tw
adjust the phase commutatimstants and reakzaccuratéorque control. Therefore, direct
sensorless driving is more suitable for applications not requiring apkigbrmance low
speed operation.

For lowspeed position estimation, magngierametefree methods are attractive G
they are potentially feasiblerfgarious SRMs with different ratings and configurations. This
advantage is achieved by the general inductance models or feature position detection of the
stator pole and the rotor pole. These methods, however, relyassamption of magnetic
unsaturatia. Position estimation accuracy is degraded at load conditions, and even resulting
in an unstable sensorless control system. Despite these disadvantages, these solutions are still
available for lowpower SRM drives withight loads due to the simplicity.

Magnetieparametebased position estimation can offer more accurate position
estimation during various operating conditions. The rotor position is estimated from the
calculated inductance or flux linkage according tgifestored magnetic characteristitise
methods are able to achieve high dynamic performance in sensorless control and combine
with other advanced torque control schemes. Althoaigriori knowledge of magnetic
profiles is required, which leads to additiboffline measurement effort or BEimulation,

this category has good application prospects in commercial products.
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2.2.2 High-Speed PositiorSensorless Control

Pulse injection methods for legpeed sensorless control are often infeasible indpgled
operaton. The narroweidle-phase period would shorten the injection duration at a higher
speed, which leads to inaccurate position estimation in most pulse injection methods.
Moreover, the pulse injection causes additional power losses, torque ripples, astit acou
noises, thusot attractive for fullspeed sensorless operation. To this end,-$pgled
positionrsensorless control is of interest for SRM driviegieneral control diagram of high

speed positiosensorless SRM drive is presented in Figurd.2.1

A 4
Position and speed ( &) Flux linkage
imati — or inductanc
esfimaton L@.1) calculation

Figure2.15 Overall block diagram of a higépeed positiorsensorless SRM drive.

Through the literature, position estimation at high speed gains more attention than low
speed eghation in the research community. It is due to the fact that the electrical quantities,
including flux linkage and stator inductangebecome observable under fundamental
excitation conditions (i.e., in conduction phases) at high speed. Compared to-gpedow
method estimating the position from pulse injection only, more options are available for high

speed position estimatipmnd direct sensorless driving methods at high speed are not
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received much attentionThis section categories majbigh-speed posibn estimation
schemesn the literatureinto magnetigparametefree methods and magnepearameter

based methods.

2.2.2.1 Magnetic-Parameter-Free Position Estimation Methods

High-speed position estimation independent of magnetic charactefistilitates a mee
generalpurpose SRM drive. In existing research, gradm#ed methods attract much
attention. Other approaches proposed recently are also discussed.
A. Gradient Detection
Gradientbased methods utilize geometric features of SRMs for-$pgled position
sensorless control. The motoring operation of the SRM overlaps the rotor pole and the stator
pole from the unaligned position to the aligned position. The tendency of inductance variation
relates to the geometric change and is identicatdgular SRMs. Tis, monitoring the
geometric location can identify the reahe rotor position. On this basis, two magnetic
characteristidree methods are proposed, which are cugeadientbased methodg5],
[38]i [42] and inductancgradientbased methodg3]i [47].

Currentgradient detection was proposed38] for high-speed sensorless control. The
method is suitable for single pulse control, which regulates the phaseatdoy adjusting
phase commutation angles under a constant phase voltage. The phase current varies
nonlinearly with the relative position between the stator pole and the rotpapaiown in
Figure2.16. The currengradient approach detects the pphise current over a stroke, and
the zeregradient instant represents the stator pole and the rotor pole starting to [38jrlap

The zero currengradient instantlao denotes the beginning of the positive inductance region,
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in which a positive torque is generated. Therefore, the ctgradtent detection can
determine phase commutation foredit sensorless control, as mentionef88}. Moreover,

the rotor position is estimated by recording the critical position at thecaerent gradient.

The stator and rotopole arcs can be used to calculate the position value without using
comgicated magnetic characteristics. However, the current gradient detection is inaccurate
at the standstill and low speed due to the noisy current differential calculatjds], I%0],
additional lowspeed position estimation schemes were combined with the cgreshent

based method for fulkpeed sensorless operation. Furthermore, another concern of the
current gradient detection was raised4h] that the zerayradient position varies with the
magnéic saturation. Altering the turan angle and the rotor speed in singlésp control
changes the critical position value at high speed, thereby causing position estimation errors.
A solution is to use a prestored compensation lookup table to correstitnated position

[42]. Nevertheless, it involves additional offline measurement.

3L BLIS Stator pole Lo
i _ITI_ Rotor pole r

Aligned positio

urrent peak Inductance

Current

Figure2.16 Principle of gradient detection methods.
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In addition to the currergradientbasedmethods, an alternative scheme is to detect the
inductance gradient for position estimatipi3]i[47], as shown inFigure 2.16. The
maximum inductance occurs when #tator pole and the rotor pole are fully aligned, which
indicates a feature position at 180°electrical.[#3], the phase inductance was cédoed
from the flux linkage, and the inductance slope zgossing instant was detected for phase
commutation. A possible limitation is tiged commutation angles, thus not able to achieve
satisfactory speed and current control performance. The authdégl] modified the
inductancegradientbased scheme by estimating the rotor position from tgeealiposition
using a linear fitting method. The improved approach can estimate ttiereabtor position
and adjist the turron and turroff angles freely. The proposal #5] further analyzed the
erroneous gradient detection at the phase-darinstant.A joint detection scheme by
combining the transformer EMF and the motional EMF was proposed for robust aligned
posiion estimation. Compared with the currgmadientbased method, the modified
inductancegradient technigue can reduce the sensitivity toeoii noises to some extent.
Due to the simple implementation and magnretiaracteristic independence, the inductan
gradient scheme was applied to other purposes, such amfexdhce contrdd6] and direct
torque contro[47].

In general, gradient detectitmased strategies are excellent in their good universality and
are potential candidates for commercial SRM drividse gradient calculation, however,
raises sensitivity issues to current noises. Although improved reseatobemggroposed to
mitigate the problem, the current noise issue still needs to be considered seriously. For this

reason, gradient detection sofes are more suitable for the single pulse control that regulates
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smooth phase current. Other current regulat@thods, such as puisedth modulation,
current hysteresis control, and model predictive control, cause large current ripples and
challenge th position estimation accuracy in variable operating conditions. In addition,
gradientbased methods estimate deature position only, which may reduce the estimation
accuracy in speed transient states.

B. Other Solutions

Besides the gradiefitased sensa@$s control, several magneticaracteristidree position
estimation methods at high speed were proposed lidrature.

In [48], the authors estimated the rotor position by detecting thesécteon point of
phase inductances in conduction phases. The upper inductance intersection indicates the rotor
position at 120°electrical, with can be used for feature position estimation and speed
calculation. For an advanced twoff angle, the uppeinductance intersection would
disappear. Thus, a direct sensorless driving scheme based on-phtseenductance
comparison can be adopted this case. The measure is similar to -Epeed methods
proposed irfj14], [15], but the inductance is calculated in conduction phases instead of idle
phases. However, they seifffrom the same drawback that the estimation accuracy reduces
under magnetic saturation conditions.

The abovessue can be mitigated using a phase overlapped region method proposed in
[49]. The approach assumes a fostler Fourier inductance model composed of a DC bias
and a fundamentditequency inductance. Unknown inductance coefficients, including the
DC value and the inductance magnitude, are solved online via two independetdnod

eguations when two phases overlap. Rotor position information can then be extracted without
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prestored indctance characteristics. As an improvement, the technique does not require
gradient calculation and the assumption of magnetic unsaturatoebyhrobust to current
ripples and load changes. The analyses on parameter uncertainty validate that theamethod
less sensitivity to resistance mismatch and uncertain semiconductor conduction voltages.
Still, since inductance harmonics are neglectedha proposed inductance model, the
remaining impacts on position estimation need to be investigated. Likestheysrmethods,

the sensorless control schem@lig] also estimates onmetor position in a stroke. Additional
assumption of a constant rotor speed over one electrical cycle is defprireontinuous

position estimation by linear polynomial fitting.

2.2.2.2 Magnetic-Parameter-Based Position Estimation Methods

High-speed positiosersorless control based on magnetic characteristics is more
straightforward since flux linkage and stator inductarare directly positionelated
functions. The type of techniques requimgsiori knowledge of the SRM. In literature, many
research works va been conducted in magnegbarametebased position estimation due to
its excellent control performance.
A. Lookup TableSearching Methods
Searching prestored magnetic lookup tables istraightbrward solution for position
estimation when flux linkage amductance is known.

A representative work proposed[B0] utilized the calculated flux linkage foogition
estimation via a prestored thrdenensional positiorturrentflux lookup table. The rotor
position can be found in a ot@one relationship between the flux linkage and the rotor

position at a given current. Since the rate of flux variation véagpect to the position change
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is lower around the unaligned position and the aligned position, searching lookup tables
cannot ensure accurate rotor position in these regions. A typical way renggahigh
accuracy over one electrical period is to coral@t phases for estimati@®il]. The one with

the largest slope of the flux linkagesslected as the sensing phase. However, as reported in
[50], the flux linkage integration is sensitiseemeasurement offsets and parameter mismatch.
Thus, a newliix linkage calculation method based on the-Bitchingharmonic currents

and voltages was propos¢d?]. The approach avoids pure integration and parameter
sensitivity issues, thereby improving the position estimation precision. Besides searching
prestored thredimensional data, the data size can be reduced using an approximate
inductance model in wbi the dimension is reduced to ty&8]. The simple implementation

of such techniques also facilitates a hpmgrformance sensorless drive system using
advanced torgue control schen@4).

In lookuptablebased position estimation methods, mutual couplings between adjacent
phases are often neglected. Hoerewhen the two phases are excited simultaneously, the
mutual quantities are nonnegligible and result in position estimation errors when searching
prestored lookup tables, especially in load conditi®@eeral works were conducted to
mitigate the mutuatougding issue in higkspeed position estimation. A general block
diagram is presented in Figure 2.1

Early research on mutual couplings in sensorless drives was prop¢sépand[56].

The methods measure the mutual flux linkage characteristic offline and store it as a
compensation block to correct the dalik linkage calculation. In57], the proposal

calculded the mutualinductancefrom the inducedvoltagein an adjacentphaseandthen
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Figure2.17 General block diagram of the lookup taskearching method with mutual
couplingmitigation.

estimated the rotor position from a mutual inductgpasitioncurrent lookup table.
Although these approaches[bb]i [57] can effectively solve the mutual coupling impact,
the additional offline measurement for mutual couplings is required, increasing workload and
aggravating parameter sensitivity. To simplify the estimation procedure, improved research
has been proposddr position estimation withowt priori knowledge of mutual couplings
[58]i [60]. The literature 58] analyzed the selhductance calculation error when two
phase conducts. This method divides three operating modes in the current hysteresis control,
dependent on current variation polarities in two overlaggedes. The mutual coupling
influence does not exist in a particular working mode. On this basis, a variable bandwidth
current hysteresis control scheme is proposed to ensure the same working mode during the
phase inductance calculation. Follow [§8], a modified solution further considering
magnetic saturation was proposefb®]. Another scheme withousing mutualinductance
information depends on the inductance difference between two overlapped phases for

sensorless contr{0].
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It is worth noting that although mutual coupling characteristics are not required in the
schemeg58]i [60], selfinductanceor seltflux linkage characteristics are still needed for
postion estimation.

B. PositionObservers

Position observers are turned out to be excellent approaches for sensorless control of AC
motor drives[61]i [70] and also attract increasing attention in SRM position estmati
Although the traditioal lookuptablebased methods deliver a direct measure for position
estimation, several nonideal distortions, such as the current and voltage sampling noises,
parameter uncertainty, and eddy current, would harm the estimatiorm@ccBeing
different, stée observers estimate the rotor position and speed indirectly and provide
desirable filtering capability.

A typical control diagram of position observers is illustrated-igure 2.18. Most
position observers adoptséandard predicticoorrection structte. Given a general high

order dynamic system:

estimator

i
1
SRM current i Position L;
P — ) ——>
model ! estimator |
: :
5 . S
i . =
E Speed ' LEI
: estimator | !
| i
| !
Correction : Disturbance | ;
i :
i

Prediction —h:_

Figure2.18 Control diagram of SRM position observers.
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x=1(x) B(x)u d (211
wherex=[x1, X2, € Xn] represents tha-th order system state vectéx) andb(x) are two
smooth nonlinear functions of the system stdtdenotes uncertain disturbance, and
the control input.

The state observer can be designed as

£= (B HbBu &( xI (212
W Correction

whereDx. =« Kk is the prediction error, ar@n(-) is a series of nonlinear estimators.
The state observer estimates the system statgsconverging a prediction err@x,
between a measurable stageand its predictiork. In SRM position estimation, the state
% is often selected as the phase curbenti. Thenonlinear functiorf(x) andb(x), as well
as control inputl, can be determined by SRM models. As showkigare2.18, the position
observer adopts an SRddrrentmodel to predict the currelﬁ and the estimator converges
the curent prediction errobDi . Other systm states, such as the rotor posiuﬁrthe rotor

speed¥, and disturbanc@, can then be estimateHor a reduced ordesstimator, the
disturbance estimation can be removed, and only the rotor position and speed are estimated.
The estimator selection determines the observer performance, including filtering capability,
parameter adaptation, and dynamiéxisting position observers can be categorized
according to the estimator types.

Sliding-mode control is the most popular variabteucture scheme in SRM observer
design[71]i [79] due tothe remarkable dynamic performandée slidingmodeobserver

(SMO) utilizes highgain nonlinear controllers, often selected as sign functions, to force the
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estimation error to reach a predefined slieingde surface. FinitBme convergence and low
steadystate errors of the SM@ualntee accurate positi@nd speed estimation. A typical
design of a secororder SMO was analyzed[inl]. The observer adoptsacondary Fourier
inverse inductance model as the current predictor. Two correctors using nonlinear sign
functions estimate the rotor position and speed based on the mechanical dynamic model.
Stability and parameter design condiScere obtained throughe Lyapunov stabilization
theorem. The parameter tuning of the SMO is a tddfibetween filtering capability and
transient performance, thereby more robust for sensorless operation in a noisy environment
compared with lookup tableased methods. Thispg of SMO observers was recently
applied in broad applications, such as switched reluctance gengralasd photovoltaic
powered SRM pump systerfi&3]. In other developed SMOs, the basic structures keep the
sameput the selection of h'SRM model is various, such as using an analytic nonlinear flux
model proposed by Spong [#4] for current predictiorf75], [76], or direct searching an
inverse inductance lookup tabJé7]. As a weltknown drawback, the SMO leads to
chatering problems in estiation due to the nonlinear switching function. Lowpass filters
are often required for smooth estimation, but the introduced phase delay limits the dynamic
performance significantly. A solution for chattering reduction is to selestnaother
switching cotroller, such as hyperbolic tangent functionf/i]. However, the convergence

rate and steadstate errors would be deteriorated and need to be investigated. Notably,
although the SMO is robust to noises, the method idistited to ultralow speed control

since the tradeff parameter design becomes infeasible with significant errors in flux

linkage/inductance calculation, as presentdd
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Linear position observers are alternatives for tegbed position estimation, using kme
gains in observer crection [80]i[82]. The linear obsemr sacrifices the dynam
performance in exchange for a simple structure and easily adjustable parameters. Unless the
SMO of which parameter tuning is dependent on operating conditions, the linear observers
often adopt a universal parameter design schdawdjtating a more s#ightforward
implementation. An example linear position observer was discusg48@]i The observer
frame is similar to the SMO, but the tunable linear observer gains replace the nonlinear
switching functions. The absence of discontinuous controllers ensures a smoother
convergence procegbereby not sufferinfjom the chattering problem. [&1], a lineargain
observer was designed, which obtains the position error signal from the relative change of
the phase current with respect to the flux linkage. The linear gains are no longer tunable but
calculated from the magnetic characteristics. apigroach simplifies thparameter design
process, but the fixed gain results in a fixed bandwidth, thus losing the flexibility to adapt to
variation in working conditions. Another effective solution of the linear position observer is
based on ¢hird-orde PLL [82]. The PLL was initially used in gridonnected applications
for grid synchronization, but its phase estimation capability coincides with the position
estimationFigure2.19 presents the controlatjram of the PLibased position observer. The
estimation error between the calculated flux linkage and the estimated flux linkage can be
converted into a position error signal based on the magnetic characteristics.-érdbird
PLL then converges the ptien error and calculates the rotor speed and position. Over other
position observers, the Pthased solution avoids complicated calculation and has a simple

parameter design based on pole placement. Many advanced PLL schemdseda
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proposed irPMSM drives[61]i [63], while the research on the SRM is still limited and has

spaces to explore.

u Flux linkage
i calculation

l(

/s > &

Figure2.19 Structure of the PLibased position observer.

Other position observer structures, such as model reference adaptive systems (MRAS)
and Kalman filters (KF), weralsodiscussed in the literatu[83]i [87]. The MRAS adopts
mathematical models of the SRM to compare the existing system. The difference between
the measured value and the reference quantity, often set as phase currents, can force the
position and spekestimation to converge. MRARBased position estimators often employ
proportionalintegral (PI) controllers for error convergence, and successful applications were
proposed irj83] and[84] for vectorcontrolled SRM drives with speed sensorless capability.
The convergence performance of the MRAS highly relies on the PI controller design. Due to
the presence of SRM modeling nonlinearity, analytical parameter tuning is troublesome in
the MRAS schemes. As another dominant observer design tool, KF and its nonlinear version
extended Kalman filters (EKF) are known as optimal estimators to eliminate uncertain
Gaussian noises. It offers remarkable filtering capability of measurement noises and

modeling uncertainties in position estimation. An example of a KF was preserj&s],im
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which the KF was directly used as a cascaded filter for position and speed estimation. The
applications of EKFs can be found[B6] and[87], which adopted the nonlinear voltage
model and the mechanical model to construct an EKF estimator for rotor position and speed.
The firstorder Taylor aproximation handles the nonlinearity in mathematic modeling in the
EKF. Still, shortcomings of the EKF need to be overcome in practical applications, including
the high computational burden, reduced linearization accuracy atigllraspeeds, and
complicated parameter testing.

C. Intelligent Schemes

Magneticcharacteristidased position estimation methods, such as lotdolpbased
methods and position observers, require prestored magnetizing data in the microcontroller.
However, a large size dhreedimersional data occupies significant memory storage.
Therefore, intelligent fitting algorithms are proposed to redefine the nonlinear magnetic
characteristics of the SRM by an inuttput relationship. Magnetic characteristic profiles

are replacedly the intdigent mechanisms with reduced consumptions of memory resources.
Although magnetic data is no longer needed intiegd position estimation, it is usually

used as a training data set generator in offline mechanism design. For online mechanism
training, aspecific SRM needs to be tested multiple times to obtain operational status data
The data acquisition for the intelligent schemes still needs additional measurement effort for
a tested machine, whichssgnilar to the offline magnetizing progig measurment process

for magnetiecharacteristidbased techniqgue€onsequently, this review article categorizes

the intelligent schemes as magngarametebased methodss well The major intelligent

schemes can be divided into fuzzy lo@8]i [90] ard neural networké\NN) [91]i[97]. The
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block diagrams are given Figure2.20.

Flux linkage
calculation

Flux linkage
calculation

(b)
Figure2.20 Position estimatiomsingintelligent algorithms. (a) Fuzzy logi¢b) NN.

An early fuzzy logiebased position estimation method was propos@@Bil) aimng to
reduce storage memory usage and enhance the robustness to disturbances. Fuzzy rules are
trained by static flux linkage curves reflecting the magnetizing characteristics and dynamic
terminal voltage and cumé measurements containing réate operéing conditions. The
defined fuzzy logic is adopted to replace the complicated magnetizing profiles, facilitating a
compact control system with less storage requirement. The fuzzification is also feasible to
simplify a nonlinear flux linkage model sincedbes not require analytical equations and
interpolationd89]. As reported if90], the fuzzy logic can offer better filtering capability to
nonideal distortions, including measurement errors and noises, parameter variation, and
integrationdeviation, over the lookufablebased methods. Although the fuzzy lebased

approaches achieve several advantages, the main challenge is the conaglgigteal fuzzy
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rules in which numerous fuzzy sectors need to be deternfimeshtisfactory estimatn
performance.

With reduced complexityNNs have become the mainstream in intelligent algorthm
based positioisensorless control. A bagkopagation NNbased estimation method was
proposed iM91] to construct an efficient mapping between the electrical input quantities,
such as flux linkage and current, and the output mechanical rotor position. The NN was
trained by the data set generated from the complete magmatcteristics offline, but fewer
computational resources are required. The reseaf@Blintilized backpropagation learning
rules in a neurduzzy mechanism, validating that the NN is able to simplify the logic design
of conventional fuzzification methods. In comparative resef@8h Paranmasivamet al
compared the two position estimators using an adaptive gz inference system
(ANFIS) and NNs. The results validate that the NN consumes less computational resources
than the ANFIS. To further simplify the algorithm implementation, mesearch was
focused on the complexity reduction of N[&H]i[97]. The literaturd94] established an
NN-based mapping between the saturated inductance and the unsaturated inductance to
commutate a switched reluctance generator. A-leastasquare method was embedded in
inductane acquisition to reduce the number of neurons and the processing tii9g], lan
improved backpropagatiorbased NN combining a pretreated third input with inductance
curve fitting was put forward. Validations show that the method can achieve approximately
onequarte processing reduction compared to conventional NN structur®g]lra minimal
NN without neurons in the hidden layer was analyzed to reduce the computational burden for

a specific twephase SRM. The technique is able to operate in et microcontroller,
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but the reduction of hidden layers would affect the estimation accuracy. The research
proposed if96] compared two NNs, baghropagation NN and radial basis function NN, as
well as numerical dwer selections, in terms of convergence rate and storage memory. The
optimal choice of NN structures and numerical solvers can facilitate an accurate estimation
system with lower computational burden.

In these studies, intelligent algorithms effectivedieve storage spaces in position
estimation and are potential solutions for commercial SRM drives. The estimation accuracy
can also be improved due to the robustness of sampling noises and parameter uncertainties.
However, intelligent schemes require numes training sets, including static magnetic
characteristics and data acquisition from eak testing. Consequently, a predesign
procedure is inevitable.

D. Feature Position Estimation Methods

Different from the previous position estimation methods th#tmate fullcycle rotor
position, the feature position estimation method is an alternative soj@8{104]. The
technique only estimates partial positions in one electrical cycle but requires less flux linkage
or inductance profiles. Hence, the feature posiéstimation has advantages in reducing
storage space and offirmeasurement effort.

The first feature position estimation concept was proposdé8in As presented in
Figure2.21, the method sets a flux linkagerrent curve at a critical position as the reference.
When the reatime calculated flux linkage intersects the reference cuhee particular
position can be recorded as a position estin@epared with other magnef@rameter

based methods, this approach only needs the flux linkage information at one position. The

49



Ph.D. Thesis DianxunXiao McMaster- Electrical & Computer Engineering

research if99] propcsed a similar idea to estimate the critical position by meagtine
difference between actual flux and reference flux. Instead of monitoring the curve
intersection, the flux linkage difference is converted into a position error and then added to
the refeence position as a correction term. Recent sensorless aoetiadds discussed in
[100] and[101] utilized more feature flux curves at different positions, suchasnaligned
position, the aligned position, and the central position. These special flux linkage
characteristics can be obtained through an online tdyglaacing measurement method
proposd in [102] without clamping tools andffline testing. The flux linkage characteristic

at arbitrarypositions can be deduced with a secondary Fourier model to determine the phase
commutation instants. [A03], the feature position estimation method was further developed
in a switched reluctance generator. The critical positiorbeagstimated by comparing the
current raising time in a chopy period with its reference value. Another method using a
linear flux linkage region was proposed1®4], which can be featured by two flux values

at endpoints. This method also requires lass lthkage knowledge, and the rotor position

can be estimated/binear regression.
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Figure2.21 Position estimation using feature flux linkage.
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Although the abovdeature position estimation methods do not require complete
magnetic chacteristics, the position estimation is discontinuous since only one or partial
position can be detected in every electrical cycle. The feature position estimation works a
discrete HH& position sensor that has limited position detection resolution. Tinatisn is
the same as gradiebased methods. The estimation accuracy may be aggravated under fast

speed variations or at a lower speed.

2.2.2.3 Comparison of the High-Speed PositiorSensoress Control Methods

For intuitive review, the major higépeed positionstimation methods are compared and
summarized in Table.2

From the view of universality, magnetibaracteristiendependent methods are
preferable since noffline measurement and FEA are needed. Due to the advantage, a
potential application is the geralpurpose SRM drive in which positiesensorless control
is indispensable, as is the case with other commercialized AC motor drives. Among the
existing research, gdient detection methods are gained much attention due to the simple
implementation. Howeer, the sensitivity to current noises and ripples challenge the
met hodds robustness in industrial applicati
The inducance intersection detection and the phase overlapped-tegged techniques are
less sesitive to noises. Notably, the latter one further considers modeling uncertainties in
inductance calculation, achieving higher estimation accuracy. As a common dcawbac
existing magnetiparametefree techniques estimate the rotor position discontinuoDsle
rotor position information is obtained over one electrical cyidie.estimation accuracy may

decrease when the rotor speed is low and changes suddenly.
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Table2.3 Summary and Comparison of Hipeed 8M PositionSensorless Control

Strategies
. Sensorless Noise Computational .
Categories methods sensitivity burden Advantages Disadvantages
Sensitivity to
Gradient detection High Low Simple noises&
[29], [32]-[41] 9 implementation discontinuous
Magnetic- estimation
parameter- Unavailability
free Inductance . Simple with load &
position intersectior{48] Medium Low implementation discontinuous
estimation estimation
Robustnessto .. .
Phase overlapped . . Discontinuous
. Low Medium modeling S
region[49] L estimation
uncerainties
Lookup table . Straightforward Large storage
searching50]i [54] Medium Low solution memory
Lookup table
searching with muial di di Muulj.al Large storage
; coupling elimination Medium Medium coupiing memory
Magnetic- b mitigation
parameter- [55]i [60]
ba_sgd Position observers Low Medium Robustnessto ~ Parameter
position [71]-[87] noises tuning
estimation
Intelligent schemes . Reduced storec  Numerous
" Low High . -
[88]i[97] data size training sets
Feature position Medium Low Less storage  Discontinuous

estimation98]i [104]

memory

estimation

High-speed position estimation can be simplified by magnetic characteristics, the same
case as the lowpeed schemeSearching prestored magnetizing lookup tables for position
estimation is the mogstraightforward. It also facilitates extended research in eliminating
mutual coupling effects on estimation, which are ignored in most methods but cause
estimation errors. blvever, these approaches do not offer the filtering capabtlitpay
challenge th robustness in practical applications, in which the external interference is
uncertain. Position observers are good candidates for robust sensorless SRM drives.

Feedback aairol in position observers provide additional tradieopportunity between
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noisesuppression and dynamic performance, and thus sensorless control can operate in a
noisy condition.

The main concern of lookup table techniques and position observerdentibed for
large storage memory for magnetizing data, which may limit the implatreanin a low
cost microcontroller. In shrinking data usage, intelligent algorithms map the nonlinear
characteristics into learning mechanisms with less memory requirefienimethods are
also potentially adaptive for various SRMs due to the learnipghbalety, but the training set
acquisitions are difficult for industrial SRM drives. Currently, intelligent schemes are limited
to a specific machine. The other strategistseating feature positions are more feasible
solutions at high speed. The limitati is the same as magngbarametefree methods,
which is the discontinuous position estimation and has reduced accuracy at transient states

and lower speeds.

2.2.3 Wide-Speed Range PositionSensorless Control

Positionsensorless control methods discussed early are feasible for a specific speed region,
either low speed or high speed. For wiieed range sensorless control, several techniques
were proposed in the literature bynebining both the lovspeed methodnd the higkspeed

method A general control diagram is presentedrigure2.22.

| =0 — >

A

Low-speed Fusion High-speed

sensorless function sensorless
controller Cﬁ controller

Figure2.22 General control diagram of wiespeed rangposition-sensorless control.
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A solutionfor wide-speed range operati@to adoptdirect sensorless driving schemes
at full speeds, where the phase commutation instants are determined by predefined current
threshold and gradient detectipfi/]. However, the approach does not obtain the rotor
position. For fullspeed position estimation, the authors[25] adopted two position
estimators in each speed region and designed a hysteresis controller to switch the two
schemes. The switching area is selected around a medium speed in which both position
estimators offer good accuracy. Sirthe two approaches estimate the position in different
manners, the algorithm fusion of lespeed methods and higpeed methods is easy to
realize.

The main challenge of widgpeed range sensorless control is the -Guadrant
operation capability. Exisig schemes often consider position estimation in the first
guadrant, namely in the motoring mode with a positive speed. Under the quadrant change,
position estimation logic needs to be modified to adapt the variable phase commutation
angles and speed ditems[105]. Several techniques were found in therditare regarding
the fourquadrant position estimation. The proposd¥Bj adjusted the sign of slidirgnode
gains in motoring and generating modes to guarantee stabilif9],la speed reversible
operation was achieved using a predefined current threshold. These nigfhlg@ need
specific designs for ultrbbow operation, but the presented estimation accuracy is limited.
Lookup tablebased methods are capable ofdgpeed operation and can be modified infour
guadrant ontrol [23]. The prestored lookup tables need to be adjusted according to the
guadrant detection. However, the quadrant determination is challenging around zero speed

due to the presence of speed estimatiorr®riostability may occur with wrong quadrant
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detection when the rotor speed changes across zero. For smoajbddtant operation, a
recent work proposed {27] considered more criteria based on preset irrdaetand flux
linkage thresholds for quadrant transitions in a vépleed range. With improved estimation
accuracy, the sacrifice of such technique is the increased complexity due to extra auxiliary

current chopping control and region adjudgments.

2.2.4 Discusson

Throughout the literature, positi@ensorless control of SRM drives has been studied for two
decades and caiover a widespeed range operation. Still, various improvemshtaild be
performed in existing methods.

Generally speaking, positi@stimation of SRMs is more challenging than conventional
AC machines due to their nonlinearity caused by doubly salient structures. Existing position
sensorless control strategies often rely on magnetic characteristics for accurate estimation.
However, thaisage omagnetic parameters requires additional offline measurement or FEA
simul ati on, ' imiting the algorithmds unive
realize magnetiparameter independence, the postsensorless control still has some
limitations, such as reduced estimation accuracy, weak-daagling capability, and
increased complexity. Therefore, it is necessary to develop general position estimation
schemes, which can avoid offline measurement, provide higher estimation accullaaty, an
thesame time have higher calculation efficiency.

Developing new pulse injection methods with fewer side effects on SRM drives is

preferable. Conventional pulse injection schemes utilize-tnégfuency voltage pulses on
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idle phases for position estiti@n. However, additional excitation currents cause copper
losses and thus challenge the cooling design of both machines and converters. Torque ripples
are also generated by pulse signals, degrading the control performance and accelerating
mechanical agingln addtion, highfrequency induced currents result in acoustic noises,
which should be considered seriously in the applications, such as home appliances and
electric vehicles. Consequently, a crucial research direction eadeed sensorless control

is to mitigate these negative influences.

Fourquadrant operation is essential in electric vehicles and needs to be realized in
sensorless control. In different speed and torque directions, the SRM working sector changes
between the positive torque regiondathe negtive torque region by adjusting phase
commutation angles. Most existing methods are only available in a specific quadrant and
become unstable when the operating quadrant varies. Several improved works discussed
early can realize forquadrant sesorless peration, but the algorithm complexity increases
significantly due to the quadrant determination and switching logic. Moreover, the smooth
and fast transition across zero speed is still a challenge. In consequence, it is suggested to
developimproved sensoess controkchems for robust and straightforward feguadrant
operation.

To this end, this thesis aims to propose a universal posi@osorless control scheme
covering widespeed range operation and does not require offline magnetic ehigtact
measurement.t can i mprove the algorithmés adapt a
facilitate broad applications of positi@ensorless control in a commercially gengraipose

SRM drive.
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2.3 Conclusion

This chapterintroduces the fundamentals of thRN drive, with testing setup design and
magnetic characteristic measurement éverview of major positiosensorless control
strategies of SRM drivas also presenteth the literature review, existing sengss control
strategies are categorized ilav-speed methods and higpbeed method§irst, lowspeed
sensorless control methods using pulse injection are discussed. Direct driving methods,
magnetieperimeteffree methods and magnetiparametebasednehodsare summarized

with highlighting the mets and shortcomings. Then, higpeed position estimation schemes

are categorized according to the usage of magnetic characteristics, and a comparison among
the main features of existing research is given.-$pdled sensorless control schemes
combing bth low-speed methods and higbeed methods are also analyzed. Finally, the

chapteriscusses the current challengeSRM sensorless control.
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Chapter 3
A Regional Phasd_ocked Loop Basel
Low-SpeedPosition-Sensorless Control

Scheme

3.1 Introduction

Low-speed positin-sensorless control of the SRM drive can be realized by injeluitying
frequencypulse voltages into the idle phase. The magnitude of the inthigledrequency
current is measured to olhtahe stator inductance, whichthenused for position estima-

tion. However, obtaining the stator inductance characteristics is not an easy task, and time
consumingoffline measuremernis required. Although some advanced schemes can esti-
mate the rotor paigon without using the prestored magnetic characterigticsil 11,&$
mentioned in the literature review, the methods ignore the magnetic saturation effect, thus

not able to support sensorless operatidmeaty load conditions.
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To realize position estimation under load conditions without uspripri knowledge

of magnetic parameters, this chapter proposes a asigm estimator with a novel RPLL

(regional phaséocked loop) for SRM drives. Firstly, a selbmmissioning process is de-

signed to selfearn theparameters of amlle-phase inductanceodel at the initial stage

without manual involvement. Then, theagihase inductance is normalized by the-self
acquired parameters and used for position estimation. Since the derived inductance in each
idle phase is discontinuous over one electrical cycle,latpdase inductances are consid-

ered simultaneous)yand anew heterodyne approach in different inductance regions is

proposed in the RPLL to obtain the rotor position in the whole electrical cycle.
Compared to existing lowpeed position estimation mettspdhe proposed position
estimation approach has severalattages:

1) It does not require timeonsuming offline measurement of magnetic characteristics.
Instead, a simple setfommissioning method is proposed to improve the generality of
the sensorless ntrol scheme.

2) The proposed approach can guarantee acqooateon estimation under both +haad
and load conditions due to the eliminated magnetic saturation effect.

3) The RPLL can achieve smooth speed reversal in sensorless operation without using
complicated quadrant judgments.

4) The position estimator offerdtiring capability to noises and model uncertainties, thus
improving the robustness and enhancingstiadility.

Finally, experimental validatiois carried out on a 12/8 SRM setup to verify the pro-

posed position estimation strategy.
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3.2 Discussion on Convenbinal Low-Speed Position Esti-

mation Methods

Figure3.1(a) illustrateghe implementation of higfrequency pulse voltage for lovgpeed
position estimation, wherthe phase current and phase inductance of the &RMbre-
sented Thecurrenthysteresisontrolwith the soft chopping mod@] is used to regjate
the current when the phase conducts, and the zo@onrrent is presented Figure3.1(b).

The soft chopping involves a magnetization process with the positivéirik&€ge voltage
Udc, and a slow demagnetization process with zero volfHgehigh-frequencyinjection

containing a pair of positive (P) and negative (N) voltage pulses, as shbiguia3.1(c),

is enabled during the idjghase period. The injection amplitude is set as thdikG/olt-

ageUdc. The current sampling period is definedTasTo assre the induced curremt
decaying to zero before the next positive voltage pulse starts, addesiad for anega-
tive voltage pulse is added.

In the idle phase, magnetic saturation can be neglected due to the low induced current

when the injeton perod is short. The SRM model with the positive injection can be writ-

ten as:
U, =Ri 4(q)d @D (3.1)
dtl, Hg
The subscript 6P6 denotes the positive inj

in the asymmetric halbridge converter angnored inthe SRM model itomparison with

thelargeDC-link voltage.
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Figure3.1 Pulseinjectionbased position estimation methods. (a) Phase current and
phase inductance. (b) Current derivative calculation in the conduction period. (c) Current
derivative calculation in the idiphase (injection) period.

Similarly, the SRM model with the negative injection can be expressed as

U, =Ri &(q,i)% iﬁ% (3.2)

where the subscript O6NO6 denotes the negat.i
The changes of the ohmic voltage drop BadkEMF are small during the short in-

jection periods at low speedccording toFigure3.1(c), the phase inductance caer be

calculated by combinin(.1) and(3.2):

T
2Udc ZJ dc' s ] (33)

L(g.)|,. =
(@) g di/d|, - di/d], 2 -, ir
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Some injectiorbased methods also use the inductance in the phase congeriiud
for position estimation. When the phase conducts, current ripples causedlggtdresis
control can be used to calculate phase inductance by detecting the current changing rate.
According toFigure3.1(b), the phase inductancehysteresicontrolis calculated by

U, U,T
: =t 34
di/dt], - di/df_ ~ 2i iy i (34

L(q’ I )|conduction =

where the subscripfiond a n drepfeseht then-state and ofktate in the soft chopping
hysteresis control mode, and the phase voltagddsaend zero, respectively.

As shown irFigure3.1, when the phase current increases due to the load, the conduc-
tion-phase inductance decreases mearly with the increased current. Hence, the
conventional methods 171 J1 &mhnot ensure accurate position estimation under load con-
ditions unless using prestored nonlinear magnetikup tablesSince the appexh need
of fline measurement of SRM6s magnetic char .
would be limited due to the increasing complexity and additional manual workload.

To make the lowspeed position estimation simpler, thisapteraims to dsign a nav

scheme that does not need offline testing while achieving good robustness to load variation.

3.3 Proposed LowSpeed Position Estimation Scheme

3.3.1 Overview of the Proposed Method

As analyzed before, thmagnetic saturation iconduction phases makes fhesition esti-

mation complicated under load conditions. To avoid using magnetic characteristics, the
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rotor position can be estimated from the ighlease inductance only. Since the iglease
inductance is unsaturated and loadependent, the same estinoatiaccuracy can be en-
sured under both Almad and load conditions.

Figure 3.2 shows the overall control structure of the proposeddpged sensorless
control scheme. The outer loop consists of a speed PI controller, andrdrghysteresis
controller B used to regulate the phase current in the inner loophihdrequencypulse
voltage is injected in idle phases by modifying the gate signal, and the indigbeide-
guencycurrent is used for position estimation. $ensorless operation, the estimated
position and speed are used as feedbacks for speed and current control. A simple online
selfcommissioning scheme is also designed in the proposed position estimation scheme,

which avoids the offline measurement usedanventional methods.

Pulse voltage

J-l-r generator Orvecion Fon & ay
injection
Speed PI Hysteresis g;urrem * 9 (Commutation
controller controller + controller
Gabe
\J
i  liane Threephase
ko 1 1 asymmetric
Proposed RPLL| 2 inverter
5,_ based estlmator
o Tu

1: Sensorless control 2
Parameter self

2: Seltcommissioning T o
commissioning

Figure3.2 Schematic diagram of the proposed posisensorless control scheme.

In this section, the setfiommissioning will be introduced first. Thenphew RPLL-

based position estimatoiilitbe proposed to estimate the falfcle position.
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3.3.2 Idle-Phase Inductance Analysis and Seffommissioning

With a short injection period, the induced current in the idle phase is low, and thus the
calculated inductanceribugh the pulse injection is thesaturated inductanc€&he induct-

ance model of the unsaturated inductance can be approximately expressed by the DC
inductancd.o and the fundamental componént

Ly =L, -L,cos(Ng)

L, =L, -Licos(Ng 2/3) (35)
iLe=L, -L,co(Ng Z/3)

&
T
i
i
i
where the higforder inductance harmonieseignoredin the approximated modelhe
effectsof the approximatiorare limited on position estimation, whie¥ill be discussed
later.

As can be observed frof8.5), the idlephase inductance isfanction of the rotor po-
sition. If the two parameterkp andLi, are knavn, the rotor position can be estimated. On
this basis, a simple setbmmissioning process is introduced in ttligpterto obtain the
Lo andLai.

As illustrated previously in the overall diagram showirigure 3.2, by disabling the
current controller dumng the seHcommissioning, three phases of the SRM are turned off
simultaneouslyIn this case, the SRM is not controlled and does not rotatellgplthses
are idle. Then, injectingigh-frequencypulse voltages into the three phases, and the-three

pha® inductanceg3.5) can be calculated by detedithe current variation as expressed in

(3.3). To reduce the noise and improve the stestdte accuracy of inductance
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identification,lowpass filters I(PFs) can be added in the inductance calculation, as shown

in Figure3.3. It is notable that the LAB only used ér the sefcommissioning process.

L, identification
(3.6)

. - —> Lo
Ia = |dle inductance

ig—» calculation » LPF
ic—» (3.3) -

LABC

L, identification
(3.8)

>,

Figure3.3 Self-commissioning process for parameter identificatioboandL.

Afterward, the DC inductance vallie can be calculated by suning the thregohase

inductance, as follows:

L=(L, 45 k)/3. (3.6)

To obtaintheampitude of the fundamental inductance, the inductB&g in the abe
frame i s tr andrdmerwhichderivemt o t he UDb

e 23 1 1. o

tbo=sa ke Tl @-ﬁCOS(qu)

1 3¢ 2 27 =

, (3.7)

=3 1) Lsin(N

be_?( B c) “L15|n( rQ)

Then the estimated magnitudie can be derived by normalization calculation, as

L=l 2 (38)

Since the idlgphase inductance is independent of the load level,dhadL: are un-
changed during operation. Therefore, the proposeatsgifnissioning process only needs
to be run once for the same SRM, and lth@ndL.1 obtained by(3.6) and(3.8) can be

stored as constant values for pagitestimation. Compared to the offline measurement in
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conventional methods, the selbmmissioning is simpler since it does not require any man-
ual operation and can run automatically.

Afterward, the selcommissiming is disabled, and the speed and curcentrollers
are enabled to control the SRM under rotating conditions. The uncertain parameters in the
derived idlephase inductance can be eliminated by using the stored parameters from the

selfcommissioning, with results in

LAn (LA 'Lo)/L1 :CGS(qu)
Le, =(Lg Lo)/L, =ces(Ng 2Z/3) (3.9)
Le, =(Le Lo)/L, =ces(Ng 2 /3)

—_ = =/=>(D:

whereLan, Len, andLcn, denote the normalized idlghase inductance.
Therefore, the normiaked idlephase inductance is only a position function, which can

be used for position estimation.

3.3.3 Position Estimation from the ldle-Phase Inductance Through an

RPLL

Based on the normalized inductanc€3r®), a conventional solution to estimate the rotor
position isusng inverse trigonometricalculation] 17§ ]1.8&¢weverthis methodtannot
distinguish the quadrants of the rotor positiorr. &ample, if an anitosine calculation is

used for(39),i t can only <cal cul at e tehiathefiessand i on
second quadrants.déitional quadrant judgment strategase required to derive the full

cycle rotor position, such as adding a position offset by comparing iploastance values

[17]. Whereas the compensation logic would be more complicated for solving the position
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from (3.9) when considering the speed reversal. (ifourquadrant) operation of an SRM.
Also, the antitrigonometric calculation does not offer noise suppoessapability.

To address the problems, this section proposes a new position estimator based on an
RPLL, of which schematic diagram is showrFigure 3.4. The normalized idkphase in-
ductance is derived throudB.9) from the idlephase inductancé regional heterodyne
operator is then adopted to edt the position error informatiotifrom the normalized
three idlephase inductances. Afterward, a PLL isdis® converge the position erroto
zero and estimate the mechanical speed and the mechanical position. The proposed scheme

does not need to stinguish the quadrants and is robust to inductance calculation noises.

ia—> Idle-phase ::A‘ Normalized idle tAn‘ Regional
is—»  inductance B »( phase inductange=2"»{ heterodyne {~
ic —»| calculation (3.3) '—C; (3.9 '-Cn, operator
f _ A N[ﬁ
Self-commissioning !
parameters

Figure3.4 Block diagram of the proposed RPIdased lowspeed position estimation
scheme for SRMirives.

3.3.3.1 Regional Heterodyne Operator in One Phase

The design of a orphase regional heterodyne operator for positilermation extraction

is introduced firstFigure 3.5 shows the idlgphase inductance in three phases of a 12/8
SRM. For the sake of évity, the inductance is set as zero when the phase conducts. Due
to the rotating operation of tilereephase SRM condiing at most two phases simultane-
ously, at least onphase inductance can be detected through th@ldisenigh-frequency

injection. Thus, the fultycle position estimation from idighase inductance is available.
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Gt 4°5

Figure3.5 Ildle-phase inductance in three phases of a 12/8 SRMbfaor>15? (b) doft-
dorn=15? (C) doft-don<15?
To analyze comprehensively, three operating cases with differertriuaind turroff
angles are considerdgéigure3.5(a) shows the idkphase inductance when the twm an-
gle and turroff angle satisfie goi-gon>15° In regionl, the phasédA and phaseC
inductance are obtained, both of which can be used to extract the position information
through a doubl@hase heterodyne calculation. According3®), the input signaly of

the PLL in regionl can be derived by

e :%g 1, COS(Nr E] £/3) L COS( N, %q (3.10)
sin

=si(Ng -N§ N( ¢§gN= O
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where the positionet i mat i gisdefmedraothe difference between the actual and
the estimated positions.

As observed fron(3.10), the heterodyne calculation derivepa@sition error infor-
mation. If the position errod) & Nipg is controlledto zero, the estimated position will
converge to the actual position. This comesrce can be guaranteed by adopting a PLL
after the heterodyne operator, which will be discussed late

Different from regionl, there is only one idiphase inductance in regidh as shown
in Figure3.5(a). For the 12/8 SRM, regidhis located athe range of §on+30; ori+15¥,
and the conduction range satisfgs-gon>157 To obtain the positia error signatpy like

(3.10), a singlephase heterodhe method is designed for the ph&smductance as

_ Ly, + cos( Nrt%

N.Dg

e = sin(N,c% = Bmp DBIN °& N.O (3.12)
wherell-ampis the amplitude of thé, given as
singN, (g- Dg2
Il-amp= g ( ) (312)

singN, (g- DJ g
As shown, the amplitud&-ampis unity when thepgis equal to zero. Withh-amg=1,
the expression qB.11) will be the same a8.10), i.e.,& & Nroy.
Besides the case shownhkigure3.5(a), thee may be other combinations of tton
and turnoff angles in SRM control. The conduction range of the SRM coudgibgor=15°
or gvit-gon<157 as shown inFigure3.5(b) andFigure3.5(c), respectively. lirigure3.5(b),

there is no overlap among all gges, and twphase inductance can always be detected.
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Therefore, the position estimation in this case is simple as only the gihdde hetero-
dyne calculation 0f3.10) is used. If the conduction range is narrower as shovigure
3.5(c), either the doublphase inductance or the thiglease inductance (marked as region
[II) can be detected in the idle phases. For #ie ©f simplicity, the doublphase hero-
dyne method can still be used for regitin which utilizes two of three idlgphase
inductances to obtain the position information., namely:
e,= (3.13)

Notably, the cases iRigure3.5(b) and3.5(c) are seldomly used in the SRM control
since tle conduction range is often set to be larger than 15%o reduce the torque ripple

As a result, the heterodyne operators in the three regions are designed to extract the

position error information from the idighase inductance.

3.3.3.2 PLL Design and Stability Analysis

After the regional heterodyne operator, a classic PIa6] is modifiedin the proposed
RPLL to converge the positiontasation errorqy and then estimate the rotor speed and
position.Being different, mce the heterodyne calculation is nonlinear, the stability of the
RPLL is further analyzed.

According t0(3.10) and(3.11), a linearization model of the proposed RPLL can be
derived and shown iRigure3.6. Due to the presence Gfampin (3.11), a nonlinear gais

is introduced in the feedforward path, which can be expresq48dLds

e 1 ~ inregion-| el
T .
=i singN, (g- Dg2 3.14
‘ } _@\ (g~ bg2) i region-I| (319
i singN.(¢- DJ ¢
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Figure3.6 Linearization model of the proposed RPLL.

The transfer function of the proposed RPLL can be written according to its lineariza-

tion model, as

G(S): LRS) - ZNV(K)S-F K)

Q(S) Sz +7 Nr ( l% S _HI() (315)

where the nonlinear gamis regarded as a constant coefficient for the sake of simplifica-
tion.

The prerequisite foconvergence of the positionergugi s t o ensur e t he
bility. Through the transfer function, the stability criteria can be derived based on the

Routh Hurwitz stability criterion:

62Nk, >0

. 3.16
(ZN.k >0 (319

If the PI parameterdkp andki, are designed as positive values, the stability criterion
becomes:
z>0. (3.17)
Obviously, the stability criterion is satisfied in regiband regionlll whereg=1. How-
ever, the stability condition is unclear in regibrue to the nonlinear gajims expressed

in (3.14).
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Figure3.7 Nonlinear gairgin (3.14) with respect to the position and position error

To analyze the stability of the RPLib regionll, the nonlinear gain ir§3.14) with
respect to the rotor position and position error is drawhigaire 3.7. As observed, the
nonlinear gain is @sitive in most regions, in which the local stability can be guaranteed.
However, negative gains can be found arogr@and g=22.5°and woul result in insta-
bility according to the criteria condition given (8.17). To better illustrate the stability
conditions, two example points are given ie figure.For an equilibrated poim&(35, 0),
where the position is 35°and the position error is zero, it ihegositivegain region and
far away from the unstable area. Therefore, pAimtould have a considerable stability
margin against position ®r variation, which ensures the robust local stability of the
RPLL. For pointB(22.5,0), although the positive igacan be satisfied within a neighbor-
hood, as shown in the zoeim figure, the stability margin is significantly narrower than
point A. Hence even though the position error at pdihis zero, the RPLL is sensitive to

a small perturbance and may divergeah unstable point when the position error vaties.
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consequencehe local stabilityof the RPLLwith the nonlinear gaimill be robust ifthe
operating point of the SRM is within the positigain region and away from the unstable
area.

According to tle local stability analysis, the singidase heterodyne operator with a
nonlinear gain cannot be used for the whole position range. Howeigespitable for po-
sition estimation of the proposed RPLL. As analyzed earlier, the gahglee heterodyne
calcdation is only used for regieh within [ gent30; @gori+15%. The turn-on anglegon is
often around the unaligned position (0) to improve the current tracking rate of the SRM,
and the turroff angle gor is set advanced to the aligned position (22.5htwid negative
torque. Therefore, the nonlinear gain used in the proposed RPhlyiwoated in a narrow
region. To illustrate clearly, regiah[ gont+30; gbri+15] with gen=0%and ger=20%s drawn
in Figure3.7 as an example. As can be seen, regliamencompassed by the positigain
region. The local stability against robust mgalarge position error variation can be en-
sured in the proposed RPLL.

Based on the robust stability in all the three regions, the convergence of position esti-
mation can b guaranteed. As can be found from the transfer fun(3ias), the proposed
RPLL is a typell system that has a zetmacking error of a step or ramp signsiich as the
rotor positiong(s)=¥d/s* that is a ramp signal at a constant speeth the steady state.
Thereforethe steacdhs t at e p 0 s@si$s 2ero accoeding t@the firmpl value theorem

expressed as follows

Dg,, dims @ [1 @ 3§ lim—=—

M SN (s ) 0. (3.19)
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Accordingly, the RPLL can converge the position error derived by the proposed re-
gional heterodyne operator. Then, the rotor speddoasition can be estimated.
To configure the RPLLO6s parameters, t he ¢

tion is written with a double pole:
g+zN(ks+ Es ¥ (319
which gives the parameter design scheme:
k,=2r/N,andk =7/N (3.20)
whereji s the absolute value of the RBBEkLOs do
garded as unity due to the convergence.
The tuning of the double poleis a tradeoff between the response rate and noise
suppression capabilityrigure 3.8 shows the Bodeabram of the proposed observer with

different pole values. The RPLL has a lowpasguency characteristic, which can sup-

press the measurement noised harmonic disturbance.

o O T : N
k) _1=300 } increases
€ g —— 17400
s 1=500
o
=5

0 e
— increases
k=)
g -4
E K

-9

10 10 106° 1d*

Frequency (rad/s)

Figure3.8 Bode diagram of the proposed RPLL.
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3.3.3.3 Overall Design of the Regional Heterodyne Operator

In the previous analysis, the design of the plfasegional heterodyne operator is intro-
duced as an exampl e. Ot her pheRs ¢kade shife si gn

The overall design scheme is summarized in Talle

Table3.1 Overall Design of the Proposed Regional Heterodyne Operator

(e}

idle phases 0=
PhaseA &, +cos NG gsir( N, B
PhaseB &, +cos N, -2/3) gsm( NG 2/3)
PhaseC gLCn +cos{ N +2 /3) gsin( NG 2/3)

PhaseA and-C \/— & Lo, 005( NG +2 /3) e, 009( N, %’
PhaseA and-B _e|_ COS(N & 2/3) Ls, 005( N, %
PhaseB and-C ﬁgLBn COS(NrLE’f 2/3) -Len COS(NrE‘/ 2/3)

PhaseA, -B and-C %% L COS( NrCE +2 /3) b, COS( Nr%

3.3.4 Analysis of the Approximated Inductance Model

This chapter adopts an approximate inductance mo@&b)that ignores other inductance
harmonics, while it would resulhimodeling errors. In this subgien, the effects of the

modeling error on the setfommissioning and position estimation are analyzed.
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For a more accurate inductance model of the SRM, the inductance harmonics need to
be considered. Particularly, the seddarmonic is most dominant angpother highorder
harmonic components. Thus, a modified inductance model can be established by consider-
ing the second harmonic:

éLj =L, -L,cos(N,g) k,cog N, &

1G=L, LeogNg 2/3) Lieod D g 4/3) @21)
iLi=L, -Licos(Ng 2/3) Lico N, g 4/9)

wherelz is the magnitude of second inductance harmonic. For the sake of distinction, the
superscriptrepresents the variable when considering the induetaaimonic. The modi-
fied model in(3.21) is accurate to the SRM inductance characteristic, of which accuracy is
proved in the literaturgl01].

The selfcommissioning process expresse@3®)-(3.8) can be rewritten by consider-

ing the effect of second inductance harmonics, as follows:

B=(Li +sit)/3 Ls (3.22)
é 23 1 1
tli=sada ik tle
i jE 2° % (3.23)
i 3
lrLd :?(LB i'LC) [

E:\/Ldf 471 #L° L# 2Lt,cos(dNg) L. (3.29)

As can be seerrdm (3.22) and(3.24), the inductance harmonic does not etffédhe
estimation accuracy dfo, but theL: estimation contains additional bias and varies with
different initial positions. Hence, the approximation inductance m@¥) used for the

selfcommissiomg results in inaccurate estimation of the magniiude
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Then, theLo andL1 estimation obtained i(8.22) and(3.24) are used to normalize the
idle-phase inductance:
) / E =;cos(Ng 2/3) Ly (3.25)
)/'—E *sco(Ng 2f8) L

— = ———» ('D'
||
A
oITI< om( JFH(

II
A

where

kerr = Ll/LE1 (326)

is the gain error due to the inaccurhtestimation, and

0L, = L cof 24g)/ E
{DLB = L,cof{ Ng 4/3)/E (3.27)
%DLC L,cos( N,g 4/3)/E

are the second inductance harmonics after normalization.

Afterward, the proposed regiorntaterodyne operator is used to obtain the input error
signalUof the PLL. Here, the effect of the inductance harmonic is analyzed in the-tegion
as an example. Other regions can be analyzed in the same way.

According to(3.10), the input errosignalin the regionl can be expressed §328)

when considering the inductance harmonic:

:ESLAHDOS(N% 2/3) LCJF'CQS(N‘E)Q.
°k,.N B ksin(3N ¢ N )@E

Compared to the ca$8.10) ignoring the inductance harmonic, the actual input signal

(3.29)

ej of the PLL has a gain error and a third harmonic distortion.
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The third harmonidistortioncaused by the naling error is smaller sinck‘.;l is larger

thanL2. Besides, the harmonic distortion can be further mitigated by the RPLL due to the
lowpassfrequency characteristic, as showrFigure3.8.
For the gain error, the transfer function of the RPLL in the rebcam be mdified as

(3.29) when considering the gain error:

CRS) - kerr Nr ( I$S+ K)
g9 $+k,N(ks+K

G(9)= (3.29)

To analyze the effect of on position estimation, the convergence of the position esti-
mation error can be derived from the transfer func{®a9) according ¢ the final value

theorem:

Dg. d4ims 9 [L & y] lim—= 65

3.3
=0 +k, N(ks+K G3P

It can be found that the gain ert@r caused by the inaccurdte estimation does not
affect the proposed me tdicardstillsconvergeto teftoeThee st i m
estimated rotor position can track the actual rotor position whdn g&imation contains
errors The analysis will bealidated experimentigl

In summary, although the approximation inductance model contains modeling errors,
the adverse impact is mitigated in gw@posednethod.A more accurate model can im-
prove the estimatn accuracy theoretically, but the enhancement may be limited in
prectical applications. Due to the presence of current sampling errors, mutual couplings,

and external disturbances, the ignored fogler harmonics are not the primary error
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sourcesMoreover, the approximation model can offer simrpgl@plementation sincem

time-consuming offline measurement is needed.

3.4 Experimental Verification

In this section, the proposed position estimation method is validated by experiments on a
5.5kW threephase 12/8 SRM test bench. Since the rated torque of the IM is 30 Nm, the
maxmum load that can be applied is 30nNin the setupA torquetransducel(NCTE
Series 3000js installed to measure the shaft torque, and the sampling rate of the torque
transducers 100 Hz.The DGlink voltage and injection voltage are set as 72 V. ihjee-
tion frequency could be selected higher to avoid much delay in inthéctalculation of
(3.3), and the injection duty can be set as high as possilhenesase th&NR of the in-
duced current measuremeAtcording toFigure3.1, the injection frequency is 6.67 kHz,
and the duty cycle is full. The coff frequency of the LPF in the parameter smifnmis-
sioning process is 5 Hz to ensure accurate iniaghmeter estimation. Note that the LPF
is not used during SRM sensorlesstrol, and thus it does not affect the control perfor-
mance. The tunable parameter of the proposed RPLL isjse828. Experimental results
are recorded in a TektrofiMDO3024 osilloscope and plotted in MATLAB. The actual
position is measured by a resolver to calculate estimation errors.

The experimental result given Figure 3.9 shows the proposed s&lbmmissioning
process for learning the DC inductance and the madm of the idlephase inductance.
The current controller is disabled in the sgdimmissioning, and pulse voltages are injected

into the three phases to calculate the inductance val{@3)y Since the injection period
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is short, thaorque caused by the injection voltages is negligible, and the SRM can keep
standstill during the threphase injection. From the sédfarning result, after injecting
pulse volages in dlphases, the thrgghase inductance values are obtained, which are
aroundLa=2.054 mH L s=2.728 mH, and.c=0.361 mH. Therefore, the DC biasand the
magnitude of the phase inductamhgean be calculated based @16) and(3.8), which are
Lo=1.714 mH and.1=1.408 mH The two idlephase inductance parameters aé used

for position estimation during the SRM operation. Compared to conventional sensorless
control methods that need the offline measurement of magnetic characteristics, the pro-
posed selcommissioning is automatic and mateaightforwardThe selfcommissioning

algorithm is just adopted once for the same motor.

I :
Lg=2.728 m
~ 3 ] B :
E 3 | F“S‘MI
Tg o No injectiom—i
& I
S1 !
©
£
0 et :
Time (0.2s/div)
(a)

| ‘ ‘ ‘
—_ |
T ol L=1.714 m
E : s
g No |nject|on<—: -
&1 | L,=1.408 mH]
o |
=}
S I
£

0

Time (O 25/d|v)
(b)

Figure3.9 Selfcommissioning for the proposed scheme.
After the seHfcommissioning, the speed and current cdletr® are enabled for the

normal operation of the SRNFigure3.10 shows the idlgohase inductance, phase current,

and position estimation results. The SRM is operated at 100 r/min and no load. Without
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losing generality, three cases with different tamoff angles are given. As depicted in
Figure3.10(a), in which theurn-on and turroff angles arepr=0°and g#=20; high-fre-
guencypulse voltages are injected into the iglease to calculate the phase inductance,
while the inductance values are sez&yo when the phase is turned on. Due to the low
inductance arounthe unsaturated position (0}, the phase current has larger ripples when
thehysteresigontrolis used during the phase turns on. Still, it does not affect the position
estimation becausmnly the idlephase inductance is used in the proposed senscolass|
scheme. Since the LPFs for inductance calculation are not used when the motor rotates, the
derived inductance contains spikes. According to the analyBigume 3.5, two-phase in-
ductance is obtained simultaneously in regipand the proposed RP can estimate the

rotor position with the doubiphase heterodyne calculatidhhen only ongohase induct-

ance is detected by the injection signal, i.e., in regfiothe proposed singiphase
heterodyne method can be used according to TakléAs show from the experimental
result inFigure3.10(a), the estimated rotor position can match the actual position by the
proposed RPLL even though no magnetic characteristics are used foriestiAit#tough
regionl and regionll employ different heterodyne calculation, the position estimation be-
tween the regions is smooth and stable. Afterwiigljre3.10(b) andFigure3.10(c) show

the results in narrower conduction rangesgef0; gor=15°] and[ gon=07 geri=12f at 100

r/min. Only the doublehase heterodyne calculation is used in the two cases since either
doublephase or threphase inductance is obtained during the operation. As shown, the

proposed approach can still estimate the r@osiion accurately, which proves the

met hodbés effecti v-emaadtgrofiangtehh di f ferent turn
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Figure3.10 Idle-phase inductance, phase current, and position estimation at 100 r/min
without load. (a)gpr=0°and get=20? (b) gor=0°and goi=15°? () gor=0°and goi=12°
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The position estimation results at other operating speeds with no load are given in Fig-
ure 3.11. Itis notable that since the phase conduction range of a 12/8 SRM often lags behind
15°to reduce the torque ripple, the control angles used in the rest ch#mter are kept as
gor=0°and gr=20%or brevity. The actual position and estimateasition under 200 r/min
and 400 r/min are given in Figure 3.11(a) and Figure 3.11(b), respectively. Similar to the
estimation result at 100 r/min, the proposed mettadachieve accurate position estima-
tion at a medium speett benefits combining therpposed lowspeed method with other

high-speed position estimation schemes for-§piéed sensorless control.
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T
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(b)
Figure3.11 Position estimation at other speeds without load. @@)rdmin. (b) 400

r/min.

To verify the improvement compared to the conventional method, the proposed posi-
tion estimation scheme is compared with the pliadectance vector method proposed in
[17]. In the traditional method, @stimateghe full-cycle position from the inductamecde-
tected in both the idiphase perio@3.3) and theconductiorperiod(3.4). This scheme does

not require any offline measurement of magnetic characteristics, but it cannot support
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accurate estimation under load conditions. To illustrate the limitation in the conventional
schemefFigure3.22compares the position estimati on
torque that the IM can apply) at 150 r/min. As shown, when the SRM runs nmbbed
conditions, both the proposed methbayure3.12(a)) and the conventional scherggure

3.12(c)) can achieve accurate position estimation. When the load increases to 30 Nm, the
SRM becomes saturated. Fréigure3.12(b), the proposed scheme istmaffected by the
saturation effect since only the igdnase inductance is used, and therefore, tloe poisi-

tion can still be estimated well under the load condition. However, the conventional method
has distorted position estimationkigure3.12(d) since it does not consider the saturation
effect on position estimation. The large position error casungport sensorless control, so

the comparative tests are implemented using the actual position feedback for clear illustra-
tion. In consequence, the pased scheme inherits the advantage of the conventional
method[17] that does not require any offlinesasurement effort for magnetic characteris-

tics and further realizes the accurate estimation under load conditions.

Due to the improved operation cadabiunder load conditions, the proposed scheme
can achieve good estimation accuracy with the load i@migigure 3.13 depicts experi-
mental results under a load disturbance given by the IM where the actual speed, the
estimated speed, thmosition estimation error, and the shaft torque measured by torque
transducer are shown. The SRM first runs at theoad condition at 200 r/min, and then a
30 NTm |l oad is added on the motor shaft.
speeddecreasest the load-addedinstantwhile canfastconvergeto 200 r/min. After the

load is removed, the motor speed tenatlgrincreases and then comes back to 200 r/min.
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Figure3.12 Experimental positioestimation results (in sensbased control) between
the proposed scheme and the conventional pindsietance vector method at 186hin.
(a) Proposed scheme under thelaad condition. (b) Proposed scheme under the 30 Nm
load condition. (c) Conventi@h method under the Aoad condition. ) Conventional
method under the 30 Nm load condition.
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Figure3.13 Positionsensorless control at 200 r/min under load changes.

During the load change, the speed estimation from the proposed RPLL can track the

speed variation. The transient position estimation errors at the load disturbance instant is

86



Ph.D. Thesis DianxunXiao McMaster- Electrical & Computer Engineering

3.8? Hence, the experimental test validates that the robust sensorless cowleollaad
conditions can be achieved without using any offline obtained magnetic characteristics. It
is notable that since the sampling rate of the torque transducer is only 100 Higtso
frequencytorque ripples may not be captured by this torque trasesd

The position and speed estimation accuracy are also validated at standstill (zero speed)
with 30 NTm |FgaeB.l4 As san selfoond,the estimated rotor speed can
track the actual speed around zero, and the maximum position ert@t isder the 30
Nm load. Besides, the rotor speed of the SRM can be well controlled under tispeed

condition with load by using the proposed posHsgmsorless control scheme.
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Figure3.14 Positionsensorless control at standstill condition with load.

Furthermore, the speed transient performance of the proposed method is verified by
experimentsFigure 3.15 showsthe position and speed estimation under a ramp speed re-
sponse anda step speed response, respectively. The rotor speed is controlled in the
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sensorless model from 150 r/min to 250 r/min. As can be found, the SRM can well track
both the slowly varying andast varying speed responses. The overall position estimation
erroris around zero, and the maximum transient position error is 2.4°in the ramp speed

test and 2.3%n the step speed test.
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Figure3.15 Positim-sensorless control under speed variation from 150 r/min to 250

r/min. (a) Ramp speed response. (b) Step speed response.
As another improvement, the proposed positensorless control can achieve speed
reversal operatiowithoutadditional quadrant juginent. InFigure3.16, position and speed
estimation results under a speed reversal test between 150 r/mirb@némin ae shown.
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During the speed reversal, the negative torque will be required when the rotor speed de-
creases or is negative. The negatmgue is realized by changing the tm angle and

turn-off angle from (0 and 24 to ( 25° and 45 in this test. As canbe observed from the

results, the estimated speed has a good agreement to the actual value when the rotor speed
changes in oppositdirections. The maximum position estimation error during the speed
transition is around 37 and the average position eis@most around zero. Therefore, the
proposed sensorless control scheme can easily realize the speed reversal operation without

using additional judgement scheme.
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Figure3.16 Validation of the speed reversal operation of the proposed sensorless control
scheme.

It is also notable that the proposed approaeinot support very high speed sensorless
control since the largeackEMF would narrow he idlephase region for pulse injection.
Figure3.17 shows the experimental result under a speed rise starting from 150 r/min (15%
rated speed). At low spedthe spee and position can be well estimated. However, when
the speed raises, the position estion error gradually increases. The rotor speed even

starts decreasing around 750 r/min (75% rated speed) since negative torque is generated
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when the position estimati error is too large. Afterward, the sensorless control becomes
unstable, and the inver is shut down. Note that, this is the common feature of the-pulse
injectionbased methods. Higépeed sensorless control can be done by combining a

modelbased methth
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Figure3.17 Positionsensorless control performance under increasing speed from 150
r/min (15% rated speed) to high speed.

Thechaptemdopts a simplified inductance mog¢@Bb) for position estimation, and the
effects of modeling errors are discussed early. To validate the analysis, experimental results
of position estimation bysing differentL: values in the proposed method are shown in
Figure3.18. Themotorruns at 200 r/min in sensorless control, and.thealue is changed
from 1.408 mH (obtained from the selbmmissioning) to 2.112 mH (adding a 50% error).
As shown, the gsition errors aréhe same before and after increasingLthealue, which
validates that the accuracy lof does not affect the proposed RPLL. Even though the ap-
proximate inductance model would cause inaccurate estimatibm sihcethe second
inductane harmonic is noreygligible, accurate position estimation can still be guaranteed

by the RPLL
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Figure3.18 Position estimation results of the proposed RPLL when using different
values.

3.5 Conclusion

This chaptemproposes a generplirpose lowspeed positioisensorless control scheme for
SRMdriveswith enhanced generality. The approach adopts a new position estimator based
on an RPLL with a selfommissioning process estimatehe rotor position without using

a priori knowledge of magnetic characteristics. Compared to existingspm&d position
estimation methods, the proposed scheme is independent of motor parameters and does not
require offline measurement. Hendeimprovesthe position estimation algorithm's uni-
versality and facilitates practical implementation. Moreover, the proposed approach can
support robust sensorless operation at bottoad and load conditions due to the elimi-

nated saturation effect. Sgkeeeversal snsorless control can also be realized by the

proposed RPLL through a simple heterodyne design. Experimental results validate that the
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