ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

SENSORLESS SPEED CONTROL OF A PM ASSISTED SYNCHRONOUS
RELUCTANCE MOTOR FROM ZERO TO RATED SPEED

M.Sc. THESIS

Kadir AKGUL

Department of Electrical Engineering

Electrical Engineering Programme

JULY 2023






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

SENSORLESS SPEED CONTROL OF A PM ASSISTED SYNCHRONOUS
RELUCTANCE MOTOR FROM ZERO TO RATED SPEED

M.Sc. THESIS

Kadir AKGUL
(504191077)

Department of Electrical Engineering

Electrical Engineering Programme

Thesis Advisor: Prof. Dr. Lale Tiikenmez ERGENE

JULY 2023






ISTANBUL TEKNIK UNIiVERSITESI * LISANSUSTU EGITiM ENSTITUSU

DM DESTEKLI BIR SENKRON RELUKTANS MOTORUN SIFIRDAN ANMA
HIZINA KADAR ALGILAYICISIZ HIZ KONTROLU

YUKSEK LiSANS TEZI

Kadir AKGUL
(504191077)

Elektrik Miihendisligi Anabilim Dah

Elektrik Miihendisligi Program

Tez Danismani: Prof. Dr. Lale Tiikenmez ERGENE

TEMMUZ 2023






Kadir AKGUL, a M.Sc. student of ITU Graduate School student ID 504191077,
successfully defended the thesis entitled “SENSORLESS SPEED CONTROL OF A
PM ASSISTED SYNCHRONOUS RELUCTANCE MOTOR FROM ZERO TO
RATED SPEED”, which he prepared after fulfilling the requirements specified in the
associated legislations, before the jury whose signatures are below.

Thesis Advisor : Prof. Dr. Lale Tiikenmez ERGENE ...,
Istanbul Technical University

Jury Members : Assoc. Prof. Dr. Murat YLMAZ = .
Istanbul Technical University

Prof. Dr. Mehmet Timur AYDEMIR  .......cooovviii,
Kadir Has University

Date of Submission :26 May 2023
Date of Defense : 05 July 2023






vii

To the people I value,






FOREWORD

This thesis and the research behind it would not have been possible without the support
of my supervisor, Prof. Dr. Lale Tiikkenmez ERGENE. Her knowledge, motivation,
and exacting attention to detail have been an inspiration of the planning and
development of this thesis and kept my work on track.

I also would like to thank to Assoc. Prof. Dr. Murat YILMAZ and Assoc. Prof. Dr. Ali
Fuat ERGENC for their valuable and constructive suggestions during the project
meetings. Their willingness to give their time so generously has been greatly
appreciated.

I would also like to thank my dear colleagues at Computational Electromechanical
Systems Research Laboratory (CEMSys Lab.), especially Res. Asst. Turan Alp
SARIKAYA, Electrical Engineer Alper TAP, M.Sc., and Electrical Engineer Caner
KOREL whom I sweated and worked together with countless hours during our project
work.

And [ would like to express my deepest gratitude to my family, my brother Bilal Berke
AKGUL, my mother Siikran AKGUL, and my father Ebuzer AKGUL for their
unwavering support and trust throughout my life.

This thesis work is a part of TUBITAK 1001 project which has grant number
120E375. I would also like to thank the Scientific and Technological Research Council
of Turkey (TUBITAK) for their support of this project.

This project is also supported by the ITU BAP unit as the MYL-2021-43142 project. I
would like to thank the ITU BAP unit for their support.

July 2023 Kadir AKGUL
(Electrical and Control Engineer)

X






TABLE OF CONTENTS

Page
FOREWORD......couiiiiinuinensinsnissensesssisssissesssissssssssssssssssssssssssssssssssssssssssssssssssssssss ix
TABLE OF CONTENTS ...ccuiiniiiineisicsnnnnissecssissesssessssssssssssssssssssssssssssassssssssssssss xi
ABBREVIATIONS ...ccotiiiiuinsnnsinsaissensesssnsssssssssssssssssesssssssssssssssssssssssssssssssasssassns xiii
SYMBOLS XV
LIST OF TABLES ....cuuiiiiiceinenninsnisenssisssnsessssssssssssssesssssssssssssssssssssssssssssssass Xix
LIST OF FIGURES ....uuoiiiiiiiieisnnstecsnicsesssecssissssssesssssssssssssssssssssasssessssssssssssssssss XXi
SUMMARY ..uuoiuiiuinrenssensenssissanssssssnssssssssssssssssssssssssssssssssssssssssssassssssssssssssassssssass xxiii
OZET XXV
1. INTRODUCTION ...ccuiinuinruisrensnessanssessansssnssssssesssssssssssssasssssssssssssssssssssassssssssssssssass 1

1.1 PUIPOSE OF THESIS ...eeeuiieiieeiieiie ettt ettt et 1
1.2 LAterature REVIEW .....coc.eiiiiiiiiiiieiie ettt s 1
1.3 Synchronous Reluctance Motor HiStOTY .........cceecieriieeiieenieeiieieeieeee e 6
1.4 Comparision of PMaSynRM with Other Motors and Its Application Areas..... 8
2. PERMANENT MAGNET ASSISTED SYNCHRONOUS RELUCTANCE
IMOTOR cuceeiviirinsnineniuissaissessesssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas 11
2.1 Operating PrinCiple ........coeeeiieiieiiieiieeieeieeee ettt 11
2.2 MOtOT CONSLIUCTION ..euviiiiieiieeiieeeiieeiee ittt e stte et e st e st esiteebeesbte st e e sbeeenbeeneees 12
2.3 Equivalent Circuits and Modeling of SynRM...........cccoociiiiiiiiiniiiiieieeee 14
2.4 Equivalent Circuits and Modeling of PMaSynRM ... 16
3. CONTROL STRATEGIES OF PMaSynRM .......cccccceruecrursecsuecsunsecsancnessecsne 19
3.1 Field-Oriented Control of PMaSynRM............coooiiiiiiiiiiiieeceee 19
3.2 Maximum Torque Per Ampere Control of SynRM ........ccceoviiiiiniiiiieniee. 20
3.3 Maximum Torque Per Ampere Control of PMaSynRM...........ccccccoeiininicen. 22
4. SPACE VECTOR PWM TECHNIQUE FOR TWO-LEVEL INVERTERS 25

i

. SENSORLESS CONTROL OF PERMANENT MAGNET ASSISTED

SYNCHRONOUS RELUCTANCE MOTOR WITH THE EXTENDED EMF

MODEL ..cuuiiriieiiinsuinsensessacssesssesssissasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 31
5.1 Motor Mathematical Model with Extended EMF Expression.......................... 32
5.2 PMaSynRM State Space Model Using Extended EMF Voltages.................... 33
5.3 Position Estimation with Extended EMF Components.............ccccceerienieennnn. 34
5.4 Speed Estimation with Using Estimated Position.........c.cccocceeviiiiiiiiinnennen. 35
5.5 Simulation Results for EEMF Technique with Sliding Mode Observer.......... 35
5.5.1 Evaluation of simulation reSults..........ccccoecveviineniininieiienecieneeeeeen 40
. SENSORLESS CONTROL WITH HIGH-FREQUENCY VOLTAGE
INJECTION 41
6.1 Difference Between High-Frequency Current and High-Frequency Voltage
INJ@CHION .ttt ettt ettt e et e s e et e e it e e bt e st e enbeesaaeenbeennees 41
6.2 Difference Between Pulsating and Rotating High-Frequency Voltage Injection
................................................................................................................................ 42
6.3 Selection of Frequency and Amplitude of High-Frequency Components........ 43
6.4 Feedback Currents FIItering .........c.eccuieiiiiiiiiiniieiieiiecieeceee et 44

xi



6.5 Obtaining High-Frequency Equivalent Circuit ...........cccoeeveeeiiienieeiienieeienee, 45

6.6 High-Frequency Voltage Injection and High-Frequency Stator Currents........ 46
6.7 Decomposition of Position Error from High-Frequency Currents and Position
EStIMAtION...c..tiiiiiiiiiie e et 47
6.8 Position and Speed Estmiation with PLL............ccccoooiiiiiniiiiiieiee 49
6.9 Initial Rotor Position Detection with Magnet Polarity Determination............. 50
6.10 Simulation Results of HFVI Technique ...........cccceevieniiiiieniieieiecee 52
6.10.1 Operating at 50 IPM.cceeieeciieeeiee ettt eree e eree e e e eveeeseaeeeeeeas 53
6.10.2 Operating at 300 IPIM......cccvieriieeiieiieeieeiee ettt eeeeree e eaeeseeeenne 55
6.10.3 Evaluation of simulation results............coceeiiiiiiiiiiiiiieeeieeeee 57
7. EXPERIMENTAL RESULTS .cuueiniiiininsnicsnnsicssecssissncssesssssssssecssessssssssssssssssas 59
Tl TESE SETUP ettt ettt e sttt s e e s 59
7.2 The Experimental Results of EEMF Sensorless Control Technique................ 60
7.3 The Experimental Results of HFVI Sensorless Control Technique................. 62
7.4 Experimental Results Evaluation ............cccocceviiiiiiiiiiiiiiieiececee e 66
8. CONCLUSION AND RECOMMENDATIONS 67
REFERENCES 69
CURRICULUM VITARE ...uucouirersrensuinsensesssissassssssssssssssssssssssssssssssssssssssssssssssssssass 77

xii



ABBREVIATIONS

ALA
EMF
EEMF
FOC
HF

HFI
HFCI
HFVI
IM
IPMSM
MTPA
PMaSynRM
PMSM
PLL
PWM
SMO
SNR
SVPWM
SynRM
THD
TLA

: Axially Laminated Anisotropic

: Electromotive Force

: Extended Electromotive Force

: Field-Oriented Control

: High-Frequency

: High-Frequency Injection

: High-Frequency Current Injection

: High-Frequency Voltage Injection

: Induction Motor

: Interior Permanent Magnet Synchronous Motor
: Maximum Torque Per Ampere

: Permanent Magnet-Assisted Reluctance Motor
: Permanent Magnet Synchronous Motor

: Phase-Lock Loop

: Pulse-Width Modulation

: Sliding Mode Observer

: Signal to Noise Ratio

: Space Vector Pulse-Width Modulation

: Synchronous Reluctance Motor

: Total Harmonic Distortion

: Transversally Laminated Anisotropic

xiii






SYMBOLS

DAC
da

dn

dq
€ext
(M

€p

fo

fuf
fSW

Tio

It

idc
idm
idmref
ids

iqe
iqm
iqmref
igs
ism
iom
i[}m
Kiiide
Lo
L1
Lad
Lq

: Digital-analog converter

: Duty cycle of d-axis voltage

: Duty cycle of n™ adjacent voltage space vector
: Duty cycle of g-axis voltage

: Amplitude of EEMF components

: EEMF a-axis component

: EEMF B-axis component

: Centre frequency of band-pass filter

: Bandwidth frequency of band-pass filter

: HFI components frequency

: Switching frequency

: Identity matrix

: Positive sequence component of HF currents
: Negative sequence component of HF currents
: d-axis iron losses current

: d-axis magnetizing current

: Reference d-axis current

: d-axis stator current

: g-axis iron losses current

: gq-axis magnetizing current

: Reference g-axis current

: g-axis stator current

: Magnetizing stator current

: Thevenin a-axis stator current

: Thevenin B-axis stator current

: Sliding-mode observer gain

: Average inductance

: Difference inductance

: d-axis inductance

: g-axis inductance

XV



L(0e¢)

Rc
Rs

Sn

Te
€ref
Th
Ts

Sph
Uds
Udt
Ugs
Ugqt
Uat
upt
Vbc
Vit

: Inductance matrix

: Modulation index

: Sector number of space vector plane
: Pole pair numbers

: Iron losses resistance

: Stator resistance

: Thevenin resistance

: n™ switching state

: Laplace operator

: Induced torque of motor

: Reference induced torque

: Switching timing of n' voltage space vector
: Switching period

: Time

: Stator phase voltage

: d-axis stator voltage

: Thevenin d-axis stator voltage

: g-axis stator voltage

: Thevenin g-axis stator voltage

: Thevenin a-axis stator voltage

: Thevenin B-axis stator voltage

: DC bus voltage

: Amplitude value of HFI voltages
: n™ voltage space vector

: Reference voltage amplitude

: High-frequency parameter

: Low-frequency parameter

: Estimated parameter

: Position estimation error

: Load angle

: Sine expression of position estimation error

: The angle of reference voltage vector
: Rotor electrical position
: Current angle

: d-axis flux linkage

Xvi



Me

Oh

Mm

s

: Flux linkage of permanent magnet

: g-axis flux linkage

: Stator flux linkage

: Electrical angular speed of motor

: Angular frequency of high-frequency components
: Mechanical angular speed of motor

: Stator angular frequency

Xvil






LIST OF TABLES

Page

Table 4.1 : Phase voltages formed by space voltage vectors corresponding to
different SWItChing States. cuceceeesssesseressresssnssssesssssssnesssssssssssssssassssassnsesees 28
Table 5.1 : The parameters of the PMaSyNRM....ccccveieecseressercssnercsssencsssesssssssssssscses 36
Table 7.1 : HFI eXperiment VAlUES. c.cccccessicsssesssnsssssssnssssssssssssssssassssssssssssssssssssssasens 62
Table 7.2 : Averaged electrical position estimation errors for different speeds. ...... 66

Xix






LIST OF FIGURES

Figure 1.1 :
Figure 2.1 :
Figure 2.2 :

Figure 2.3 :

Figure 2.4 :

Figure 2.5 :

Figure 3.1 :
Figure 3.2 :

Figure 4.1 :
Figure 4.2 :
Figure 4.3 :
Figure 5.1 :
Figure 5.2 :
Figure 5.3 :
Figure 5.4 :
Figure 5.5 :
Figure 5.6 :
Figure 5.7 :
Figure 5.8 :
Figure 5.9 :
Figure 6.1 :
Figure 6.2 :
Figure 6.3 :
Figure 6.4 :
Figure 6.5 :
Figure 6.6 :
Figure 6.7 :
Figure 6.8 :
Figure 6.9 :
Figure 6.10
Figure 6.11

Page
Comparison of induction motor and SynRM for pump and fan
application. (black: yield, white: size, grey: Weight)..ccueeeceessercsnesercnnes 9
Reluctance torque generation: anisotropic object on the left; right
ISOLTOPIC ODJECL. cerereruressercssressasssssssssssssessssssssssssssssssssassssssssssssassssasssnssssns 12
SynRM rotor: (a) schematic representation of cross-section; (b) an
example of @ MaNUTACtUIEd TOLOT. cuvuieruresssrsssressercssnessnnssssesssssasesssssnsesens 12

SynRM rotor constructions (a) simple 4-pole salient rotor construction
(b) ALA 4-pole rotor construction and (c) TLA 4-pole rotor construction.
................................................................................................................ 13
The upper two circuits are the d&qg-axis SynRM equivalent circuits
containing iron losses, the lower two circuits are the Thevenin equivalent
Circuits Of the UPPET CIFCUILS. wuievresseresressassssnesssssssnessssssssssssssassssssssssssens 15
The upper two circuits are the d&qg-axis PMaSynRM equivalent circuits
containing iron losses, the lower two circuits are the Thevenin equivalent
CIrcuits Of the UPPET CITCUILS. tevvrecssaresssaresssasesssesesssssssssasssssasssnsssssnsssssnss 17
Current control block scheme of field-oriented control. .....cceeeeueeueeneee 20
The MTPA trajectory with voltage and current limits for the
PMASYNRM. cercuriiiuniinnnicssnnncssnnicsssnisssnesssnessssosssssssssssossssssssssssssssssans 23
Voltage space plane of three-phase INVEITET. cuuieesseressersssseressresssssnsssanns 25
A switching pattern example of SVPWM technique for the first sector.26
Obtaining the reference voltage in terms of duty cycles. .eeeeresceresnnees 27
A typical AC motor drive block diagram. .....ceeeeeceessercsnncssnsssnsesssonnes 31
The speed control stage of PMaSynRM. ...ueiceceicssnercssnercssnnscssnescsnsscses 36
The drive cycle of EEMF sensorless CONtrol. coceeieessesssscsssssssscsssessnsens 37
The position estimation at 300 IPIMN. eeeeereresssercssseresssssssssesssssssssssssssasssses 37
The position estimation with the rated load at 3000 rpm. .c..ceveeeeesvecanes 38
The position estimation error by using the EEMF technique. ....cceeueeeees 38
The a component of stator current estimation. cueceeeeseessecesssecsseesecssecsace 39
The B component of the stator current eStimation. eeeeesesesssesesssessssasscses 39
The estimated EEMF o and f COMPONENLS. .ceerueessercssressarsssnesasssssssansens 39
High-frequency voltage injection in the motor current loOp. .ceeeseresneees 42
Bode plot of Notch filter applied to feedback phase currents. ....eceeveees 44
Position information parsing block diagram. ....c.ceeeeeseessercsnessnscsnnenns 47
Bode plot of the band-pass fIlter. ...cieeessrecssaresssancsssaressnnssssesssssssssnnees 48
The phase-locked loop scheme for position estimation. ..ceceeeesseesseesees 49
Pilot voltages in the three-phase inverter space vector plane. ....eeeeeseees 50
Cases of fluxes created by pilot voltages with magnet flux. ...ccceeueeueee 51

Stages of motor starting rotor position determination. ...eeesesesssssessseseses 51
The power stage and injection HF Signals....cccceeeessercsnncssescsasesnssssseens 52
: The speed control stage of PMaSYNRM. ....cceceicssneiessrnrcssrnscsnesssnsscses 53
: The motor speed estimation starting at rated load to 50 rpm. .c..ceeueeee. 53

xxi



Figure 6.12 : The zoomed view of motor speed estimation at 50 rpM..ceceeecseeserences 54
Figure 6.13 : The rotor position estimation tracking at 50 rpm. ..cccceereeesseecseecsercnnees 54
Figure 6.14 : The zoomed view of rotor position estimation tracking at 50 rpm. ....54
Figure 6.15 : Rotor position estimation error at 50 IPM. c.ceeveecseecssercssnssancssecssnneaees 55
Figure 6.16 : The motor speed estimation starting at rated load to 300 rpm. ........... 55
Figure 6.17 : The zoomed view of motor speed estimation at 300 rpm.....c.cceeerennees 55
Figure 6.18 : The rotor position estimation tracking at 300 rpm. ...ccccereeeeesvecsacsaecane 56
Figure 6.19 : The zoom view of rotor position estimation tracking at 300 rpm. ...... 56
Figure 6.20 : Rotor position estimation error at 300 IPM. ..eceeereesseessecseesecssecasssacane 56
Figure 7.1 : Experiment setup of the StUdY. ceececsserecsseresssercssesesssnsssssesesssssssnsssssasses 59
Figure 7.2 : The speed estimation tracking for EEMF technique. .c.coccesseeseecsnecnnnane 60
Figure 7.3 : The zoomed view of speed estimation at 300 IPM. ..eeeersreresssrecsanesssanes 60
Figure 7.4 : The zoomed view of speed estimation at 2025 rpM. cccceeeerressercsanesanenns 61
Figure 7.5 : The position tracking performance at 300 IPM. ...eeerseressrercsssessssnssssones 61
Figure 7.6 : The position tracking performance at 2250 rpm. .e..ceceeeeeseecsassaecsacennces 62

Figure 7.7 :

The HFVI operation outputs of the motor at 30 rpm under rated load. 63

Figure 7.8 : Scenario of step speed reference for without stall torque. .....cceeeeeeeeeee 64
Figure 7.9 : Scenario of step speed reference for with stall torque. .....eeeeeeescseecsenes 64
Figure 7.10 : Scenario of reverse rotation -100 rpm to 100 rpM. ...ceeveessurcsseesercnnes 65
Figure 7.11 : Scenario of passing HFI sensorless operation to EEMF sensorless
OPECTALION. teruvressresssesssessssessassssssssssossssssssssssssssssssssssasssssessssssassssassssssssns 66

xxil



SENSORLESS SPEED CONTROL OF A PM ASSISTED SYNCHRONOUS
RELUCTANCE MOTOR FROM ZERO TO RATED SPEED

SUMMARY

Recently, permanent magnet synchronous motors (PMSMs) with high-energy magnets
are proposed to replace the variable speed drives of some induction motors (IMs) to
increase power factor and efficiency. However, the high price of high-energy rare earth
permanent magnets, especially for applications with upfront cost constraints, calls into
question this solution. Permanent magnet assisted synchronous reluctance motor
(PMaSynRM), which has a high-efficiency standard and high torque and power
density, where rare earth magnets' usage is not preferred, is expected to replace IMs,
which is currently the most used motor type. In this study, a PMaSynRM designed for
a washing-machine appliance is used to apply a sensorless speed control approach
from zero speed to rated speed.

The working principle of PMaSynRM is based on the reluctance torque beside the
electromagnetic torque. The dominant one is the reluctance torque, and this is the
subject where it differs from an interior permanent magnet synchronous motor
(IPMSM). In a PMaSynRM, the reluctance torque is provided by rotor air barriers and
the electromagnetic torque is provided by permanent magnets placed on the g-axis of
the rotor. The mathematical model of PMaSynRM can be derived simply in the
rotating reference frame according to rotor. The variables and parameters of stator axes
are transformed into the d&q reference frame by using the Clarke and Park reference
frame transformations.

Amplitude and angle of stator current vector are controlled separately by performing
field-oriented control (FOC). Different control strategies are implied to the motor
applications in literature taking advantage of FOC. The main one for a PMaSynRM is
maximum torque per ampere (MTPA) control because of its simplicity. Another
advantage is that the output power is also maximized for a specific speed value besides
the output torque. Thus, the motor torque and power density are increased.

A two-level inverter is sufficient for a three-phase PMaSynRM driver. The amplitudes
and frequencies of phase voltages and currents are adjusted to the desired value by
using inverter and FOC technique together. The space vector pulse-width modulation
(SVPWM) technique becomes prominent among pulse-width modulation (PWM)
techniques for inverters.

Sensorless control is based on obtaining the rotor position and speed information not
from the position sensor. In this study, the extended electromotive force (EEMF) and
high-frequency injection (HFI) models are preferred. The HFI model is applied below
a certain speed due to the inadequacy of the EEMF model at lower and zero speeds.

In the first step, the PMaSynRM state space model includes EEMF components is
obtained on the a&p stationary reference frame. The EEMF components containing
rotor position information cannot be obtained directly by measurement. Therefore,
EEMF components need to be estimated using an observer structure. In this study, the
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sliding-mode observer (SMO) structure is used. The estimation errors of a&[p-axis
currents are used for estimating EEMF components.

As a result of simulations, sensorless speed control of PMaSynRM is realized from
300 to 3000 rpm (rated) and also under rated load conditions. For rated speed where
efficiency is high and critical, the electrical position estimation error is around 2°,
which is acceptable.

In the second stage, the HFI technique is applied for the PMaSynRM. High-frequency
voltage injection (HFVI) is preferred, since the injected signals are not regulated by
the current controllers. As a result of the injected high-frequency voltages, high-
frequency signals are formed in the phase currents of the motor. These current signals
contain rotor position information. However, the signals must be subjected to some
signal processing to obtain this rotor position information. These signals are separated
from the motor fundamental current, and position information. A smoother position
information is provided with the designed phase-locked loop (PLL) technique.

In simulation environment, PMaSynRM sensorless speed control is carried out from
zero to 300 rpm speed. In addition, sensorless speed control is also provided for the
rated load condition. As a result, the electrical position error is less than 2° for the
entire speed range, which is reasonable level for a sensorless operation.

In the final stage, the experiments of sensorless control of PMaSynRM are carried out.
With the EEMF technique, both rotor position and speed are successfully estimated
and the motor is driven from 300 rpm to rated speed. The noise of estimations increases
at low speeds because of lower values of EEMF components as expected. For lower
speeds, the HFVI technique is tested. The motor is driven under rated load at 30 rpm.
Then, the 100 rpm step responses of motor are obtained under rated load. Finally, the
motor is tested to be rotated in the opposite direction.

With the designed speed control algorithm, PMaSynRM is provided to operate
sensorless from zero speed to rated speed. The efficiency value obtained with the
sensor is approximately kept, thus avoiding the concern of efficiency loss.
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DAIMIi MIKNATIS DESTEKLI SENKRON RELUKTANS MOTORUN
SIFIRDAN ANMA HIZINA KADAR ALGILAYICISIZ HIZ KONTROLU

OZET

Sabit olmayan yiik altindaki elektrik motoru tahriklerinde verimi artirmak ve enerji
tasarrufu saglamak i¢in degisken hizli tahrikler gereklidir. Son yillarda ytiksek enerjili
miknatislara sahip daimi miknatisli senkron motorlar (DMSM, ing: PMSM), gii¢
faktorii ve verim avantajlarindan dolay1 piyasada asenkron motorlarin degisken hizlh
tahriklerine bir alternatif olmaktadirlar. Fakat yiiksek enerjiye sahip nadir toprak
elementli daimi miknatislarin yiiksek fiyati, 6zellikle 6n maliyet kisitlamalar1 bulunan
uygulamalar i¢in ¢6ziim olmamaktadir. Nadir toprak elementi miknatislarin
kullanilmasinin tercih edilmedigi ve aym1 zamanda yiiksek verim, ¢ikis momenti ve
giic yogunluguna sahip daimi miknatis destekli senkron relilktans motorlar
(DMDSRM, ing: PMaSynRM), halihazirda en ¢ok kullanilan motor olan asenkron
motora giiclii alternatif olarak karsimiza ¢ikmaktadir. Bu ¢alismada, ¢camasir makinesi
uygulamasi i¢in tasarlanmis olan bir DMDSRM kullanilmistir. Segilen bu
DMDSRM’nin sifir hizdan anma hizina kadar algilayicisiz hiz  kontroliiniin
gergeklestirilmesi amaglanmistir.

DMDSRM tarafindan hem relilktans momenti hem de elektromanyetik moment
tiretilebilmektedir. Bu momentlerden daha baskin olani reliiktans momentidir ve bu
ozelligi ile gomiili miknatishh senkron motorlardan (GMSM, ing: IPMSM)
ayrismaktadir. Reliiktans momenti, manyetik olarak anizotropik olan bir manyetik
malzemenin manyetik alan yoniinde hizalanma egiliminden meydana gelmektedir.
DMDSRM’de bu anizotropiklik rotorda olusturulan aki bariyerleri ile saglanmaktadir.
Elektromanyetik moment ise geleneksel motorlardan da bilindigi lizere stator ve
rotorun olusturdugu iki manyetik alanin etkilesiminden meydana gelmektedir.
DMDSRM’de bu moment rotor q-eksenine yerlestirilen daimi miknatislar ile
saglanmaktadir. Boylece toplam momente artis saglanirken ayrica gii¢ faktoriinde de
iyilesme elde edilir. DMDSRM’ nin matematiksel modeli, en sade sekli ile rotor
referans eksen takiminda c¢ikarilmaktadir. Bunun ig¢in stator biiylikliikkleri ve
parametreleri, Clarke ve Park doniisiimleri ile d&q eksen takimi {lizerine indirgenirler.
Elde edilen elektriksel dinamik denklemler kullanilarak d-ekseni ve g-ekseni olarak
iki ayr1 esdeger devre olusturulabilir. Ayrica bakir kayiplarinin yaninda demir
kayiplar1 da goz oniine alindiginda esdeger devrelere demir kayiplarina karsilik gelen
paralel bir direng eklenir. Son olarak esdeger devrelerin Thevenin esdegerleri alinarak
devreler daha basit hale getirilirler.
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DMDSRM i¢in alan yonlendirmeli kontrol (AYK, ing: FOC) uygulanarak stator akimi
genligi ve agis1 ayr1 ayr1 kontrol edilebilmektedir. Bu yiizden AYK, vektor kontrolii
olarak da isimlendirilmektedir. AYK teknigi ile motor i¢in olusturulmus kontrol
stratejileri gerceklestirilebilir. DMDSRM’ye uygulanan baslica kontrol stratejileri
akim basina maksimum moment (ABMM, ing: MTPA) kontrolii, en hizli moment
cevabi kontrolii, maksimum gii¢ faktorii kontrolii ve maksimum verim kontroliidiir.
Bu calismada, sagladigi birtakim avantajlarindan dolayt ABMM  kontrolii
kullanilmistir. Bu yontem Oncelikle basit olan algoritmasi ile 6ne ¢ikmaktadir. Diger
bir avantaji ise ABMM kontrolii ile motorun bir hiz degeri i¢cin motorun ¢ikis
momentinin yaninda c¢ikis giiciinlin de mimkiin olan en yiiksek degeri elde
edilmektedir. Bdylece motor tasarimi degistirilmeden motorun moment ve giic
yogunlugu arttirilir. Bu avantajlarindan dolayt ABMM kontrolii endiistride de yaygin
olarak tercih edilmektedir.

Ug fazli bir DMDSRM siiriiciisii i¢in iki seviyeli bir evirici yeterli olmaktadir. Evirici
sayesinde istenilen genlikte ve frekansta motor faz gerilimleri olusturulabilmektedir.
Dolayistyla AYK teknigi kullanimi ile de motor faz akimlar1 genlikleri ve frekanslari
da kontrol edilebilir. Eviricide dogru akim (DA) gerilimden siniizoidal alternatif akim
(AA) gerilimlerin {iretilmesi icin ¢esitli darbe genislik modiilasyonu (DGM, ing:
PWM) teknikleri gelistirilmistir. Bu teknikler arasinda uzay vektér DGM (UVDGM,
ing: SVPWM) teknigi one c¢ikmaktadir. UVDGM teknigi ile DA bara tarafindan
saglanan kazang yikseltilir. Ayrica daha az anahtarlama gergeklestirilerek hem
anahtarlama kayiplar1 azaltilip sistem verimde artis saglanir hem de toplam harmonik
bozunum (THB, ing: THD) azaltilir. UVDGM tekni8i gerilim-zaman dengesi
prensibine dayanmaktadir. Bu prensipten yararlanilarak iiretilmek istenen referans
gerilim vektorii, uzay vektor diizleminde bu vektoére komsu iki anahtarlama gerilim
vektorii ile elde edilir.

Algilayicisiz kontrol, vektor kontroliinde gerekli olan konum bilgisinin ve kapali
cevrim hiz kontroliinde gerekli olan hiz bilgisinin konum algilayicisindan alinmayip
cesitli teknikler ile elde edilmesine dayanmaktadir. Son yillarda algilayicisiz kontrol,
endiistriyel uygulamalarda oldukca popiiler hale gelmistir. Algilayicinin sistemden
cikarilmasi ile daha diisiik sistem maliyeti, azaltilmig donanim karmasikligi ve boyutu,
kontrol sisteminin glivenilirliginde artis ve sistem bakim gereksiniminde azalma
saglanir. Bu calismada algilayicisiz kontrol yontemlerinden genisletilmis elektromotor
kuvveti (GEMK, ing: EEMF) teknigi ve yiiksek frekans enjeksiyonu (YFE, ing: HFI)
teknigi tercih edilmistir. Bu algilayicisiz kontrol tekniklerinin kullanilmasi ile motorun
rotor konumu ve hiz1 kestirilebilmektedir. Diisiik ve sifir hizlarda GEMK modelinin
yetersiz kalmasi nedeniyle belli bir hiz degerinin altinda yiiksek frekans enjeksiyonu
teknigine basvurulmaktadir.

Calismanin ilk asamada GEMK teknigi ele alindi. GEMK tekniginin uygulanmasi igin
oncelikle motorun a&f duragan eksen takimindaki GEMK bilesenlerini iceren durum
uzay modeli elde edilir. Rotor konum bilgisini igeren bu GEMK bilesenleri 6l¢iim yolu
ile dogrudan elde edilememektedirler. Bu yiizden GEMK bilesenlerinin bir gozleyici
yapist kullanilarak kestirilmeleri gerekmektedir. Bu kestirim iglemi igin literatiirde
cesitli gozleyici yapilart bulunmaktadir. Bu ¢alismada hizli yanit vermesi, kararl
yapis1 ve kolay uygulanmasi gibi avantajlarindan dolay1 kayan kipli gozleyici (KKG,
ing: SMO) yapis1 kullanilmistir. Olusturulan KKG’li durum uzay modelinde, a&[-
ekseni akimlarinin kestirim hatalart kullanilarak GEMK bilesenleri kestirimleri
gerceklestirilir. Bir KKG katsayisi ile ¢arpilan bu akim kestirim hatalariin isaretleri
GEMK bilesenlerini olustururlar.
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Yapilan benzetisimler sonucunda DMDSRM'nin algilayicisiz hiz kontrolii 300
rpm'den anma hizi olan 3000 rpm'e kadar gercgeklestirildi. Ayrica motorun anma yiik
degerinde yiiklendigi durumlar icin de algilayicisiz kontrol basarildi. Verimin yiiksek
ve kritik oldugu anma hizi i¢in elektriksel konum kestirim hatasi 2° civarindadir ve bu
deger kabul edilebilir sinirlar i¢indedir.

Ikinci asamada ise DMDSRM i¢in YFE teknigi ele almmistir. Bu teknik, akim
enjeksiyonu ve gerilim enjeksiyonu olmak {izere ikiye ayrilmaktadir. Yiiksek frekansh
akim enjeksiyonu (YFAE, ing: HFCI) yerine sagladig1i avantajlardan dolay1r bu
calismada yiiksek frekansli gerilim enjeksiyonu (YFGE, ing: HFVI) teknigi tercih
edilmistir. Gerilim enjeksiyonunda enjekte edilecek yiiksek frekansl isaretler akim
kontroldrleri tarafindan ayar edilmezler. Ayrica yiiksek frekansli isaretlerin genlik ve
frekans seciminde akim kontrolorleri tarafindan bir kisitlama yoktur. Kullanilan
tekniklerdeki bagka bir ayrim ise, yiiksek frekansli isaretlerin darbeli veya donen
gerilim seklinde olmasi noktasindadir. Bu ¢alismada donen gerilim enjeksiyonu tercih
edilmigstir. Darbeli enjeksiyon yontemi, rotor konum bilgisini gerektiren donen
referans eksen takiminda gerceklestirilir. Bu nedenle, bu yontem dogrudan konum
tahmini bagarimina baghdir. Bu teknigin diger bir dezavantaji ise motor
parametrelerine bagli olmasidir.

YFGE algilayicisiz kontrol tekniginde enjekte edilen yiliksek frekansli gerilimler
sonucunda motorun faz akimlarinda ytiksek frekansli isaretler olugsmaktadir. Bu akim
isaretleri rotor konum bilgisini igermektedirler. Fakat bu isaretlerin motor temel akim
bileseninden ayristirilarak  konum  bilgisinin  alinabilecek hale getirilmesi
gerekmektedir. Ek olarak faz-kilitlemeli ¢evrim (FKC, ing: PLL) yoOntemine
basvurularak daha diizgiin bir konum bilgisi alinmas1 saglanir.

DMDSRM’nin YFGE uygulamasi i¢in olusturulan benzetim modelinde sifir hizdan
GEMK teknigine gecilen 300 rpm hiz degerine kadar algilayicisiz hiz kontrolii
gerceklestirilmistir. Ayrica, motorun anma yiik degeri altinda da algilayicisiz hiz
kontrolii saglanmistir. Sonug olarak, elektriksel konum kestirim hatasi tiim hiz araligi
icin 2°°den diisiiktiir. 2°’lik hata verim agisindan 50 rpm i¢in %0,04 ve 300 rpm i¢in
%0,56'ya karsilik gelmektedir. Bu verim degerleri diisiik hizlardaki algilayicisiz
calisma icin kabul edilebilir seviyelerdedir.

Son asamada, PMaSynRM'"in algilayicisiz kontrolii deneysel ortamda test edildi.
GEMK teknigi ile hem rotor konumu hem de hiz1 basarili bir sekilde kestirildi ve motor
300 rpm hiz degerinden anma hizina kadar siirtildii. Beklendigi gibi diisiik hizlarda
EEMF bilesenlerinin diisiik degerleri nedeniyle, kestirimler {izerindeki griiltii
artmistir. Daha diigiik hizlardaki ¢alisma icin YFGE teknigi test edildi. Motor, 30 rpm
hiz degerinde ve nominal yiik altinda siiriilmesi basarildi. Daha sonra, motorun anma
yikii altinda 100 rpm degerindeki basamak cevaplar1 test edildi. Son olarak
algoritmada herhangi bir ayarlama yapilmadan motorun ters yonde dondiiriilmesi
saglandi.

Calismanin sonucunda tasarlanan hiz kontrolii algoritmasi ile DMDSRM’nin sifir
hizdan anma hizina kadar algilayicisiz bir sekilde caligmasi saglanmistir. Ayni
zamanda algilayicili kontrol durumunda elde edilen verim degeri yaklasik olarak
korunmustur.
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1. INTRODUCTION

1.1 Purpose of Thesis

First of all, the purpose of the thesis is to raise awareness for permanent magnet
assisted synchronous reluctance motor (PMaSynRM), which is advantageous in terms
of cost and competitive in terms of efficiency. In addition, to create an easy-to-apply
algorithm using a closed-loop sensorless speed control for a certain speed range is

another purpose of the thesis.

1.2 Literature Review

Even though there are many resources for sensorless control of synchronous reluctance
motor (SynRM) and permanent magnet synchronous motor (PMSM), the resources
about the sensorless control of a PMaSynRM in the literature are limited. The
techniques applied to SynRMs and PMSMs can be applied to PMaSynRMs with some
modifications. Because, the only difference of PMaSynRM from SynRM is the
electromotive force (EMF) voltage caused by the magnet flux on the d-axis if we
consider the mathematical models. Also, the difference of interior permanent magnet
synchronous motor (IPMSM) from PMaSynRM is that only the magnet flux EMF
voltage is on the g-axis [1]. Therefore, a literature review is also carried out for studies

on PMSMs and SynRMs.

Sensorless control methods are divided into two categories for medium to high speed
and zero to low speed. These two categories have different needs for observer design.
In general, in medium to high-speed range model-based observers perform well as
there is a good signal-to-noise ratio and measured variables are high enough to excite
the observer. One drawback of these methods is sensitivity to parameter variations or
uncertainties. For the zero to low-speed region, since the exciting features of the
measured electrical variables are low due to low speed, combined with the
measurement noise, model-based observers do not perform very well. For this speed

region, additional identifying signal injection is often required. This signal injection is



in the form of either voltages or currents [2]. Response to these injected signals often
contains the position information of the anisotropic rotor. With a proper demodulation
rotor position provided that the response to the injected signals is sufficient in the sense
of amplitude and signal to noise ratio (SNR) [3]. Because of these reasons, two

methods are commonly combined to account for the whole speed range [4].

In literature, the sensorless control techniques for medium and high speeds can be
listed as estimation of the rotor position by using the fundamental components of the
motor phase variables [5-9], the voltage/current difference [10-13], high-frequency
signal injection [14-17], a specific form of inverter switching [18], triple harmonics
caused by motor design [19], and so on. Sensorless control schemes based on the
fundamental components are preferred because of the disadvantage of sensor noises at

higher frequencies.

Extended flux or extended EMF models of the motor at fundamental frequency are
commonly used for sensorless control of motors operating at medium and high speeds.
In these methods, different d&q-axis reluctances of IPMSM and reluctance motors are
utilized due to the magnetically anisotropic rotor [20]. Extended flux or extended EMF
components of the model in the a&p stationary reference frame contain rotor position
information. It is possible to make position and speed estimations with these

components obtained by an observer method [21].

Position estimation can be realized by using extended flux models created through the
motor torque equation based on the same principle as Hasegawa and Matsui (2008)
and Shinke and et al. (2009) [22, 23]. Zang and Zhou (2016) carried out sensorless
control of PMaSynRM with using equivalent EMF model and SMO [24]. When, Chen
and et al. (2003) studied sensorless control of IPMSM with using extended EMF model
and disturbance observer [21], Liu and et al. (2011) used SMO as observer [25].
Scalcon and et al. (2019) and Ichikawa and et al. (2007) used a Luenberger observer
for same extended EMF model principle in sensorless control of SynRM [26, 27].
Since the motor models created for sensorless control can be derived from each other,
their performance will be similar. The success of chosen observer becomes a more

decisive factor in this regard.

Various types of observers are used by researchers for rotor position estimation such

as the Luenberger observer [26, 27], the sliding-mode observers [28-34], and adaptive



observer structures [33, 35]. There are many studies on SMOs particularly in the
literature for the sensorless control of electric motors because of their robust structure,
fast convergence, low sensitivity to disturbance and parameter variations [28-30]. In
this study, it is not vital to use adaptive observer which has more complex structure

since the drive process is carried out up to the rated speed of motor [36].

The position and speed estimations become difficult at low speeds since flux and EMF
values are directly proportional to speed [20]. Therefore, other techniques such as
high-frequency injection (HFI) method are preferred as sensorless control at low
speeds and zero speed. Zero and low speed position sensorless operation of the electric
machine has always been an active field of study, especially within competitive
markets where cost reduction is an important driving factor. The literature is teeming
with methods such as signal injection methods, third harmonic observers, zero crossing
detection algorithms, current rate of change (switching transient) algorithms [37] some
of them being parameter dependent and some of them are parameter free. Parameter
independency is also another important aspect of the position estimation methods as
parameters might be uncertain at extremum operating points such as very light and
very heavy loads for highly nonlinear machines like SynRMs or machines with heavy

slotting effects and concentrated windings.

Injected signals are either voltages or currents hence the names high-frequency voltage
injection (HFVI) and high-frequency current injection (HFCI). HFVI is
straightforward since no additional hardware to a conventional field-oriented control
(FOC) scheme 1is required. In HFVI, high-frequency components of suitable
magnitude and frequency are superimposed on the current controller outputs. The
current response of the system to these superimposed components are then analysed
and position information contained within them is extracted since the current response
of the anisotropic machines will be modulated with the rotor position. HFVI has
advantageous since high-frequency impedance of the machine allows reduced
amplitude high-frequency current response. This also will result in low torque ripples.
If the amplitude is not enough to provide a good estimate, high-frequency voltage
component magnitude can always be regulated to provide a converging estimate, a

feature being not so easy to implement in the HFCI methods [2].



In the HFCI method, high-frequency current components superimposed to the speed
controller outputs are regulated with the current controllers. This is often a problem in
terms of bandwidth with the conventional FOC current regulators, so some
adjustments to the controllers might be necessary such as increasing the bandwidth or
using separate or modified controllers for each component [2]. Good spectral
separation of the current components is inevitable for a better estimation of the rotor
position. This will mean a further increase of the current controller bandwidths, and if
the current controllers fail to regulate the fundamental and high-frequency components
at the same time, there will be loss of information on the negative sequence voltages,
thus poor estimation [2]. Since this current will be regulated, the selection of amplitude
and frequency is important so that the torque ripple is not an issue. Also, when high-
frequency (HF) models are not used, some methods may require to measure HF voltage
components. This either requires estimating voltages from the current controller

outputs and using dead-time compensation methods, or voltage sensors [16].

Voltage injection is the popular method, considering its ease of implementation on the
current hardware and software that is the bare minimum for a FOC method. Among
the voltage injection methods, most popular two are sinusoidal rotating voltage
injection or pulsating voltage injection method. The rotating HFI method is usually
applied for sensorless control of IPMSM having large saliency values. On the other
hand, the pulsating HFI method is preferred for the IPMSMs having small saliencies
[38].

In pulsating HFI method, the injection is carried out in the d&q rotating reference
frame. Although the injected voltage signal is sinusoidal, it is in the form of pulsating
in the stationary reference frame [38]. A pulsating voltage vector of distinctly higher
frequency than the fundamental frequency is superimposed on either d-axis or g-axis
[39]. This results in a complex part in the current response. With driving the complex
part in the current response to zero, actual position can be estimated. This method is
also susceptible to multiple saliencies mentioned before. Voltages or currents can be

injected considering the stationary reference frame or the estimated frame [4, 40].

Besides, the rotating HFI method is also widely used for sensorless control of all AC
machines. The high-frequency signals are generally superimposed with two-phase

stationary voltages and they are sinusoidal with constant amplitude. The decomposed



high-frequency currents from the motor phase currents contain the rotor position

information and it can be obtained with various signal processing techniques [41].

The injection in the stationary reference frame becomes more advantageous because
the knowledge of the position information is needed for injection in the rotating
reference frame. In the injection methods carried out in the d&qg-axis, the estimated
rotating reference frame is used according to estimated position and these methods are
directly related to the estimation success. Another disadvantage is that the pulsating
HFI technique is dependent of motor parameters which is not for rotating HFI

technique [41].

Saliencies may be affected by saturation factors such as magnet flux and loading. Off-
line calculation of the compensation function and on-line compensation is also

possible [40].

HFI methods track spatial saliencies. These saliencies are created either by distinct
geometries or saturated regions. Since these saliencies can be multiple, the type of
saliencies should also be considered when comparing these methods. Saliencies can
be sinusoidal, more distorted, etc. There can be more than one harmonic component
due to the rotor geometry and stator structure for sinusoidal saliencies. For sinusoidal
saliencies, current or voltage response are modulated sinusoidally and require proper
demodulation and position extraction. HFI methods are affected by all types of
saliencies, including single and harmonic saliencies, rotor slotting, magnetic
anisotropy, magnet flux, loading, saturation, and cross saturation [39, 40]. Rotors with
multiple saliencies should be analyzed carefully. Position tracking accuracy can be
reduced where multiple and varying saliencies exist. The complete erroneous detection

of d-axis is also possible.

High-frequency voltage injection methods can be performed successfully on SynRMs,
PMaSynRMs and IPMSMs due to d&q-axis inductances those are noticeably different
from each other [39]. As d-axis inductance is much higher than the g-axis inductance,
high-frequency response during rotor rotation is varied considerably, leading to easier
demodulation and position determination of these motors. Compensations methods are
proposed that are created via off-line tests to account for offsets and position

independent errors [39].



A few problems are associated with the HFI in PMaSynRMs like the selection for
correct injected voltage amplitude and frequency, the magnet polarity detection, filter
computing burden. For the determination of the injected frequency, a clear spectral
separation is required. There are various algorithms for magnet polarity detection of
PM motors. A most popular one is the stationary current response for PMSMs. The
current time response method has some drawbacks and especially for PMaSynRMs,
which have much lower number of magnets compared to PMSM. Magnitude of the
voltage is another concern as the high-frequency currents may cause some acoustic
noise. Variable HF voltage component amplitude and frequency is suggested using
larger amplitudes during speed transients and lower voltage amplitudes during steady
state so as to reduce acoustic noise during steady state [39]. Inverter switching
distortions and analog/digital filtering of the carrier signals should also be considered

[42].

1.3 Synchronous Reluctance Motor History

The concept of a synchronous reluctance motor has a long history because it is in
principle the same as a salient rotor synchronous motor without rotor excitation [43].
The basic concepts and theory of the development of the reluctance torque in salient
pole synchronous machines, the analysis of this type of synchronous machine on the
d&qg-axis were carried out by Blondel in 1913. In the Journal of AIEE, the first paper
specifically about this motor was published by J.K. Kostko in 1923 [46]. It was
recognized by Kostko that the performance of synchronous reluctance machines would
be quite poor in terms of efficiency and power factor unless the machine was designed
to achieve a high magnetic saliency. As a solution to this problem, they divided the
rotor into multiple sections that act as flux routing to increase the difference in
inductances of the d&q-axis. More specifically, Doherty and Nickle [47] published a
classic paper in 1926 deriving the relationship between power per torque and load

angle for salient pole synchronous machines without field excitation [48].

Despite its long history, the evolution of the synchronous reluctance motor towards
high performance and its consequent industrial applications grew very slowly and only
become a mature technique in the last decade of the 20th century [43]. There are two
reasons for this delay. The first reason is that the search for a highly anisotropic rotor

design was quite late since it began in the late 1950s [49] and they have generally



concentrated on caged starting machines for special purposes [50]. These
investigations led to many studies, especially the axially laminated anisotropic rotor
structure [51, 52]. Unfortunately, the axially laminated structure is disadvantageous in
terms of high iron losses in rotor laminations close to the air gap. This situation limits
the efficiency advantages of the machine. Moreover, the significant manufacturability
challenges associated with these axially laminated rotor structures have severely

hindered their commercialization opportunities [48].

In the 1960s and 1970s, when solid-state inverter technology matured, commercial
interest in the development of synchronous reluctance machines for adjustable speed
drive applications increased [48]. The synchronous reluctance motor was developed
especially in the 1960s as a line-start synchronous AC motor for use in applications
with synchronous speed requirements [53]. Such motors were used as an example in
the textile industry and were supplied by a common voltage source [54]. These variable
speed machines had a great deal of attention as they operated in synchronization with
the stator frequency, so they were an effective substitute for speed-regulated direct
current motors and induction motors to produce higher quality fibers in the fiber-
spinning factories [55]. The motors were obviously not individually controlled and
there were no strict requirements on efficiency. The motor performance was poor in
terms of power density or efficiency, but it was a cost-effective motor running at

synchronous speed [54].

SynRMs were operated in open loop, similar to the switched reluctance motor drives
of those days. The open loop control adjusts the inverter voltage and frequency
independently of rotor speed and position. Continuous progress in induction motor
drives and speed control techniques caused these motors to lose the market. However,
improvements in rotor structure configurations have drawn a very positive outlook for

this machine in the future market [55].

On the other hand, the widespread application of synchronous motors was unthinkable
at that time without closed-loop operation, which requires a power-electronic supply.
This power supply concept was applied in the field in BLDC and PMSM motors in the
1980s. At the same time, it gave a major impetus to research on high-performance
synchronous reluctance motors and drives [53, 56, 57]. This paved the way for a

mature design technique and then industrial application, first in the field of servo drives



[43]. The sensorless control trend is towards general purpose applications due to the
suitability of such motors [43]. While permanent magnet synchronous machines have
attracted significant interest from researchers for high-performance drive applications
since the 1980s, there has also been high interest in the development of synchronous

reluctance machines that do not require magnets or any field excitation [49].

In recent years, the commercialization of this technology has begun. One of the most
important has been the series of SynRMs and PMaSynRMs and also drives, first
presented by ABB in 2012 and now available in powers ranging from 5.5 to 315 kW
for industrial applications. The key features for a 90 kW machine in this series are
96.1% efficiency at full load and a power factor of 0.73, demonstrating both the
strengths and challenges of this technology [58].

1.4 Comparision of PMaSynRM with Other Motors and Its Application Areas

At the point we have come so far, induction motors have almost reached the limit of
their structural and technological usefulness. Further increase in the efficiency of these
motors is possible only by using solutions such as using more copper and steel material
and using the copper squirrel cage of the rotor. The main disadvantages of such
solutions are growth in the motor volume and increased costs. In addition, the use of
copper squirrel cages causes a significant increase in the cost of production technology
due to the high melting point of copper. Cost-acceptable induction motors only

correspond to efficiency class IE2 [59, 60].

Currently, leading European manufacturers sell a SynRM with frequency converter for
use in areas where the application of a frequency regulated motor can have a significant
energy saving effect (e.g. for fan load, elevators and elevator drives). These areas

account for more than 70% of all adjustable electric drive applications [49, 60].

Three-phase SynRMs and PMaSynRMs stand out from permanent magnet motors
because of their simplicity in design and manufacturing. It is advantageous by the lack
of permanent magnets, which are difficult to maintain and repair. In addition, the
induction motor production technology has the highest agreement with SynRM among

other motors [60].

Compared to other types of machines, SynRM is quite new in the industrial market, so

it is not used widely yet. Companies like ABB are replacing induction machines



mainly with synchronous reluctance machines due to their higher efficiency and better
power densities for ventilation and pump applications such as heating and air
conditioning [61]. SynRM motors show a higher torque density (approximately 15-
20%) and an increased average efficiency (5-10%) compared to a conventional
induction motor [62]. The efficiency and power density comparison between a
traditional induction machine and a modern SynRM shown in Figure 1.1 highlights

these differences obviously [61].

B Weight [kg] Frame Size m Efficiency [%]
350 94
300 93,5
93
250
92,5
200 92
150 91,5
91
100
90,5
50 a0
0 89,5
ABB SynRM ABB IE2 IM ABB SynRM ABB IE2 IM
Pump application Fan application
22kwW, 1500rpm 37kW, 3000rpm

®Weight [kg] = Frame Size mEfficiency [%]
Figure 1.1 : Comparison of induction motor and SynRM for pump and fan
application. (black: yield, white: size, grey: weight) [61].

Around the world, many electrical appliances are operating with electric motors, such
as air conditioners, refrigerators, and washing machines. Single-phase induction
motors, permanent magnet synchronous motors, and universal motors dominate the
market in these applications. The design objectives of these motors are smaller
dimensions, high power density, high efficiency, low maintenance, and cost.
PMaSynRMs are also becoming an alternative to these motors in the home appliances

industry [1].

The need for high efficiency motors in centrifugal machines, conveyor systems, fans
and pumps, cranes, compressors, elevators, crushers and general machinery (winders,
extruders and servo pumps) can be met by SynRM. PMaSynRM is an interesting

choice, especially in electric aircraft applications [63].

The price of PMaSynRMs is much lower than traditional PMSM, making the motor
preferable. The fact of using cheaper ferrite permanent magnets than rare earth

permanent magnets provides a significant cost reduction. Although PMSMs are



popular in electric and hybrid vehicles today, PMaSynRM is the most promising

machine for next generation vehicles without rare earth permanent magnets [64].

As SynRM is a new motor topology, it is not yet used in electrified railway
applications. In this field, induction motors and brushed direct current motors, which
are more mature topologies, are mostly preferred [65]. SynRMs are designed with
closed cooling to increase the reliability of the motor. This type of cooling is the
criterion of choice in railway applications. Since SynRM does not have relatively high
rotor losses as in an induction motor, closed cooling for SynRMs is sufficient. In
addition, the machine volume can be further reduced because the rotor temperature is

lower [65].

One of the US Navy's key principles for future ships and submarines is that electric
machines should replace hydraulic and pneumatic fluid power systems that currently
support operating equipment. The main component needed for both existing ships and
future electric ships and submarines is the electric motor and generator. In the last few
years, due to the growth in the electrification of ships, automobiles, etc., the need to
develop inexpensive, flexible and reliable motor and generator systems has increased.
The development of a universal stator lamination design that can be used in a variety
of motors and generators is one way to reduce production, and maintenance costs. In
this situation, PMaSynRM not only fulfills these requirements but also reduces

machine costs with its cheap permanent magnets and winding free rotor [66].
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2. PERMANENT MAGNET ASSISTED SYNCHRONOUS RELUCTANCE
MOTOR

Variable speed drives are required at variable loads to increase efficiency and save
energy. Pumps, fans, refrigerator compressors etc. can all benefit from variable speed.
Recently, PMSMs with high-energy magnets have been proposed to replace the
variable speed drives of some induction motors to increase power factor and
efficiency. However, the high price of high-energy permanent magnets makes this
solution questionable, especially for applications with upfront cost constraints. At this
point, synchronous reluctance motor and synchronous reluctance motor with less

magnets become advantageous in terms of cost [67].

2.1 Operating Principle

The SynRM operating principle is based on the torque of reluctance which is
dependent on the saliency ratio. This value is defined as the ratio between the
inductances in the d&q-axis. The SynRM working principle can be explained with a
simple example. Consider the two objects presented in Figure 2.1. The object on the
left has anisotropic geometry, while the object on the right has isotropic geometry. The
object on the left has two axes. These are the d-axis along the path of maximum
magnetic conductivity (low reluctance) and the g-axis along the path of minimum
magnetic conductivity (high reluctance). The object on the right has a constant
magnetic conductivity along any axis. When an external magnetic field is applied, the
object on the left tends to lower magnetic resistance of the magnetic circuit. This is
why a force arises that turns this object. However, the object on the right remains

motionless due to its structure [68].
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Figure 2.1 : Reluctance torque generation: anisotropic object on the left; right
isotropic object [68].
As shown in Figure 2.2, SynRM also has a magnetically anisotropic rotor structure. It
does not contain any permanent magnets or excitation windings in its rotor. On the
other hand, the stator is the same structure as synchronous and induction motors, so
the distributed winding type is preferred. A rotating magnetic field is created by
currents flowing through the stator windings fed with three-phase sinusoidal voltages.
The rotor tends to align with the stator rotating field. In other words, it tends to
minimize the reluctance due to the principle of reluctance force described. This force
causes a reluctance torque induced in the rotor. Thus, the rotor rotates synchronously

with the stator rotating magnetic field [69].

Figure 2.2 : SynRM rotor: (a) schematic representation of cross-section; (b) an
example of a manufactured rotor [69].

2.2 Motor Construction

There are two main structures of SynRM and PMaSynRM as rotor construction. One
of them is transversally laminated anisotropic (TLA) structure with transverse
lamination, while the other is axially laminated anisotropic (ALA) structure with axial
lamination. In TLA, the anisotropic structure is provided by the gaps created in the

laminations, that is, by air barriers, while in ALA, the insulating laminations are used
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[70]. Positioning and sizing of air canals directly affect the output torque, torque ripple,

and other electrical and magnetic parameters [59].

A reluctance machine does not provide sufficient saliency with the concentric winding
that has become popular in PMSMs. Due to the fact that efficiency and power factor
are directly proportional to the saliency ratio, the SynRM stator must use a distributed
winding configuration [71]. In addition, leakage inductances are lower in the
distributed winding configuration since the space harmonic component of the stator
EMF is lower in the distributed winding. The leakage inductance in addition to the
winding inductance lowers the power factor which is also at low values in the
reluctance machines [67]. Power factor of a SynRM is usually lower than that of an
induction machine [71]. The reduction in power factor means more inverter current

and power, hence more drive cost. SynRM rotor structures are shown in Figure 2.3.

Figure 2.3 : SynRM rotor constructions (a) simple 4-pole salient rotor construction
(b) ALA 4-pole rotor construction and (¢) TLA 4-pole rotor construction [70].

The production cost for the TLA type SynRM can be competitive with the induction
motor or even cheaper due to the elimination of the cage in the rotor and the casting
process in the production line. If the same stator size is selected as the induction motor,
SynRM can be produced on the same production line by simply changing the drilling
tools for the rotor geometry. In addition, the TLA type rotor can be tilted easily in

order to reduce the torque ripple as in an induction motor [70].

Since there is no cage in the rotor in SynRM, total copper losses are reduced.
Therefore, the rated current can be taken higher in the SynRM for both machines at
the same power dissipation or for the same temperature rise. This shows that SynRM
can produce up to 20% to 40% higher torque compared to an induction motor. At the

same stator current, the SynRM for a saliency ratio of about 10, produces about 90%
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to 100% of the torque of the induction motor with about 50% lower overall loss and

5% to 8% higher efficiency [70].

The saliency ratio should be between 3.5 and 5 for PMaSynRM where ratio of magnet
EMF voltage to stator voltage is lower than 0.3 so as to it have reasonable performance
relative to an induction motor in the case of magnet support. Despite the magnet, the
motor continues to compete on price. The usage of magnets is essential for a wide
constant power region speed range (higher than 2.5 value) and for a high-power factor
(higher than 0.8 value) [67]. The saliency ratio of 6 to 10 is necessary to maintain

competition in the absence of magnet use [71].

The cross-coupling and cross-magnetization effect, which is called the dependence of
each axis flux to the current in the other axis, is not linear and is also present in SynRM
and PMaSynRM. Especially, the large g-axis currents cause the demagnetizing of the
d-axis, known as the armature reaction. The cross-coupling effect is mainly caused by
the iron portion of the rotor shared between the d&q-axis. Rotor bridges also increase
this effect. The cross-coupling effect also effectively reduces the g-axis flux. The
machine torque is reduced by both saturation and armature reaction effects via

reducing d-axis inductance [70].

The absence of rotor current in a SynRM provides both benefits and harms. The
advantage is that there are no copper losses in the rotor as mentioned above. The
disadvantage is that compared to the induction motor, there is no rotor current to
compensate for the armature reaction in the q-axis. This situation easily reduces the
power factor in the SynRM drive. There is a simple but costly way to improve the
power factor of a SynRM drive. The way is that magnets can be added to the g-axis to
compensate for the g-axis armature reaction. The machine is called permanent magnet
assisted SynRM as long as the torque produced by the magnets is smaller than the

reluctance torque [71].

2.3 Equivalent Circuits and Modeling of SynRM

The synchronous reluctance motor can be modelled with two separate equivalent

circuits. The one is for the d-axis and the other is for the g-axis in the rotating reference
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frame [72, 73]. The equivalent circuits of SynRM and the Thevenin equivalent circuits

of these circuits are shown in Figure 2.4.

- weL,i i w,Lgi
las R, L, ©% 20 as R, L, @eZdlam
ANN——T—( ) A
+ +
Ugs g R, Ugs § R,
d-axis eq. circuit g-axis eq. circuit
lam R L (A)equqm iqm R L weLdidm
—_— t d — t q
—ANNV m—@— —AAN
+ +
Uge Ugt
d-axis eq. circuit g-axis eq. circuit

Figure 2.4 : The upper two circuits are the d&q-axis SynRM equivalent circuits
containing iron losses, the lower two circuits are the Thevenin equivalent circuits of
the upper circuits [74].

In the circuits, Rs and R¢ represent the stator resistance and iron losses resistance,
respectively, while Lg and L represent the stator winding inductances along the d&q-
axis, respectively. ®eLqigm and weLdlam are rotational voltages due to cross-coupling.
Uds, Ugs, 1ds and 1qs are the d&q-axis stator voltages and currents, while ug and ug are
Thevenin equivalent voltages. igm and igm are magnetization currents while 14c and igc

are iron losses currents.

The Thevenin resistance expression is given in equation 2.1.

RcR;

R, =—S5 2.1
Y7 R, +R, 21)

The Thevenin voltages are obtained with the voltage divider rule are shown in equation
2.2.

Rc Rc

= _—; = _—; 2.2
t Ugs Rc + Rs uqt uqs Rc + Rs ( )

Ug

The new d&q-axis voltage equations of the Thevenin equivalent circuit are obtained

as in equations 2.3 and 2.4.
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Ay _ di,
d_trn — (J)elqm = Rtldm + Ld dtm

udt = Rtldm + - wequqm (2.3)

. d/lqm . diqm .
uqt = Rthm + T + a)e/ldm = Rthm + Lq 7 + a)eLdldm (24)

The voltage equations for the left loop of the equivalent circuits are obtained as in
equation 2.5 in order to find the relationship between the iron losses current and the
magnetizing current.

Vas — idsRs _ Vas — (idm-l'idc)Rs P vqs - iqus _ vqs - (iqm+iqc)R

s
[ = = ; = = 2.5
Lac Rc Rc lqc Rc Rc ( )

Thus, the relationship between the iron losses current and the magnetizing current is

as in equation 2.6.

. Vas — idmRs . VUgs — iqus
e =R R, T TR_+R, (2.6)

Equation 2.7 obtained by substituting equation 2.6 in equation 2.5 can be used for the
transition from magnetizing current to stator current.

_d Vs + idch s r 17qs + lquc

o= s T lmTe 2.7
s = TRV R, TR +R, (27)

As a result, the matrix form in equation 2.8 is created by using the voltage equations
of Thevenin equivalent circuits. Thus, the mathematical model of SynRM including
iron losses is created. The expression p in equation 2.8 corresponds to the derivative

operation.

[udt] _ [Rt +pla  —welq [idm] (2.8)

uqt weLd Rt + qu iqm

2.4 Equivalent Circuits and Modeling of PMaSynRM

In case of magnet assist, the magnets added to the g-axis of rotor provide an increase
in both torque and power factor as mentioned above. The equivalent circuits of
PMaSynRM and the Thevenin equivalent circuits of these circuits are shown in Figure

2.5.
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Figure 2.5 : The upper two circuits are the d&q-axis PMaSynRM equivalent circuits
containing iron losses, the lower two circuits are the Thevenin equivalent circuits of
the upper circuits [74].

Unlike SynRM mathematical modeling, only the effect of magnet-induced voltage is
added to the d-axis equivalent circuit in PMaSynRM mathematical modeling. Thus,

the matrix system obtained in equation 2.8 takes the form in equation 2.9 [64, 74].

udt] _ [Rt +prlag  —welq [idm] + I:(UegpM] (2.9)

Ugel | wely Ry +pL, Lgm

The torque equation takes form in equation 2.10. In addition to the reluctance torque,

a magnet-induced electromagnetic torque is produced by the motor as seen in the

torque equation.

3
T, = Ep[Ap,V,idm + (Lg — Lg)iamigm] (2.10)
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3. CONTROL STRATEGIES OF PMaSynRM

Motor phase currents must be directly controlled to apply the control strategies
developed for the motor. In addition to the amplitudes and frequencies, the phase
angles of the currents should also be controlled. For this reason, the FOC technique is

used for the current control loop of the PMaSynRM drive.

The main control strategies for PMaSynRM are given as maximum torque per ampere
control (MTPA), fastest torque response control, maximum power factor control and
maximum efficiency control. In this study, MTPA control is preferred for some
advantages such as its simple algorithm, maximizing the output power beside the

output torque for a specific speed value, etc.

The control strategies used for IPMSM and SynRM can also be adapted to
PMaSynRM. Therefore, it is useful to first understand the MTPA control for SynRM
which is simpler than MTPA control of PMaSynRM.

3.1 Field-Oriented Control of PMaSynRM

As for the current control side of the PMaSynRM, unlike scalar control, motor phase
currents are directly controlled with the FOC technique. Not only frequency control
but also amplitudes and phase angles of currents are controlled. The flux and torque
are controlled separately as in a separately excited DC motor [75]. Thus, FOC provides
the opportunity to control both the electromagnetic torque and the reluctance torque
separately. This situation gives full control over the torque induced by the motor. The
motor is controlled as desired control strategies with the FOC technique. The current

control block scheme of field-oriented control for PMaSynRM is given in Figure 3.1.
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Figure 3.1 : Current control block scheme of field-oriented control.

The current control is carried out at a rotating d&q reference frame which is much
easier than a stationary reference frame. Thus, Clarke and Park reference axis
transformations are used for the control at the rotating reference frame. Besides, the
Park transformation requires rotor position information as given in Figure 3.1.
Therefore, rotor position information is essential and requires the use of sensors or

uses sensorless control techniques [76].

The Clarke transformation and its inverse transformation are given in equation 3.1.

1/2 1/2 0

-3s, 2 B[ B e
1/2 1/2 1/2 —1/2 \/—/2 1

The Park transformation and its inverse transformation are given in equation 3.2.
cos(8,) sin(6,) O cos(8,) -—sin(6,) O
[ ] [—sm(ee) cos(ee) 0] lﬁl lﬁl [Sln(ﬁ ) cos(ee) ] [ ] (3.2)

In the outer loop of the current control loop, the d&q axis reference currents are

generated according to desired control strategy and reference speed.

3.2 Maximum Torque Per Ampere Control of SynRM
The active power equation depending on the synchronous machine load angle can be
expressed in the form in equation 3.3.

1_L_q

Ly —Lg
P = 3U? —sm(26 )=3U

Soh 3y Lol 4 sin(268;) (3.3)

SphZ sLq
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Equation 3.3 states that the difference of d&q-axis synchronous inductances should be
as large as possible and product of d&q-axis synchronous inductances should be as
small as possible in order to generate maximum power. In practice, the goal is to
maximize the d-axis inductance and minimize the g-axis inductance. In principle, the
machine can deliver its maximum torque at a load angle (ds) of 45°. Saturation and

other situations may cause a significant deviation from this angle value [71].

Equation 3.4 contains the torque equation of SynRM. As can be seen here, the large
difference of d&q-axis synchronous inductances as possible provides increase in the

torque.

3 o
T, = Ep(Ld — Ly)igmiqm (3.4)

The main torque equation in equation 3.5 is used in order to obtain the torque equation
depending on the current angle. The expressions in equation 3.6 are written instead of

the quantities in the main torque equation.

3 . .
= Ep(/ldmlqm - Aqmldm) (3.5)

3 :
Tl =p |§/15 X lsm
g = Igmcosk; iqg = IgnSink ; Agm = Lalgncosk; Agm = Lolsgnsink (3.6)
Thus, the structure in equation 3.7 is obtained.
T, = E'p(LdlsmcosxlsmsinK — qusmsinldsmCOSK) (3.7)

The structure in equation 3.8 is obtained by placing equation 3.7 in common factor

brackets.

3 3 1
T, = 5P ((Ld — Lg). 2. cos;c.simc) =D ((Ld — Lq)Iszmisin(Zrc)> (3.8)

As a result, equation 3.9 is obtained depending on the current angle of the torque

equation.

3
T, = Zplszm(Ld — L,) sin(2k) (3.9

As can be seen here, the maximum torque is obtained when the current angle is 45° as

in the power equation in equation 3.3.
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Therefore, the reference d&q-axis currents are chosen in such a way that their ratio to

each other is one, that is, they are equal to each other.
iqmref = idmref (310)

The magnitude value of the currents is obtained from the reference torque value. When
the d&q-axis currents are taken equal as in equation 3.10, the torque equation takes its

form in equation 3.11.

3 : . 3 :
Teref = Ep(Ld - LQ)ldmreflqmref = Ep(Ld - LQ)lémref (311)
As a result, the d-axis reference current is obtained as in equation 3.12.

2T,

eref

3.12
39(la — L) 3.12)

ldmref =

If the control is desired for a different current angle value against the saturation or

other situations, the expression in equation 3.13 is used.

qmref

tan(x) = (3.13)

ldmref

The d-axis reference current is found depending on both the current angle and the

reference torque by substituting expression of equation 3.13 in the torque equation.

3 S 3 2
Terer = Ep(Ld - Lq)ldrefldref tan(k) = Ep(Ld - Lq)ldref tan(x) (3.14)

Finally, the d-axis reference current is expressed as in equation 3.15.

2Tere f
i = 3.15
dref \/Bp(Ld - Lq) tan(k) (3.15)
The g-axis reference current is also obtained from equation 3.16.
lgmyes = ldmyes tan(k) (3.16)

3.3 Maximum Torque Per Ampere Control of PMaSynRM

If equation 2.10 is expressed depending on the current angle and it takes the form in

equation 3.17 [74].

22



3
T, = Zp(leMIsm cos(k) + I12,(Lg — Ly) sin(2k)) (3.17)

Then, equation 3.18 is formed to give the expression torque per stator current.

T _ %p(zam c0s(k) + Iym(La — Ly) sin(2)) (3.18)

Ism

As in equation 3.18, the current angle that will give the maximum torque per ampere
is a different angle than 45°, and it does not have a certain value depending on the

magnet flux, the difference in d&q-axis inductances and stator current value.

T,
a(72) 3 | I ~
—_—= —p[APMlsmsmK + (Ld Lq)ISm cos(ZK)] =0 (3.19)
dk 21

The current angle for MTPA is not also constant due to changes in the d&qg-axis
inductances or magnet flux during operation. Therefore, the current angle is not chosen
as a fixed value, but it is written as a function. The current angle function for MTPA

is shown in equation 3.20.

—Apy + \/A,%M +8(Ly — Lq)zlszm\
K = asin (3.20)
4(Lg — Lg)lsm /

The MTPA trajectory obtained for the PMaSynRM used in the study and it is given in
Figure 3.2 in d&qg-axis currents plane. Besides, the voltage limit ellipse for the rated

speed and the rated current limit circle of the motor are seen in the figure.
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Figure 3.2 : The MTPA trajectory with voltage and current limits for the
PMaSynRM.
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4. SPACE VECTOR PWM TECHNIQUE FOR TWO-LEVEL INVERTERS

Space vector pulse-width modulation (SVPWM) technique is based on the principle
of volt-second balance rule. The reference voltage vector can be obtained by two
switching voltage vectors adjacent to this vector in the space vector plane. The
reference voltage vector expression obtained from the volt-second balance rule for a

switching period is given in equation 4.1 [77].
Vref.Ts=V1.T1+V2.T2+V0.TO (4‘1)

In the equation, Vi and V> represent switching vectors adjacent to the reference voltage
vector. Vo (or V7) represents the zero-voltage vector. T, T2 and Ty are the switching
timing of these adjacent vectors and the zero-voltage vector in one switching period.
As an example, the production of a reference voltage in the first sector by neighbour

vectors is shown in Figure 4.1.

Vs
(001)

Figure 4.1 : Voltage space plane of three-phase inverter [78].

The switching timing of switching vectors expressions adjacent to the reference

voltage vector for different sectors (n) are given in equations 4.2 and 4.3 [79].

3TV,
T, = %sin (n% — 9) (4.2)
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_ \/§T5|Vref| .
2 = ————SIn
VDC

(6-n- 1)%) (4.3)

The switching period is obtained by including the switching timing of the zero-voltage
vector. Thus, the remaining time in the switching period is allocated to the zero-voltage

vector.
TO S TS - T]_ - TZ (4’.4)

An example of the switching pattern of the SVPWM technique given in Figure 4.2
where the first sector [80]. When the figure is examined, it will be seen that only two
switch states are changing at the same time thanks to this switching pattern. This

situation ensures the minimum number of switching.

To T, T, T, T T, Ty

2 2 4

Figure 4.2 : A switching pattern example of SVPWM technique for the first sector
[78].

The duty cycles of the neighbour space voltage vectors are obtained based on equations

4.2,4.3 and 4.4. The duty cycles are as shown in equations 4.5, 4.6 and 4.7 [81].

31V,
d, = %sin (ng — 0) (4.5)
\/§|Vref| i T
d, = Tsm (0 —-(n—-1) §) (4.6)
dO =1- d1 - dz (47)

The expression of the reference voltage in terms of duty cycles is obtained as in

equation 4.8. Figure 4.3 illustrates obtaining the voltage by using the duty cycles.

Vref = d1 'Vl + dz .Vz + dO 'VO (4‘8)
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Figure 4.3 : Obtaining the reference voltage in terms of duty cycles [81].

The amplitude value of reference vector corresponds to the peak value of the reference
phase-neutral voltage. V3 times this value gives the peak value of the reference phase-
to-phase voltage and the maximum phase-to-phase voltage is equal to DC bus voltage
in a two-level inverter. Hence, the modulation index is expressed as in equation 4.9

[82].

A V3|Viey|

, 0<sm<1 (4.9)
VDC

As a result, the duty cycles of neighbour vectors take their form in equations 4.10 and

4.11.
dy =m.sin (nE — 9) (4.10)
3

dy =m.sin(6 - (n—1) %) (4.11)

The phase voltages corresponding to each space vector for each switching state are

given in Table 4.1.
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Table 4.1 : Phase voltages formed by space voltage vectors corresponding to
different switching states [77].

Space Voltage Switching States Phase Voltages

Vector S1 S3 S5 V, Vi Ve
\'A 1 0 0 2Vu/3  -Vg/3  -Vyi/3
V, 1 1 0 Vac/3  Vac/3  -2V4/3
V3 0 1 0 Va/3 2Vy /3 -V /3
V, 0 1 1 -2Va /3 Vge/3 Vy/3
Vs 0 0 1 Va3 -Vya/3 2V /3
Ve 1 0 1 Vac/3 -2V /3 Vy/3
v, 1 1 1 0 0 0
Vo 0 0 0 0 0 0

The average phase voltages obtained for each sector according to Table 4.1 are passed
to the d&q reference frame. As a result, the voltages in the d&q reference frame are
obtained for each sector as shown in equations 4.12 and 4.13. The angle o here
represents the angle difference between the reference voltage vector and the d&q

reference frame.

Ugs =M .%cos(a) (4.12)
Ugg =M Vac sin(a) (4.13)
qs — ﬁ .

Consequently, the switching function matrix in the d&q reference frame is obtained as

in equation 4.14.

m

—cos(a)
[33] = \,/ng _ (4.14)
ﬁsm(a)

Finally, the d&q-axis voltages in terms of d&q-axis switching functions are obtained

as shown in equations 4.15 and 4.16.

Ugs = ddVdC (4‘15)
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Ugs = dq Vac (4.16)

The sum of the squares of the d and q axis voltages cannot be greater than the square

of the DC voltage value considering the voltage limit.
ugs + uls < Vg, (4.17)

Therefore, the expression of equation 4.18 is obtained for d&g-axis switching

functions.

d3 +d? <1 (4.18)
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5. SENSORLESS CONTROL OF PERMANENT MAGNET ASSISTED
SYNCHRONOUS RELUCTANCE MOTOR WITH THE EXTENDED EMF
MODEL

The position information is needed for vector control and speed information is needed
for closed-loop speed control for AC motor control. The speed and position
information are usually obtained through position sensors such as encoder and
resolver. However, sensorless vector control is very popular in industrial applications
where these position sensors are not used. In these applications, the position and speed
information are obtained by various estimation methods. The motivation in choosing
sensorless control instead of control with a sensor is low cost, reduced hardware
complexity and size, improved robustness of the control system and less maintenance.

Figure 5.1 shows the block diagram of a typical sensorless AC motor control [20].

When model-based position estimation algorithms are considered, similar results are
obtained in terms of performance since they can be derived from each other. Thus,
extended EMF model is preferred in this study for its basic structure. In this stage, the
decisive effect on estimation performance is observer selection. A sliding mode
observer (SMO) for estimation of EEMF components is preferred because of its quick

response, robust structure and easy implementation [83].

by lury

Park Transform / Current Feedback
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2 Controller Eoiolles Transform Inverter

of )
0 Sliding Mode

Speed € Observer
Computation ¢ with
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Angle —
| C()a Compensation ) Transform

la,ﬂ

PMaSynRM

Figure 5.1 : A typical AC motor drive block diagram [83].
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The EEMF technique is used for higher speed from a tested medium speed which
changes according to the drive system hardware and the motor. The performance of
this technique is directly related to the estimation performance of EEMF components
whose amplitudes decrease with the motor speed [83]. Besides, the EEMF technique
is also suitable for higher speed from the rated speed at the flux-weakening operation
region. A fixed gained observer design is insufficient for wide-range sensorless speed
control. In this stage, the adaptive observer structures are used and adjusted according

to change of motor speed in the flux-weakening regions [36].

5.1 Motor Mathematical Model with Extended EMF Expression

The mathematical model of the PMaSynRM in the d&q reference frame is given in
equation 2.9. The mathematical model of the motor in the d&q reference frame is
transformed to the a&p reference frame. The current coefficient matrix in the d&q
reference frame is decomposed to obtain the extended EMF expression before the
reference frame transformation. The decomposition is performed from the first row of
the current coefficient matrix as seen in equation 5.1 [26].

[udt] _ [Rt +ply  —welg ] [ldm] [(Ld q)pldm] [we(Ld
Ugtl | welg R; + pLg 0

q)‘qm]

0

WeApy
+ [ A ] (5.1)
The model transformed to a&p reference frame is given in equation 5.2.

cosee]

sin6,

R L - L
o —l I ")l ‘“Z +(Ld—Lq)pidm[

Upel " w,(La—Lg)  Re+pLy |lis

cosf

+we(Lg = Lg)igm [Sin 9: + weldpy [

cosee] (5.2)

sin6,
Equation 5.3 is obtained in simplified form when the common factor of the separated

part and the magnet EMF is taken into brackets.

uat] _ l Rt +qu _we(Ld q)l lam
Upel  we(Ly — Ly) R, + pL, ‘Bm

cosf,

sin6, (.3)

+((La = L) Piam + welqn) + wele )|
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The part that is separate from the current coefficient matrix is expressed as the
extended EMF part. Then, the simplification process is taken one step further and the
a&p components of the extended EMF are created as shown in equation 5.4.

cosf,

[cos@
sinf

eoxt =[] = ecxtl | 5imge | = ((La = L) Piam + weigm) + weew) | song’ | 54

As a result, the mathematical model of the motor in the a&p-axis takes the form in

equation 5.5.

at Rt L _eL
I I A Nl 7] o IR

Upel ™ we(La—Lg) Ry +ply
The extended EMF voltages could be used as state variables in the state space model
to be created. Therefore, the expression that gives the derivatives of the extended EMF
voltages is needed. The derivative expression of extended EMF voltages is given in
equation 5.6 with some omissions. These omissions are already zero in steady-state
which are the derivatives of the d&q-axis currents and the derivative of the speed.

€a ’ . cos0 sinf,
P [eﬁ] y <(Ld - LQ)(pldm 4 welqm) + Weleu [Sin&j) = elCext| [ cos6, ] (56)

Finally, the derivatives of extended EMF voltages are obtained as given in equation

5.7.
ea _ —8'8
p [eﬁ] = W, [ e, ] (5.7)
5.2 PMaSynRM State Space Model Using Extended EMF Voltages

PMaSynRM state space model is created by choosing a&[p-axis currents as state
variables and EEMF voltages are separated. The state space model obtained from

equations 5.5 and 5.7 is seen in equation 5.8.

Flew
iam L L iam L Upt L
g [iﬁm] B l—we(i— Lq) —L_I:?t J[iﬁm] * [Oq iJ [uﬁt] [ __J eﬁ (5 8)

Here, the EEMF components should be estimated with using an observer structure.

The selected observer SMO is used for estimation stage. A sliding surface is created
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according to the error of stationary reference frame currents. The signum functions of
these current errors with a designed sliding gain (Kgiiqe) create the observer structure
as shown in equation 5.9. Since the a&p-axis dynamic equations have the same form,

the observer coefficients used are taken as equal.

[ea] = Kstide [Sgn(iam "~ fem) (5.9)

sgn(iﬁm — iﬁm)
The estimated EEMF components in equation 5.9 should be passed from a low pass
filter because the SMO has the chatter by its nature. Thus, a smoother estimation could
be provided. The state space model including the estimated EEMF components and
the SMO structure is given in equation 5.10. A circumflex has been added to the

variables to express their estimation values.

[ _Rt (Ue(Ld q)
o o B I (P
i/.?m —we(Ld - Lq) —R; i/.?m L, Upt
Lq LCI
Kslide Sgn(iam i iam)—
= st — o] (5.10)

q

Observer coefficients are chosen so that the error between the estimated current and
the actual current will reach zero. The observer coefficients are adjusted so that the
estimated extended EMF voltages have a critically damped behaviour. Besides, high
observer coefficients cause noise the extended EMF waveforms. The coefficients will
lead the model to instability after a certain size. Because of these situations, a smooth

position estimation could not be achieved or even an estimation cannot be made.

5.3 Position Estimation with Extended EMF Components

It is possible to estimate the position using the estimated extended EMF voltages. The
ratio of the obtained extended EMF voltage components as in equation 5.11 gives us
the tangent value of the electrical position. In this point, the electrical position can be
obtained from the arctangent of the ratio of the voltages. Besides, the estimation could
be achieved with using two-argument arctangent (atan2) for four-quadrant. An

attention should be paid to the signs of the sine and cosine extended EMF components.
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The signs of the components change when the motor rotates in the opposite direction

due to the velocity component in the extended EMF voltage expression.

é 8oxt|Sind ~ ~
% _ VextlsinBe _ v, 0, = atan2(é,2,) (5.11)

n

ea Iéextlcosee

The high-frequency harmonic content of the estimated extended EMF voltages will
also exist in the position estimation. Therefore, it would be appropriate to estimate the
position after the EMFs are passed through a low-pass filter with as high cut-off
frequency as possible. A low-pass filter with a low cut-off frequency will cause a delay
in the EMFs as well as in the position estimation. As a result, the position estimation
error will increase according to the delay value. Also, the delay in position will directly
cause a deviation in the generated optimum d&q-axis currents. Finally, this situation
will cause an increase in stator current amplitudes and therefore a decrease in the motor

efficiency.

5.4 Speed Estimation with Using Estimated Position

The estimated position value is used for speed estimation [23]. The motor speed value
is obtained by taking the derivative of the estimated position. The derivative value
reaches extreme values at discontinuity points due to the sawtooth waveform of the
output of the arctangent function. These discontinuous moments are determined and
the previous derivative value is preserved instead of the current derivative value. The

derivative value one step earlier is kept constant for this solution.

A~

. _ db,
D, = It (5.12)

As in position estimation, a low-pass filter with as high cut-off frequency as possible
should be used in speed estimation. Otherwise, the phase delay will have negative
effects on the speed response of the motor. More damped responses and higher settling

times are among these negative effects.

5.5 Simulation Results for EEMF Technique with Sliding Mode Observer

The PMaSynRM used in this study is a washing-machine motor. Both simulations and
experiments are carried out by using this motor. The motor has ferrite magnets and its

parameters are given in Table 5.1. Since sensorless operation could not be achieved
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with the extended EMF method at zero speed and low speeds, PMaSynRM is initially
started with sensor. Then, the motor is passed to sensorless operation during steady-
state. The voltage and current values used in the observer are passed through a low-
pass filter with the same cut-off frequency in order to eliminate the switching
harmonics. Applying the same low pass filter is important so that the delays that will
occur are the same for current and voltages. The delays which are sourced by low-pass
filters cause increment in position estimation error. A compensation position value is

added to estimated position against this problem.

Table 5.1 : The parameters of the PMaSynRM.

Parameter Value
Rated power[W] 377
Rated torque [Nm] 1.2
Rated speed [rpm] 3000
Number of pole pair 4
Rated current [A] 1.62

The sensorless control of the PMaSynRM with the EEMF technique is simulated in
the MATLAB/Simulink platform. Besides, SVPWM and three-phase inverter models
are integrated into the simulation for more realistic results. Because the motor stator
voltages are in pulse-width modulation (PWM) waveforms same as in the

experimental case. The simulation model parts are given in the following figures.

The motor model is shown in Figure 5.2. The mathematical model is created according

to PMaSynRM dynamic equations.

SPEED AND CURRENT CONTROL STAGE
d- and gq-axis
MTPA for PMaSynRM  Current Controllers

[[' PIDGs) ]l Laref  ESHEEY

Speed Controller "—' 1.gref
L udqret

theta_e d
abe to dgt)

Figure 5.2 : The speed control stage of PMaSynRM.

The sensorless operation must be implemented at medium speed because the EMF

voltages are directly related to the rotor speed. Thus, the sensorless operation is
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realized 800 ms after the starting. The d&qg-axis current references are formed

according to MTPA algorithm.

The actual, reference and estimated speed of the motor is shown in Figure 5.3 for the
speed estimation performance. Firstly, the motor is started with 300 rpm speed
reference and no-load operation. After 800ms from start, the motor passes to sensorless
operation. Then, the motor is accelerated to rated speed of 3000 rpm. After that, the
rated load is included in the system in the form of a 0.5 second ramp after 3 seconds.
After loading, the motor is decelerated to 300 rpm again for the test of starting with
rated load. Thus, the motor is brought to 3000 rpm with rated load. After all, it is seen

that stable sensorless operation is achieved for different situations.
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Figure 5.3 : The drive cycle of EEMF sensorless control.

In Figure 5.4, the actual position value obtained from the motor and the position value
obtained by the observer is presented. Despite the different speed and load conditions,
there is no loss of tracking in the position estimation. Although the actual position
value is different from zero, the position estimation algorithm has caught the correct

value.
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Figure 5.4 : The position estimation at 300 rpm.
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Closer view of the position estimation tracking is given in Figure 5.5 for motor in rated

values.
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Figure 5.5 : The position estimation with the rated load at 3000 rpm.

The entire range of position estimation error is given in Figure 5.6. The compensation
position value is chosen specially to compensate the error at motor in rated values
where efficiency concern is higher. However, it should be considered that the error

should not be increased too much at low speeds to avoid loss of speed control.
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Figure 5.6 : The position estimation error by using the EEMF technique.

The estimated a&p-axis currents are given Figure 5.7 and 5.8. The estimation
performance is directly related to the position estimation performance. Because, the

success in the current estimation means the correct estimation of the EEMF values.
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Figure 5.7 : The a component of stator current estimation.

Besides, the estimation should be as smooth as possible, in the same way the position

estimation will be smooth.
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Figure 5.8 : The B component of the stator current estimation.

The estimated EEMF components which are used for position estimation are shown in

Figure 5.9. The EEMF components are obtained as smoothly as possible.
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Figure 5.9 : The estimated EEMF a and f components.
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5.5.1 Evaluation of simulation results

As a result of the simulations, a successful sensorless close-loop speed control is
achieved with using EEMF model and SMO observer between medium and rated
speed range. The position estimation error is ensured to be around 2° at the rated speed

value, where the efficiency is high and critical.
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6. SENSORLESS CONTROL WITH HIGH-FREQUENCY VOLTAGE
INJECTION

The extended EMF components depend on the angular speed and the derivative of the
d-axis current that is seen in equation 5.6. The derivative of the d-axis current can be
assumed to be zero for steady state. The angular speed value causes the related
components to be quite small at low motor speeds. This situation makes position
estimation very difficult. Furthermore, initial position estimation cannot be performed
when the motor is in standstill position. Because extended EMF components do not

exist at zero speed when the motor is stopped [24, 84].

Against this problem, the HFI method is mostly used to perform low and zero speed
position estimation. HFI method is an alternative method in which rotor position
estimation is performed thanks to its anisotropic structure in the rotor of IPMSM and
reluctance motors, as in the extended EMF method. If the method is to be summarized,
high-frequency voltages or currents are superimposed from relevant stages in the
motor control algorithm. Then, high-frequency signals are separated from the motor
output currents and the position information is obtained by various methods applied to

these signals [85].

6.1 Difference Between High-Frequency Current and High-Frequency Voltage

Injection

Injected signals may be voltage or current signals. Therefore, the method is divided
into HFVI and HFCI in this regard. The HFVI method is simpler method in the regard
that it can be applied without modification to the FOC scheme prepared for the speed
control with sensor. In HFVI method, high-frequency components of suitable
magnitude and frequency are superimposed on the current controller outputs as shown
in Figure 6.1. Then, the current response of the system to these superimposed
components is analysed. Since the current response of anisotropic machines are be

modulated by the rotor position, they contain rotor position information. Thus, the
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rotor position can be obtained with using these current signals. The high-frequency
impedance of the machine ensures that the amplitude of the high-frequency currents is
low and in this case the torque ripple based on HFI is also reduced. The fact that the
HFVI method allows HFI becomes advantageous in this regard. In addition, the
amplitudes of the injected voltages can be easily increased for estimation optimization,

and this feature is not so easy to implement in HFCI method [24].
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Figure 6.1 : High-frequency voltage injection in the motor current loop [3].

In the HFCI method, high-frequency current components superimposed to the current
references are regulated with the current controllers. This technique may cause
troubles in terms of bandwidth of the conventional FOC current controllers so that
some adjustments for current controllers might be necessary such as increasing the
bandwidth or using separate controllers for each component [24]. Generally,
separation of the current components is necessary for better estimation of the rotor
position. If the current controllers do not effectively regulate the fundamental and
high-frequency components at the same time, there will be information loss, which
will result in an unsuccessful estimation performance [24]. At the same time, good
amplitude and frequency of HF signals selection should be made so that torque ripples

are not a problem.

6.2 Difference Between Pulsating and Rotating High-Frequency Voltage

Injection

In brief, HFVI is the popular method, considering its ease of implementation on the
current hardware and software that is more suitable for a field-oriented control.

Rotating voltage injection and pulsating voltage injection methods are generally
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preferred in HFVI techniques. For SynRM, PMaSynRM and IPMSM have large
saliency, the rotating HFI method becomes more advantageous. In addition, the

pulsating HFI method is more appropriate for the IPMSMs has small saliency [38].

In pulsating HFI method, the injection is carried out in the d&q rotating reference
frame. Although the injected voltage signal is sinusoidal, it is in the form of pulsating
in the stationary reference frame [38]. A pulsating voltage vector of distinctly higher
frequency than the fundamental frequency is superimposed on the estimated axis of
choice, either d-axis or g-axis [39]. This results in a complex part in the current
response. With driving the complex part in the current response to zero, actual position
can be estimated. Moreover, HF current can also be injected considering the stationary

reference frame or the estimated frame [4, 16].

Besides, the rotating HFI method is also widely used for sensorless control of all AC
machines. The HF signals are generally superimposed with two-phase stationary
voltages and they are sinusoidal with constant amplitude. The decomposed HF currents
from the motor phase currents contain the rotor position information and it can be

obtained with various signal processing techniques [41].

The injection in the stationary reference frame becomes more advantageous because
the knowledge of the position information is needed for injection in the rotating
reference frame. In the injection methods carried out in the d&qg-axis, the estimated
rotating reference frame is used according to estimated position and these methods are
directly related to the estimation success. Another disadvantage is that the pulsating
HFI technique is dependence of motor parameters which is not for rotating HFI

technique [41].

6.3 Selection of Frequency and Amplitude of High-Frequency Components

Injection methods, appropriate selection of the amplitude and frequency of the injected
signal, are necessary to obtain a quality signal of position and velocity estimation [86].
With HFL, frequencies in the range of ten times the maximum fundamental frequency
in the control range and one tenth of the inverter switching frequency are selected. The
amplitude is chosen to be large enough to measure high-frequency currents and

acceptably small against to the torque fluctuations [84, 87, 88].

10fnf < fow (6.1)
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Selected amplitude and frequency of the injected voltage are decisive as it determines
the amplitude of high-frequency current generated. Therefore, the amplitude and
frequency of the injected voltage should be as high as possible to generate high-
frequency currents that high signal-to-noise ratio and as low as possible so that the high-

frequency currents do not cause high losses and also inducing acoustic noise.

6.4 Feedback Currents Filtering

Another issue in the HFI technique is the feedback currents. Even if the HF voltage is
injected, the induced HF currents are also received by the current controller feedback
loops. This situation causes distortion on the voltage references which are current
controller outputs. Generally, the low-pass filters are used for this process. However,
notch filters are preferred in this study because of some reasons. The first reason is
that notch filter has better transient response according to the low-pass filters. The slow
response causes deterioration and overshoots in the current controllers because of their
large bandwidths and step loads. Second one is notch filters are better performance in
filtering HF components for same effect at fundamental frequency. Due to these
reasons, notch filters are used in this study. The bode plot of the designed notch filter

is given in Figure 6.2.
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Figure 6.2 : Bode plot of Notch filter applied to feedback phase currents.
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Basically, the notch filter center frequency should be same with the frequency of HFI
voltage. Additionally, the bandwidth frequency of notch filter is designed considering
the rotor speed. Thus, the negative component of HFI currents frequency decreases

with rotor speed as will be mentioned later sections.

6.5 Obtaining High-Frequency Equivalent Circuit

Starting from the previously given d&q reference frame shown in equation 6.2, the

motor equivalent circuit model is converted to a stationary reference frame [87, 88].

udt]z [Rt+pLd —weLg [ldm] [wexlpm] (6.2)

Uqt WeLg R; + pL,
The equivalent circuit model in this stationary reference frame is created as shown in

equation 6.3.

[uat] _ [Re = 2weLy sin(26,) 2w,L, cos(26,) ] [l:am]
Upt 2w,L, cos(26,) R, + Za)eL1 sin(26,)]1 llpm
+ [(L0 + L, cos(26,) L, sin(26,) ] [lam]

L, sin(26,) (Lo — Ly cos(26,)]1dt ligm

cos(@e)]
We PM [ in(Ge) (63)
The average inductance, Lo and difference inductance, L expressions here are given

in equation 6.4.

Ly+L Ly —L
0= "5t Ly = (64)

The part that should be emphasized in this model is the inductance matrix part shown

in equation 6.5.

Ly + L, cos(26,) L, sin(26,)

L(6e) = L, sin(26,) Ly — L cos(26,)

(6.5)

The stator voltages and currents in the stationary reference frame consist of high and

low frequency components as in equations 6.6 and 6.7.
uaﬂt (uaﬂm) + (uaﬂm) (6'6)

lapt = (laﬂm) + (laﬂm) (6.7)

The equivalent circuit model in equation 6.3 takes the form in equation 6.8 when the
electrical angular speed () is assumed to be approximately zero, considering the low

speed at which position estimation will be made. Here, I is the identity matrix.
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(U + (gm) = Rel +L(OIP) (((hm) + () (6.8)

In this state, the model is only decomposed into a circuit model that is in injected
frequency. In this case, considering the high-frequency reactances and low amplitude
currents, the stator resistances can be neglected. Thus, the model is reduced to equation
6.9.
u™ s L(Ge)i(ihf ) (6.9)
dt

afm afm

The inductance matrix is inverted and thrown across the equation and the stator current

derivatives are left alone.

d .hf -1 hf
E(laﬂm) = (L(6:))  ulh (6.10)
Finally, derivatives of the obtained stator currents are shown in equation 6.11 in its

final form.

d [ian| _ 1 [(Lo—Llcos(zee) —Ly sin(26,) ]uﬁfn 611
dt i[’g; Lylyl —Lysin(26,) (Lo + Lq cos(26,) ug{n '

6.6 High-Frequency Voltage Injection and High-Frequency Stator Currents

The expression of the high-frequency voltages to be injected is found in equation 6.12.
In order for the high-frequency stator currents to be in the desired form, the voltage

components are formed in this way [88].

ek sin(wpt)
am| - h

[ugf] B Vhf[ cos(wpt) (6.12)
When these voltages are substituted in equation 6.11, the model takes the form in

equation 6.13.

d [i"

am

= | .nf
dt lﬁm

_ Vg [(L0 — L, cos(26,) —L, sin(26,) ] [— sin(wpt)
B LqLgyl —Lysin(26,) (Lo + Ly cos(26,)]1 cos(wpyt)

] (6.13)

When both sides are integrated, high-frequency stator currents are obtained as in
equation 6.14. As it can be understood from here, these currents contain position

information.
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R
la{n _ [Iio cos(wpt) — I;;cos(26, — wpt) 6.14)
lg{n Ligsin(wpt) — I;15in(26, — wyt) .
The expressions Tig and Iy here are given in equation 6.15.
ho =il = o (6.15)
wpLgLg wpLqLy

6.7 Decomposition of Position Error from High-Frequency Currents and

Position Estimation

The stator currents are subjected to several processes to obtain the position information

which is in the negative sequence component (-Ii1) [88-90]. The block diagram of this
procedure is shown in Figure 6.3. igfgl, igfgz and iyp3 in Figure 6.3 represent the current

outputs of the synchronous frame filter stages, respectively.
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Figure 6.3 : Position information parsing block diagram [3].

Firstly, the phase currents transformed to two-phase stationary reference frame with
Clarke transformation. After that Park transformation (af0-dq0) is applied to the
currents at with the frequency of wnt in order to make negative sequence component

separable.

.hf
hf o _ [‘m] _ [IS cos(wet — wht)] [Iio — I;1c05(26, — 2wpt) (6.16)

fap l[’;{ I;sin(w,t — wpt) lig —1;1sin(26, — 2wpt)
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Then, the constant value (Iio) and fundamental current part are eliminated utilizing a
band-pass filter, and the remainder is the negative sequence component as shown in

6.17.

.hf
. baz | _ [— I;;c05(20, — 2wpt) (6.17)
ap2 igf —1;;5in(26, — 2wy t) '

The transfer function of the band-pass filter is given in equation 6.18 where f; is the

bandwidth frequency, and fo is the center frequency.

21 fys
st +2nfys + (2mfp)?

Gppr(s) = (6.18)

The center frequency is selected according to the twice the HFI frequency. Figure 6.4

gives the bode plot of the band-pass filter.
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Figure 6.4 : Bode plot of the band-pass filter.

This time, Clarke to Park (ap0-dq0) transformation is applied at the frequency of -2mnt
to eliminate the high-frequency angle value and decompose the position information.
As a result, the structure in equation 6.19 with position information, decoupled from

high-frequency, is obtained.

ia3] _ [—_Iilcos(ZBe)] (6.19)

faps = [iﬁ3 I;15in(26,)
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6.8 Position and Speed Estimation with PLL

The position information may be obtained directly from the remaining currents using
the arcsine or arccosine function. However, the phase-locked loop (PLL) method
provides smoother estimation with filtering HF peaks [90]. The PLL block scheme is

given in Figure 6.5.
o 270 20, R
. Pl {— [ at ={@-96
e

» -COS

Figure 6.5 : The phase-locked loop scheme for position estimation [3].
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In PLL method, a position estimation error is created with trigonometric operations.
The position estimation is then performed by a controller, usually a PI controller,

smoothly taking this error to zero.

Firstly, the current components of 1433 are multiplied by the sine and minus cosine of

the position estimate value as in equation 6.20.

sin(2§e)

—cos(Zée) (6.20)

€9 sin = [_Iil COS(ZQe) —Ij Sin(zee)] I

The structure takes the form as in equation 6.21 according to the trigonometric

equations.

g9 sin = —li1 sin (2(8, — 6.)) (6.21)

The equation takes its form as in equation 6.22 when trigonometric expression is left

alone.

€9 sin = —Ij1 Sin (2(93 — 93)) — €9 sin = I3 Sin (Z(He — 93)) =1 sin(ZAée) (6.22)

Considering that the error will go to zero here, the position estimation error can be

taken equal to the trigonometric expression according to sine function.

€0 sin = Ii1 sin(24A0,) = 246, ,A8, - 0 (6.23)
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As a result, half of the output obtained with the PLL structure gives the electrical
position. The electrical position is also divided by the number of pole pairs to obtain
the mechanical position. Thus, it is possible to make the motor speed estimation using
the derivative of obtained mechanical position estimation. While taking the derivative
of the position estimation, on the other hand, this derivative value is examined and

stable speed estimation is performed.

6.9 Initial Rotor Position Detection with Magnet Polarity Determination

The electrical position of the rotor, which is found by the HFI method, is estimated
with an error of 180° if the permanent magnet polarity is incorrectly determined. Thus,
the d&q-axis of the motor is placed incorrectly. Therefore, magnet polarity should be

determined and the obtained axes should be verified [91].

The pilot voltage injection method will be used to accurately estimate the initial
position of the rotor. The working principle of this method is based on injecting two
pilot voltages of different signs but same amplitude and time interval along the
estimated g-axis into the motor stator windings as illustrated in Figure 6.6. The correct
position value is reached by comparing the peak values of the g-axis currents resulting
from the injected voltages [92]. The advantages of this technique are its simplicity,
ease of application, and short time required for polarity detection. However, the
injection must be stopped and the current control disabled in the process [93]. SVPWM
is used to generate a voltage pulse along the g-axis and vice versa in the space vector
plane of the three-phase inverter shown in Figure 6.6 and does not require any extra

hardware [94].

V3(010) V,(110)

V.(011) & » V,(100)

V5(001) V(101)

Figure 6.6 : Pilot voltages in the three-phase inverter space vector plane [94].
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The reached peak values of the two g-axis currents will be different from each other
due to the decreasing inductance with the effect of magnetic saturation [95]. It should
be noted that the applied pilot voltage vectors must be large enough to cause magnetic
saturation. Thus, the difference between the currents will be more distinct [94]. Since
voltage is applied to the motor only in the g-axis direction, no torque is produced and
the rotor does not move during the test procedure [93]. Both cases of between stator

and magnet flux during this test are given in Figure 6.7.

(a )

Figure 6.7 : Cases of fluxes created by pilot voltages with magnet flux [24].

Moreover, if the flux direction produced by the pilot voltage is the same as the
permanent magnet flux, as in Figure 6.7(a), the g-axis of the motor enters saturation
and the inductance decreases. In the opposite case in Figure 6.7(b), the inductance
becomes higher because the total flux decreases. Thus, the peak value of the current
flowing through the stator windings will be less than in the first case. The polarity of
the rotor permanent magnet is easily determined with this significant difference in
currents [24, 94]. Figure 6.8 shows the steps to find the initial rotor position of the

motor as an example.
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Figure 6.8 : Stages of motor starting rotor position determination [90].
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The high-frequency voltages are first injected into the motor windings in the range
indicated by (a) region in Figure 6.8. As a result, the rotor initial position is estimated
with HFI technique. Then, in the range indicated by (b) region, the HFI is stopped and
pilot voltages are applied in the direction of and opposite the rotor g-axis for magnet
polarity determination. This process is repeated three times to increase the accuracy of
the process. As a result of these processes, the correctness of the initial position of the

motor is confirmed and it is ready for operation [90].

6.10 Simulation Results of HFVI Technique

The sensorless low speed control of the PMaSynRM with the HFVI method is
simulated in the MATLAB/Simulink platform. The same PMaSynRM in EEMF
technique simulations is used and its parameters are given in Table 5.1. Estimated
speed and position values are used for the speed control model from start to end of
simulation. The initial position of the rotor is selected as 40° electrical angle. It is
devoted to settle the speed and position estimation. Besides, SVPWM and three-phase
inverter models are integrated into the simulation. Therefore, motor stator voltages are
in PWM waveforms. The bandwidths of the speed and current controllers are slightly
narrowed so that the influence of estimation vibrations and high-frequency signals to
control algorithm is reduced. The simulation model parts are given in following
figures. The power stage is given in Figure 6.9. The created HF voltage signals are

injected at a&p reference frame in before the entrance SVPWM block.

HFVI SIGNALS PRODUCTION

v_alpha_hf

v_bheta_hf

HFVI SIGNALS

SVPWM TECNIQUE AND INVERTER STAGE

SVPWM Generator
(2-Level)
Inverter for SVPWM

PWM

Ve

T_load

Figure 6.9 : The power stage and injection HF signals.
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The speed control stage is given in Figure 6.10. MTPA algorithm is also applied for

low speed.

SPEED AND CURRENT CONTROL STAGE
d- and g-axis
MTPA for PMaSynRM  Current Controllers

n_ref O Id_ref i d_ref
= 2'piB0 I s ref e
Py P

>1
n_m_ref rpm2rad/s (D Speed Controller

- - u_dg ref}—
i d

From4

Figure 6.10 : The speed control stage of PMaSynRM.

The motor driven with rated load at two specific speed values, 50 rpm and 300 rpm, to
demonstrate the sensorless control performance at low speeds. In addition, the drive
cycle is set so that the motor starts with rated load. Besides, the motor start position is
selected as non-zero to show that the position estimation is provided for the zero speed,

in other words the motor is at still state.

6.10.1 Operating at 50 rpm

The speed estimation tracking and load torque curve are given in Figure 6.11. The

motor makes successfully starting to 50 rpm at rated load in 1 seconds.
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Figure 6.11 : The motor speed estimation starting at rated load to 50 rpm.

The zoomed view of speed tracking is given in Figure 6.12. As can be seen in the
figure, the speed fluctuation is under the 2% and it is proper value where the inverter

effect is also considered.
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Figure 6.12 : The zoomed view of motor speed estimation at 50 rpm.

The rotor electrical position estimation tracking is given in Figure 6.13. The initial
motor position is different from zero but this situation does not cause any error in
estimation and the correct estimation is provided. It can be seen that the position
estimation continues successfully, although the motor rotates in the opposite direction

while loading.
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Figure 6.13 : The rotor position estimation tracking at 50 rpm.

The zoomed view of estimation tracking can be seen better in Figure 6.14.
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Figure 6.14 : The zoomed view of rotor position estimation tracking at 50 rpm.

The position estimation error is given in Figure 6.15. The average position estimation

error is provided to be less than 1.5 electrical degrees.
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Figure 6.15 : Rotor position estimation error at 50 rpm.

6.10.2 Operating at 300 rpm

The second simulation results are for 300 rpm speed reference. The voltage value is
higher according to 50 rpm so that the ripples in the real speed are much lower. The
speed estimation tracking and load torque curve are given in Figure 6.16 for 300 rpm.

The motor also accelerates to 300 rpm at rated load in 1 seconds successfully.
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Figure 6.16 : The motor speed estimation starting at rated load to 300 rpm.

The zoomed view of speed tracking is given in Figure 6.17. This time, the speed

fluctuation is under the 0.7% and it is better than 50 rpm situation.
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Figure 6.17 : The zoomed view of motor speed estimation at 300 rpm.
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The rotor electrical position estimation tracking is given in Figure 6.18. A successful

sensorless operation is also achieved at higher speeds.
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Figure 6.18 : The rotor position estimation tracking at 300 rpm.

A closer view of the motor position estimation tracking is given in Figure 6.19.
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Figure 6.19 : The zoom view of rotor position estimation tracking at 300 rpm.

Although the motor speed increases, it is observed that the angle compensation has

been achieved and the average electrical position estimation is lower than 2° as given

in Figure 6.20.
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Figure 6.20 : Rotor position estimation error at 300 rpm.
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6.10.3 Evaluation of simulation results

As a result of the simulations, the electrical position error remained lower than 2°. An
error of 2° corresponds to 0.04% for 50 rpm and 0.56% for 300 rpm in terms of system
efficiency and is at reasonable levels. A successful close-loop speed control has been
achieved with reasonable changes of speed reference and load torque with using

estimated motor speed and position values.
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7. EXPERIMENTAL RESULTS

7.1 Test Setup

A test bed is set up for the experiments of project. In the experiments, the motor and
load are controlled together to test the simulations. The mechanical side of setup
consists of the PMaSynRM, hysteresis brake and torque sensor as shown in Figure 7.1
on the left side. The nameplate values of the PMaSynRM are given in Table 5.1. The
MAGTROL AHB-5 hysteresis brake is used for loading and it allows the load torque
value to be adjusted independently of the speed. The load torque value is measured on

the motor shaft thanks to Kistler torque sensor and its evaluation instrument.

/s =3 o "
Al
B
iy 7z N \\

Figure 7.1 : Experiment setup of the study.

The motor driver and power analysers are given in Figure 7.1. The power stage of the
setup consists of the TI C2000 motor driver kit which provides the motor control. The
HIOKI power analyzer is connected between the driver and the motor. Thus, the three-
phase power analysis of the motor is performed. The current regulated power supply
located in the middle of the setup is responsible for the torque control of hysteresis

brake. In this study, the dSPACE platform is used to the measuring instruments.

A circuit board is designed and manufactured in order to motor phase voltages and
currents acquisition. Then, the measured motor phase voltages and currents are
monitored. The aims of this setup are getting high resolution data and also phase
voltage values which cannot be measured. The designed circuit is providing a galvanic

isolation between the motor system and the dSPACE platform for protection. GO 10-
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SME/SP3 current sensors based on Hall-effect principle are used to measure the phase
currents of motor. The measurement of phase voltages is realized with ACPL-C870

optical isolated voltage sensors.

7.2 The Experimental Results of EEMF Sensorless Control Technique

The experimental test for EEMF technique is performed as sensorless control. The data
obtained has noise because of using digital-analog converter (DAC) which is used for
monitoring in dSPACE. The speed profile and estimation performance are given in
Figure 7.2. The motor is accelerated to 2025 rpm from 300 rpm with ramp speed
reference under rated load. It is seen that the estimated speed successfully follows the

real speed.
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Figure 7.2 : The speed estimation tracking for EEMF technique.

The zoomed view of Figure 7.2 for 300 rpm and 2025 rpm is given in Figures 7.3 and
7.4 respectively. Relative fluctuation is more significant at 300 rpm because of lower
EEMEF values in lower motor speeds but the controller parameters are adjusted so that

real motor speed is not affected by this situation.
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Figure 7.3 : The zoomed view of speed estimation at 300 rpm.
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The EEMF technique performance increases with higher speed as seen in Figure 7.4.

The estimation ripple is approximately same as the real motor speed.
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Figure 7.4 : The zoomed view of speed estimation at 2025 rpm.

The tracking performance of position estimation at 300 rpm is given in Figure 7.5. 300
rpm speed value is selected as minimum speed value for EEMF technique as
mentioned before. The noise in the estimation is quite a lot as expected for low motor

speeds. The position information is obtained with low error when viewed on average.
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Figure 7.5 : The position tracking performance at 300 rpm.
The tracking performance of position estimation at 2025 rpm is given in Figure 7.6.
The rotor position is also estimated successfully for 2025 rpm. Smoother position

estimation is provided at higher speeds as described. The drop to zero value remains

slow due to the DAC.
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Figure 7.6 : The position tracking performance at 2025 rpm.
7.3 The Experimental Results of HFVI Sensorless Control Technique

The experimental tests are carried out from zero speed to 300 rpm for the situations of
no-load and rated load. Electrical magnitudes of the injected signals and filter
parameters of demodulation processes are given Table 7.1. The HFI voltage is adjusted
to be as low as for minimum effect to present control operation. Besides, the HFI
voltage should be as high as to proper measurement. Thus, the HFI voltage amplitude
is selected as 16.1 V according to the tests performed. The HFI voltage frequency is
determined 500 Hz as one-twentieth of the switching frequency for accurate position

determination.

Table 7.1 : HFI experiment values.

Parameter Value
HFI Voltage Amplitude [V] 16.1
HFI Voltage Frequency [Hz] 500
HF Current Amplitude [mA] 85
Filter passband width [Hz] 330
Notch filter stopband width [Hz] 400

In the first stage of the tests, the lowest speed that the motor can operate at full load is
tested. The second test is 100 rpm step response of the motor for two rated load cases.
The first one is for starting with dynamic load which has no stall torque. The second
one is for starting with stall torque valued of 0.83 pu. The third test is reversing motor

speed from -100 rpm to 100 rpm under no load.
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As a result of first stage tests, the motor can rotate with the speed of 30 rpm at rated
load as seen in Figure 7.7. The 30 rpm speed value corresponds to 1% of base speed.
The hysteresis brake torque characteristic has disturbance due to slotting effect. This
disturbance is about approximately 30% at low speeds so that the motor speed
fluctuation is higher for 30 rpm. Besides, the low inertia of the system also increases
the fluctuation. The position estimation is approximately one electrical degree because

of the error compensation algorithm. The currents are also affected by the fluctuation.
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Figure 7.7 : The HFVI operation outputs of the motor at 30 rpm under rated load.

In the second stage of experiments, the step response of the motor is tested. The step
response is useful for commenting on the speed control structure because it shows the
robustness of the system designed. The step response is carried out under rated load
from zero speed to 100 rpm. The first case is for dynamic load which has no stall torque
at zero speed as shown in Figure 7.8. Therefore, some dead-time is occurred from step
reference time. The motor speed reaches to reference speed about 1 second. The
position tracking under speed and current transients are also given in Figure 7.8. The

position estimation error is approximately two electrical degrees.
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Figure 7.8 : Scenario of step speed reference for without stall torque.

The second case is for step response at starting stall torque situation as shown in Figure
7.9. The stall torque value is 0.83 pu at zero speed. The dead-time is much shorter in

this situation.
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Figure 7.9 : Scenario of step speed reference for with stall torque.
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The averaged electrical position error is also two electrical degrees. The steady state
operation is better because of better transient state. The phase currents are closer to

sinusoidal waveform because they are controlled according to rotor position value.

The HFI technique does not require any extra adjustments for reverse rotation of
motor. Hereby, the PMaSynRM is tested to reverse rotation and is passed to straight
direction with step speed reference under no-load as seen Figure 7.10. As a result, the
motor is operated successfully in both directions without sensors. The position
estimation tracking performance is also given in Figure 7.10. There is no tracking loss
in position estimation, even instantaneously. The HF currents are better observable

because the fundamental stator phase currents are lower under no-load situation.
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Figure 7.10 : Scenario of reverse rotation -100 rpm to 100 rpm.

The final stage of experiment is passing HFI sensorless operation to EEMF sensorless
operation. As mentioned earlier, the passing speed between the sensorless technique is
determined as 300 rpm. The switchover operation is given in Figure 7.11. Moreover,
it can be seen the EEMF position estimation has more fluctuation than HFI technique.
Besides, this fluctuation is much higher at speeds lower than 300 rpm so that the 300
rpm is determined as switchover speed. When the phase currents given in Figure 7.11
are examined, it is seen that the high frequency injection is stopped after the

switchover.
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Figure 7.21 : Scenario of passing HFI sensorless operation to EEMF sensorless
operation.

7.4 Experimental Results Evaluation

The tests of the sensorless control of PMaSynRM in the simulation environment are
carried out in the experimental environment. Thus, the PMaSynRM is successfully
driven over entire area of constant torque region. The motor is driven from zero speed
to 300 rpm with using HFVI sensorless technique. After the 300 rpm speed value,
EEMF technique with SMO is applied to the motor up to rated speed. The electrical
position error values are given in Table 7.2 both EEMF and HFVI techniques.

Table 7.2: Averaged electrical position estimation errors for different speeds.

Electrical Position

Speed Value Error
[rpm] [Degree®]

30 (HFVI) 1.81°

100 (HFVI) 0.99°

300 (HFVI) 1.89°

300 (EEMF) 1.97°

2025 (EEMF) 1.56°

As seen in Table 7.2, staying under 2° position estimation error is also achieved in the
experimental environment. Thus, it is ensured that the estimation errors remained at a

level that would not be far from the results of the operation with sensor.
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8. CONCLUSION AND RECOMMENDATIONS

In this thesis, the history of PMaSynRM is mentioned, its construction and iron
resistive equivalent circuits are given. The amplitude and angle of the stator current
are controlled together by using FOC in motor control. Thus, the desired motor output
can be maximized which is output torque there. The MTPA control, which provides
the possible maximum torque at any current value, is shown and information about the
SVPWM and inverter structure for the power stage is given. Then the sensorless
control of PMaSynRM was discussed. Presented EEMF technique with sliding mode
observer, designed for medium to rated speed range. For zero and low speeds, the high-

frequency voltage injection technique with PLL structure is explained.

In the first stage, the sensorless control of PMaSynRM is carried out in simulation
environment before experimental tests. Firstly, the EEMF model as state-space model
is obtained for PMaSynRM in a&f reference frame. The EEMF components which
contain position information should be estimated. For this reason, an observer should
be used for the estimation. In this study, the Sliding Mode Observer structure is used
for its benefits which are quick response, robust structure, and easy implementation.
Then, the speed control and EEMF technique are modelled in simulation environment.
After all, the sensorless speed control of PMaSynRM is achieved 300 rpm to rated
speed of 3000 rpm and also for the rated load. For the rated speed where the efficiency
is high and critical, the electrical position estimation error is around 2° and this value

is acceptable.

Secondly, the HFI technique is applied for PMaSynRM for sensorless control at zero
and low speeds. The rotating voltage injection technique is preferred in this study.
Besides, a PLL structure was integrated into the model for improvement in estimations.
The HFVI method simulation model also created for PMaSynRM. The PMaSynRM
sensorless speed control is actualized from zero speed to 300 rpm which is passing
speed value to EEMF technique. The sensorless speed control is also achieved for rated

load situations. As a result, the electrical position error is lower than 2° for all speed
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ranges. 2° error corresponds to 0.04% for 50 rpm and 0.56% for 300 rpm in terms of

efficiency and these values are at reasonable levels.

In the next stage, the test system is set up for experiments of sensorless control of
PMaSynRM. As a start, the EEMF technique with SMO is tested. Both rotor position
and speed are successfully estimated and the motor is driven from 300 rpm to rated
speed without sensor. As expected, the noise in estimations increased at low speeds
because of lower values of EEMF components. After that, the HFVI technique is tested
for low speeds. The motor is driven under rated load at 30 rpm which is 1% of base
speed. Then, the 100 rpm step response of motor tested under rated load for with and
without stall torque. The tests are successfully carried out without estimation tracking
loss. Finally, the motor is tested to be rotated in the opposite direction. As a result, the

motor speed is passed in both directions without any adjustments.

The aim of maximum 2° electrical estimation error is achieved both EEMF and HFVI
techniques also in experiment environment. Thus, a PMaSynRM designed for
washing-machine appliances is successfully driven over entire area of constant torque

region without sensor.

For future work, it is suggested to optimize the EEMF technique model by working on
different observer techniques such as Luenberger observer. The adaptive observer
structure should also tested especially for constant power region. In addition,
improvements to be made on the control side will also contribute directly. In HFI
technique, obtaining more smoother estimations with different filter techniques of
decomposition processes and higher switching frequencies can be applied. It is also
suggested to carry out a comprehensive study on pulsating voltage injection for

detailed comparison.
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