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Abstract

The objective of this research is to investigate a real-time parameter estimation
system including two parameter estimation methodologies — injection-based method
and model reference adaptive system (MRAS) method — to optimize the drive
performance of induction machines (IM) deadbeat-direct torque and flux control
(DB-DTFC) using encoder feedback and back-EMF tracking velocity feedback,

including operation at low speeds.

The proposed investigations will also focus on developing on-line and off-line
methodologies that take advantage of the torque and flux linkage decoupling of properly

tuned DB-DTFC drives.

As part of this research, existing MRAS-based and signal injection-based
methods used on field oriented controlled (FOC) drives using back-EMF/flux tracking
vector controlled induction motor drive technologies will be used as the baseline to

identify the achievable improvements.

This dissertation lays a foundation for integrating a real-time parameter
estimation system with DB-DTFC into commercial IM drives. The outcome is an
operating region-based control structure that combines two real-time parameter
estimation techniques to achieve high speed and torque command tracking bandwidth
with IM DB-DTFC drives that will have high dynamic stiffness over a wide operating

range in self-sensing mode.



Acknowledgments

First, I would thank Professor Robert D. Lorenz for an opportunity to study at
Wisconsin Electric Machines and Power Electronics Consortium (WEMPEC). His
thoughts, support, and sprite motivated me to explore my graduate study and the
research topics. In my research, his understanding and patience helped me to overcome
difficulties. In my graduate life, his encouragement and guidance helped me to find out
what kind of person | want to be. He taught me to have focus and dedication to the things
| do, to have the courage to follow the heart, to pursuing a dream no matter how hard

things are and to have unconditional caring and helping others. | feel really blessed that |

went through this very important stage of my career with him. | deeply appreciate and
am honored with the opportunities to work with him.

Second, | would like to thank Yaskawa Electric Corporation and Yaskawa
America, Inc., for sponsoring this project. | would thank Noor Baloch, Dave Cisler,
Shinya Morimoto and Steven Schifko, for their help. | appreciate the research
opportunities and the time working with them.

Third, | would thank the committee members, Professor Thomas M. Jahns,
Professor Michael R. Zinn, Prof. Dan Negurt and Prof. Bulent Sarlioglu for comments
and suggestions on this thesis.

Fourth, I would thank WEMPEC family for helping me on this project and
making a memorable experience.

I would like to thank Demont Helene, Jim Sember, Kyle Hanson, Ray Marion,

Julie Spitzer, Naomi Welter and Kathy Young to make the graduate program successful.



I would thank many WEMPEC students who have direct or indirect contributions for
this thesis: Muhammad Alvi, Le Chang, Zhe Chen, Hang Dai, Dan Erato, Huthaifa Flieh,
Zheng Gao, Austin Gaspar, Aditya Ghule, Hasan Hakim, Ryoko Imamura, Ye Gu Kang,
Shang-Chuan Lee, Mingda Liu, Wenbo Liu, Peter Meyer, Hung-Yen Ou-Yang, Marc
Petit, Tim Polom, Gene Rush, Minhao Sheng, Yuying Shi, Tim Slininger, Yang Xu,
Ruxiu Zhao, Hao Zheng and Guangqi Zhu. They provided me with many inspiring
discussions and enjoyable moments.

| also thanks those students who have already graduated at the time of writing:
Athavale Apoorva, Chris Bouxsein, Tyler Braun, Jiejian Dai, Cong Deng, Brent Gagas,
Baoyun Ge, Di Han, Jae-Suk Lee, Hao Jiang, Silong Li, Ye Li, Yingjie Li, Jianyang Liu,
Larry Juang, He Niu, Caleb Secrest, Boru Wang, Jiyao Wang, Kenan Wang, Yukai
Wang, Teng Wu, Wei Xu, Yinghan Xu, Yida Yang, Chen-yen Yu, Yichao Zhang,
Junjian Zhao, Ruonan Zhou and Bo Zhu,

I would thank my parents in China. They have supported me greatly.

Lastly, I would like to give special thanks to my wife, Xin S. Wang, and my

daughter, Joy S. Wang, for supporting, accompanying and understanding.



Table of Contents

ADSTIACT ...ttt bbbt bbb bbb bbb i
ACKNOWIBAGMENTS. ...ttt b e ene s i
Table OF CONTENES ......oiiiiei e ettt \Y
NOMENCIALUIE ...ttt bbbt iX
INEFOTUCTION ...t bbbttt bbb 1
Research Project BackgroUnd .............coiiiiiiiiiiiiieec e 1
Research COoNTFIDULIONS. .......ccviiiieiiee et 2
SUMMANY Of CRAPTEIS.....ccueiiice et re s 3
Chapter 1  State-0f-the-Art-REVIEW ..........ccceeiiiie e 6
1.1 Induction Maching MOdeling.........c.coeiiiiiiiiiiiee s 6
1.2 Flux and CUrrent OBSEIVEIS .......cveiiiieiieiieeie ettt ee e sse e 9
1.2.1 A Current Model-Based FIUX ODSEIVEr ..........ccocvieiiiininrinie e 10
1.2.2 A\oltage Model-Based FIuX ODSErVer ..........cccoveveieeviiie e 12
1.2.3 Closed-Loop FIUX ODSEIVET..........coiiieieieiesie et 14
1.3 Existing Control Methods fOr IIM ... 19
1.3.1 Field Oriented CONLrOl........ccooeiiiiiiiieieie s 19
1.3.2 Indirect Field Oriented Control with Current Vector Control.................. 20
1.3.3 Deadbeat-Direct Torque and Flux Control ..........cccccoovevveieiinnnerieneene. 26
1.4 Existing Back-EMF Tracking Self-Sensing.........cccoceoeriiininieniieeesc e 33
1.4.1 Model Reference Adaptive System (MRAS) Method ............cccccvrvnnne. 35
1.4.2 Kalman filter based Method ...........cccooveieieiinii e 37
1.4.3 Observer-Based Method ............ccccviiiiiiienene s 41
1.5 Existing Parameter EStimation in IM DFIVES ..........ccoceiiiiiiiiniiieieee e 46
1.5.1. Standstill Parameter EStIMation............ccoooveviiiieriiis e 47
1.5.2. Real-time Parameter EStIMAation ...........cccccooveiieninin i 50
1.6 Summary of Research Opportunities Identified ...........cccccoeveviiiieii e, 59

1.6.1 Robustness of Back-EMF based Self-sensing ........c.ccccceovveiiiencncnenn. 59



1.6.2 High Bandwidth Speed Command Tracking of DB-DTFC..................... 60
1.6.3 Real-time Parameter Estimation for Encoder-Based DB-DTFC.............. 60
1.6.4 Real-time Parameter Estimation with Back-EMF Based Self-sensing.... 61
1.6.5 Comparative Evaluation and Improvements with Two Real-time

Parameter Estimation Methods...........ccoviiviniiiininiieee s 61

Chapter 2 Experimental TeSt SEIUP ....c.cveiviieiieii e 62
2.1 Hardware and INtErCONNECES ......ccuviieiieiiiie et 62
2.1.1  OVErall SYSTEM....c.eiiiiiiiiiie s 62

2.1.2 INAUCLION MACNINE ....ovviiiiiiiiiicieeee e 64

2.1.3  INVEIter and SENSOIS.....ccuiiviiieiiieiieiieieiie ettt ans 65

2.2 Software and Signal FIOW ... 66
2.2.1 Sensor Calibration and System Protection.............cccceeeverencneniennnennn. 67

2.2.2  MOUION ODSEIVE ....cviiiiie sttt 68

2.2.3  MOtION CONIOIIEN .....oviieiiie s 71

2.2.4 Flux and CUurrent ODSEIVEIS.......ccueiuveieiienieeiesieesieesie e sieesieseesseeseessee e 72

2.2.5 Deadbeat Torque MOAUIALON ..........ccoveiiiiieieieierieeee s 74

2.2.6  PWM Dead-time COMPENSAtioN ..........ccceeveeieiieerireire e 78

2.3 SUMMIAIY ..ttt ettt ettt e st e e e st e e snb e e anbe e e sn b e e e snb e e e nnbeeensbeeeneeeannes 79
Chapter 3 Robustness of DB-DTFC Back-EMF Based Self-sensing ..................... 80
3.1 Parameter Sensitivity Comparison With IFOC ...........cccociiiiiiniiiiec e 80
3.2 Parameter Sensitivity with Measured TOIQUE ........cccovevueeieiieiecie e 88
3.3 Parameter Sensitivity of DB-DTFC Back-EMF Self-Sensing...........cccccccevveiieennnns 92
3.4 Speed Dependent Back-EMF State Filter Bandwidth...........c.cccooviiiiviiviinnnenne 97
3.5 SUMIMAIY ..ottt ane e 99
Chapter 4 Real-time Parameter Estimation for Encoder-Based DB-DTFC......... 102
4.1 Signal Injection fOr IFOC DIIVES.........ccciiiiiiieiie st 102
4.2 Signal Injection for DB-DTFC DIIVES........cccoiiiiiiiiinie e 104
4.3 Injection-based Parameter EStIMAtioN ..........ccccooeiiienene i 107

4.3.1 Carrier Frequency Component Model ...........ccccoovvviiiiiieiieciie e 107



Vi

4.3.2  Signal Processing ProCeAUIES .........cciveiveiieiieiecie e e ie e 111
4.3.3 Rotor Bar Skin Effect of Injection Based Parameter Estimation............ 116
4.4 Appropriate Injected Frequency SeleCtion...........cccooeviiiiiiiiieicie e 121
4.5 Model Reference Adaptive SYSTEM........ccoiviiiieiiii e 124
4.6 Gains Tuning of MRAS Parameter EStimation.............cccccevevievr i 130
4.6.1 MRAS Gains Tuning for Magnetizing Inductance............c.cccecvevverunnen. 131
4.6.2 MRAS Gains Tuning for Rotor ReSIStanCe...........ccovevvereeneenesie s, 134
4.7 Improvements with Parameter EStIMation............ccoccooiviiiniieieieesc e 136
4.8 SUMIMAIY ... iuttieiteie sttt siee et e et e st e e anb e e aab e e nsb e e e sab e e e sbb e e e bt e e e bbe e e bt e e nnnne s 141

Chapter 5 Real-time Parameter Estimation for DB-DTF in Self-Sensing Mode . 143

5.1 Improvements of Flux Injection Method ..o 144
5.2 Flux Injection-Based Parameter Estimation in DB-DTFC Self-Sending Mode... 147
5.2.1 Speed Ripple in Self-Sensing Mode ...........cccevevieiieieic e 147
5.2.2 High Pass Filter Method ............cccooeiieiiie e 149
5.2.3 Decoupling Method ..........ccccuiiiiiiiiiieie e 151
5.3 MRAS-Based Parameter Estimation in DB-DTFC Self-Sending Mode............... 156
5.3.1 Magnetizing Inductance EStimation .............cccccoovveieeieiiic i 157
5.3.2 Rotor Resistance EStIMAtioN..........ccoceverereiiieiinieieiese e 158
5.4 SUMIMANY ..ttt ettt b ettt e b e 160
Chapter 6 Comparative Evaluation and Simplifications of the Two Methods...... 162
6.1 Comparison of the TWO MethodsS..........cccoeciiieiiciiic e 163
6.2 Simplification of the TWo Methods ..........cccooveiieiiiiciccee e 166
6.2.1 MRAS-Based Method Simplification in DB-DTFC Drives.................. 166
6.2.2 Flux Injection-Based Method Simplification in DB-DTFC Drives....... 169
6.2.3 Experimental Results of Computational Time Reduction ..................... 170
5.3 SUMMIAIY ...ttt e e st e e st e e sn b e e e snbeeesnbeeenseeeenneeans 171
Chapter 7 Real-Time Parameter Estimation SyStem..........c.ccccovveviveivrivenesriesnennn 172

7.1 Parameter Estimation System for IM DB-DTFC Self-Sensing Drives ................ 173



vii

7.2 Operating Region-Based Real-Time Parameter Estimation System in

Back-EMF Self-Sensing MOde ..........cocvoveiieie i 175
7.3 Experimental Results in Self-Sensing Mode ... 178
7.3.1 The Estimation Performance with Nameplate Values ..............cc.ccoeee. 178

7.3.2 The Estimation Performance with Initial Error Based on Tuned

VAIUBS ... s 180

7.4 Speed Ripple and Torque Ripple in Self-Sensing Mode...........cccooeviiiiiiiinnne 184
7.4.1 The Speed Ripple in Self-Sensing Mode............ccooeviieiiieniiiiiiins 184

7.4.2 The Torque Ripple in Self-Sensing Mode ...........ccccoevviiiiieveieceene 185

7.5 SUMMIAIY .ottt a b e e st e e s e e e sa b e e e nabe e e nbb e e e nbbeenbneeans 188
Chapter 8 DB-DTFC Drive DYNAMICS.......cccoveiieriiieriesieniesieseeeeee e 189
8.1 Torque Command Tracking COMPAriSON .........ccervereriririesieieeee e 190
8.2 High Frequency Speed Command TraCKiNg ..........ccceeivereiiieiiesecie e 194

8.3 Speed Command Tracking in Self-Sensing Mode with the Real-Time Parameter
EStIMAtion SYSTEM .....cviiiiiiiee e 201

8.3.1 The Speed Command Tracking Bandwidth with Nameplate Values in
Self-SeNnSiNg MOUE. .......c.ocoieeie e 201

8.3.2 The Speed Command Tracking Bandwidth with Over-tuned and

Detuned Nameplate Values in Self-Sensing Mode.............ccccoevvrinnnnne 205

8.3.3 The Speed Command Tracking Bandwidth with Parameter
Estimation System in Self-Sensing Mode ............cccccevveiiiicie e, 209
B4 SUMMIAIY ...ttt ettt ettt ettt e e st e e arb e e sabe e e snb e e e nnbe e e snbeeenbeeeeneeeans 211
Chapter 9 Conclusions, Contributions and Recommended Future Work ............ 213
0 A 0 o] 11157 ] SR 213
9.1.1 Back-EMF Based Self-sensing and System Robustness ....................... 213
9.1.2 Real-time Parameter Estimation for Encoder-Based DB-DTFC........... 215
9.1.3 Real-time Parameter Estimation with Self-Sensing DB-DTFC ............ 216
9.1.4 Real-time Parameter Estimation SyStem ..........c.ccoovvriiiineninienininens 218
9.1.5 Comparative Evaluation and Simplifications of the Two Methods....... 218

9.1.6 DB-DTFC Drives DYNAmICS .......cccviieiieiiiieiie i sieesiveesie e siee e 219



9.2 CONEITBULIONS. ...ttt ettt sb et b e 221
9.2.1 Real-time Parameter Estimation System with Self-Sensing

DB-DTEFC ...ttt 221

9.2.2 Real-time Parameter Estimation for Encoder-Based DB-DTFC........... 222

9.2.3 High Frequency Speed Command Tracking in Self-sensing Mode....... 223

9.2.4 Robustness of Back-EMF Based Self-Sensing..........cccccovevveveiiieninenne 223

9.3 Recommended FULUIE WOTK ..........ooiiiiiieeiie e 224

0.3.1 State Filter System DeSigN.........ccoviiiieiieiieeeie e 224

9.3.2 \oltage Sensor for DB-DTFC DIIVES.......ccccceveiieieeieiee e sieseeiens 225

9.3.3 General Solution for Observer Based Self-Sensing............cccccvevveveennnne 225

9.3.4 Induction Machine System Loss Minimization...........cccccoceviieninnnnns 226

BIDHOGIAPNY ... s 227



Nomenclature

Symbol

Vqds

Description

stator voltage complex space vector
d-axis stator voltage

g-axis stator voltage

stator current complex space vector
d-axis stator current

g-axis stator current

stator flux linkage complex space vector
d-axis stator flux linkage

g-axis stator flux linkage

stator flux voltage complex space vector
d-axis stator flux voltage

g-axis stator flux voltage
electromagnetic torque

load torque

moment of inertia

rated power

rated voltage

rated current

rated frequency



<8}

rated torque

rated angular velocity
rated slip

base power

base voltage

base current

base impedance

base torque

base angular velocity

complex number \/Z

angular velocity [rad/s]
synchronous/excitation angular frequency [rad/s],
position [rad]

rotor angular frequency [rad/s], position [rad]
stator resistance [Q2]

rotor resistance [Q]

stator leakage inductance [H]

rotor leakage inductance [H]

magnetizing inductance [H]

stator inductance Ls= Lm+ Lis[H]

rotor inductance Ly = Lm+ Ly [H]
leakage factorc = 1—Lm?%/ (Lsky)

pole number

sample period

space vector rotation operator a = exp( j2n/3)



S Laplace operator

P differential operator d/dt

Superscripts

() stationary reference frame
() rotor reference frame

( ) excitation reference frame
() arbitrary reference frame
(A) estimated quantity

()" reference quantity

) time derivative operator d/dt ()
Subscripts

(s Stator

() Rotor

( Jdgx complex vector

Block Diagrams

. _ nonlinear
*@" summation Nl g _ _
operation/equation

ﬁ

®4 multiplication

N - - -
5 division

ol

linear operator/gain

'
> |

vector cross product



Abbreviations

WEMPEC

IM

FOC

DFOC

IFOC

DB-DTFC

VSI

IGBT

PWM

SPWM

SVPWM

BPF

Wisconsin Electric Machine and Power Electronic Consortium

induction machine

field oriented control

direct-field oriented control

indirect-field oriented control

deadbeat direct torque and flux control

voltage source inverter

insulated-gate bipolar transistor

pulse-width modulation

carrier-based sinusoidal pulse-width modulation
space vector pulse-width modulation

bandpass filter

Xii



Introduction

This section provides the research overview, research contributions and chapter

summaries.

Research Project Background

A previous research included the fundamentals of DB-DTFC and its inherent
decoupling of single step dynamic torque production from single step flux linkage changes.
This decoupling means that flux signals can be injected along the DB-DTFC torque line

without affecting torque ripple [1]-[3].

Prior UW-Madison research identified how model reference adaptive control (MRAC)
techniques can be used to tune IM FOC drives by forcing the rotor flux linkage estimated
from the current model to converge on that estimated by the voltage model. This basic
principle can also be applied to stator flux linkage. Subsequent UW-Madison research
documented that this approach enables DB-DTFC to achieve substantially superior parameter

insensitivity compared to that of FOC, especially at high speeds.



Synchronous frame voltage injection methods for parameter estimation were also
developed in previous UW-Madison research and are inherently appropriate for IM FOC
drives. However, ripple torque is generally induced by voltage injection methods, and it is
difficult to fully decouple this in FOC drives. By comparison, flux linkage injection along the
DB-DTFC torque line should inherently produce zero torque ripple, and thus, torque ripple
can be forced to be zero by proper estimation. This property is a key focus of the proposed

work.

Research Contributions

Key contributions of this research are summarized as follows:

e Developed an operating region-based parameter estimation system integrates both
MRAS-based and flux injection-based parameter estimation methods and estimates a
full set of machine parameters over a wide operating range in the back-EMF based
self-sensing mode.

e Developed a general solution for MRAS-based and flux injection-based parameter
estimation in induction machine DB-DTFC drive with encoder feedback.

¢ Developed two approaches (high pass filter approach and injection signal decoupling
approach) to reduce the erroneous and real speed ripple of the injection-based

parameter estimation in self-sensing mode.



e Developed an electrical position estimation system to improve the signal quality of
positive and negative sequence components/harmonics for flux injection-based
parameter estimation.

e Development of back-EMF based self-sensing via observer in IM DB-DTFC, which
includes back-EMF state filter, back-EMF tracking observer and cascaded motion
observer.

e Developed the speed dependent back-EMF state filter bandwidth method to improve

back-EMF self-sensing performance at low operating speeds.

Summary of Chapters

Chapter 1 reviews the state-of-the-art induction machine control strategies including
current observers, flux observers, indirect field oriented control (IFOC), direct torque control
(DTC), and deadbeat-direct torque and flux control (DB-DTFC). The different self-sensing
methods and different parameter estimation methods in IM drives are also reviewed in this

chapter. In the end, the opportunities are identified for this research.

Chapter 2 describes details of experimental hardware setup and DB-DTFC
implementation. Machine parameters, hardware topology, and sensor gains are included in

this chapter.



Chapter 3 presents the parameter sensitivity, including Lm, Ry, Rs, Lis, and Ly, for
DB-DTFC with and without encoder feedback over a wide speed range. Compared the
parameter sensitivity of DB-DTFC and IFOC drives by estimated torque and measured
torque. It also includes system robustness of back-EMF tracking based self-sensing for
DB-DTFC drives. In the end, the speed depended back-EMF state filter bandwidth is

proposed for the improvement of the self-sensing performance.

Chapter 4 illustrates the methodology of both injection-based and MRAS-based
parameter estimation of DB-DTFC and IFOC drives respectively. The appropriate injected
carrier frequency selection method and the signal processing procedures are depicted in this
chapter. In the latter part, it proposes the MRAS gains tuning methodology. It also presents

the T-N test improvements with the real-time parameter estimation.

Chapter 5 presents the methodology of the injection-based and MRAS-based
parameter estimation in the self-sensing mode. It starts with the further improvement of the
injection based parameter estimation method. Then, it identifies the issues of the
injection-based method in the self-sensing mode. The high pass filter method and the
decoupling method are proposed for solving the problem. In the end, the MRAS-based

method in the self-sensing mode is evaluated.



Chapter 6 presents the differences in performance between the two parameter
estimation methods in both self-sensing mode and encoder feedback mode for DB-DTFC
drives. The improvements of the two methods are identified. In addition, the absolute and

relative DSP computational load for each method are evaluated.

Chapter 7 presents a real-time parameter estimation system by utilizing the
advantages of the two parameter estimation methods: MRAS-based method and flux
injection-based method. The system selects different methods at different operating regions

with a certain executive sequence.

Chapter 8 presents two metrics to evaluate the system dynamics: the torque command
tracking approach and the speed command tracking approach. The system torque command
tracking and speed command tracking bandwidth are compared and analyzed with and
without the proposed machine parameter system. The system dynamics improvements are

also illustrated with the real-time parameter estimation system.

Chapter 9 presents the research conclusions and contributions to date and the planned

future work.



Chapter 1

State-of-the-Art-Review

This chapter begins with the fundamentals of induction machine modeling, which
provide a basis for further control algorithm discussion. Next, the discrete time current
observer, flux observer, and motion observer technologies are depicted. Then, the algorithms
for indirect field oriented control (IFOC), deadbeat-direct torque and flux control (DB-DTFC)
will be reviewed and compared. The DB-DTFC algorithm for an IM drive system is illustrated
both mathematically and graphically. Solutions for the voltage limited operation of DB-DTFC
are presented. Then, the existing self-sensing technologies for an induction machine are

reviewed. The research opportunities are presented at the end of this chapter.

1.1 Induction Machine Modeling

This section will present the basic mathematical model for an induction machine. In
most industrial applications, three-phase symmetrical wound induction machines are
commonly used. An electrical equivalent circuit for a three-phase induction machine has been
shown in Fig. 1.1-1, where the rotor side quantities, including rotor leakage inductance and

rotor resistance, have been transformed to the stator side [4]. This electric model has been



widely used for induction machine analysis. Based on this model, more sophisticated induction

machine control technologies have been developed.

Fig. 1.1-1 Induction machine steady-state equivalent circuit

For a wound machine control system, the original three-phase reference frame can be
transformed into two-phase notation or d-q reference frame. While the d-q transformations
definitions are various, the transformation used in this thesis is given in (1.1-1), with the
definition of rotation vector in (1.1-2). It is based on the assumption that the three phases are

balanced [5].
2 (fa + afp + a%f) = fod = fq - ifd (1.1-1)
a=el2n/3 (1.1-2)

The transformation matrix of the three-phase reference frame to the stationary g-d

reference frame is given in equation (1.1-3), which is equivalent to (1.1-1).

1

[hS]

S S N
fqs 3 3 3
fds 0 -7 F Lt
\3 3 cs



The transformations from the stationary d-q axis to any arbitrary reference frame can
be derived by (1.1-4). The angle 6 represents the angle from the stationary reference frame to
the arbitrary reference frame. For convenience, it is common to use a synchronous reference

frame (1.1-5) and rotor reference frame (1.1-6). They are based on equation (1.1-4).

& ] T cosd  sind s

S S

qa ~ [ sino cosGJ qs (1.1-4)
L fds _ - S fds
(8] T coste sinde 7] £

L } a (1.1-5)
| fdes_ | -SinBg COsOg fdss
[ 5] T cosor sinop [ 3

SR } a (1.1-6)
| fdrs_ | -SinBr cosOr fdss

Based on the transformations defined above, it is possible to transform all electrical and
magnetic variables including voltages, currents, and fluxes to any arbitrary d-q reference frame
[5]. Fig. 1.1-2 shows the complex vector model for the induction machine. The o is the
arbitrary reference frame speed. In the stationary reference frame, o is zero, while in the rotor

reference frame, w is equal to the rotor speed, or .

iqd\' J' faﬂqu l' ((U - a)r)j'qdr iq dar

> R o - Ly Ly -t R
o—AMN—() ' ' O —\WA—o
f U/ U/ A

qus Lm qur
o 0

Fig. 1.1-2 Complex vector induction machine equivalent circuit [5]



The stator (Aqds) and rotor (Aqqgr) fluxes shown in Fig. 1.1-2 are defined as functions of
stator inductance (Ls), rotor inductance (L), and magnetizing (L) inductance and stator and
rotor currents (igds, iqdr), Where Rs and Ry are stator and rotor resistance, as shown from
(1.1-7)-(1.1-10). The electromagnetic torque is shown in (1.1-11). [5]

Definitions of flux linkages:

Aqds = Ls igds + Lm iqdr (1.2-7)
Aqdr = Lm igds +Lr iqdr (1.1-8)

Flux linkage differential equations:

Aqds = Vqds — Rs iqds - jorqds (1.1-9)
hqdr = — Ry igdr — (0 - or) Aqdr (1.1-10)
Torque equations:

3P Lm . 3P Lm
Te = T, (gshdr —idshar) = 5 G (Mashdr — Adshar) (1.1-12)

It should be noted that the electromagnetic torque of induction machine expression is
not limited by (1.1-11). Instead, it can be represented by combinations of stator current, rotor

current, stator flux linkage and rotor flux linkage, depending on different analysis purposes[5].

1.2 Flux and Current Observers

Based on the induction machine modeling, it is known that flux linkages play a key role

in IM drives. In some electrical drives, flux linkages (Aqds and Aqdr) are often used as control
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variables. It is because the electromagnetic torque is a function of the stator, rotor flux linkages
and currents. However, it is impossible to measure the flux linkage of the induction machine
directly. Thus, in order to obtain the flux linkage value for each sample instant, a discrete time

flux linkage observer should be built [6], [7].

Several kinds of flux observer structures have been proposed [8]-[13]. There are three
popular categories: the current model based flux observer, the voltage model based flux

observer, and the current and voltage model combination style flux observer.
1.2.1 A Current Model-Based Flux Observer

Based on equations (1.1-9) and (1.1-10), the basic equation for the current model flux

observer can be derived as follows:

Rr . Rr . .
hgdr = L bmlads - [L_rﬂ@—l@r) Aqdr (1.2-1)

By choosing the rotor reference frame, (1.2-1) can be simplified as (1.2-2).
_ Ry _ Ry
7¥qdr = L_I' Lm qus — L_I' 7\.qd|’ (12'2)
The simplified equation for the rotor flux is shown in (1.2-2), which is the basic equation

for an open-loop rotor flux observer. The corresponding state block diagram is given in Fig.

1.2-1.
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i rqu -+ ] qdr

L 5

Fig. 1.2-1 Block diagram of rotor flux linkage calculated from the stator current and
evaluated in the rotor reference frame [6]

Based on the estimated rotor flux linkage value, stator flux linkage can be estimated.
The relationships between the stator flux linkage and the rotor flux linkages are shown in

(1.2-3) and (1.2-4).

Lm .
Agds = L_r qur + olqgds (1.2-3)
o -, Lm® (1.2-)
1= Loy '

The block diagram of the current model based flux observer in the continuous time
domain is shown in Fig. 1.2-2. It was built in the stationary reference frame and the
transformation to the rotor reference frame has been included in Fig. 1.2-2. The observer is in
an open-loop control. This kind of observer is also highly sensitive to parameters (e.g.

magnetizing inductances, stator resistance and rotor resistance) [6].
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A
3 r
i E]ds - T }‘qdr

:§
Iqds

Fig. 1.2-2 Open-loop flux estimator using stationary frame current and rotor position [6]

1.2.2 A\oltage Model-Based Flux Observer

Another popular structure for a flux observer is based on stator voltage in the stationary
reference frame. The stator flux linkage can be estimated by using the equation shown in
(1.2-5).

iqu = Vads -Rs icSst (1.2-5)

Based on (1.2-5), the block diagram of a flux observer in a continuous time domain can

be easily determined, which is shown in Fig. 1.2-3.

.S
lqd

S
—P R

— S
qds

S
Vqds T 1 >

Fig. 1.2-3 Stationary frame stator flux linkage estimate, utilizing stator voltage and current [6]
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Based on the figure shown above, the stator flux linkage estimates can be easily
obtained. Then, the rotor flux linkage estimates can be found by the following relationship
(1.2-6).

L
Mt = T (qds - olggs) (1.2-6)

The state block diagram of this relationship is shown in Fig. 1.2-4

-S
1

ds

q_> olg

Adds + Lr Agdr
— L
Lm

Fig. 1.2-4 Calculation of rotor flux linkage given stator flux linkage and stator current [6]

Fig. 1.2-3 and Fig. 1.2-4 can be combined into one single block diagram for both stator

flux estimates and rotor flux estimates, which is shown in Fig. 1.2-5.

L m

Fig. 1.2-5 Open loop stator and rotor flux linkage estimate, given stator voltage and
stator current [6]
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Generally, in industrial drives, no voltage sensor is used, and the commanded voltage is
assumed to match the actual one. This is true during the motor medium and high-speed
operations. However, during the low-speed operation, the commanded voltage will be different

from the actual voltage, this due to the inverter non-linearities and dead-time effect.

Hence the voltage model flux observer estimates the flux based on the commanded
voltage, the estimation accuracy of this kind of observer will be significantly degraded at low

speeds operation [6].
1.2.3 Closed-Loop Flux Observer

A Gopinath style flux observer, shown in Fig. 1.2-6, is presented in this section. It is a
combination of the current based flux observer and voltage based flux observer. This kind of
flux observer takes advantage of both the current based flux observer and the voltage based

flux observer. It can estimate the flux at both low speed and high speed[2].

Voltage
Model

Current Model

R, Ly
L

Fig. 1.2-6 Gopinath style flux observer in the continuous domain[2][6]
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A Pl-style controller has been placed in this Gopinath style flux observer in order to
connect the current model and the voltage model. It is used to tune the bandwidth of the flux
observer. The current model would dominate the flux estimates if frequency were below the
bandwidth. Similarly, the voltage model would dominate the flux estimates if frequency were
higher than the designed bandwidth. This was shown in previous work such as [6]-[8]. This
kind of flux observer, it has been demonstrated, has high estimation accuracy with little phase
delay. Estimation accuracy in the frequency domain is evaluated as in Fig. 1.2-7. Compared
to high speed, the low-speed area is more sensitive to parameters, especially magnetizing

inductance (Lpm).

2 T T T

Legend
— 15 ]
Q| P
5|3 1 >§-——
> >
1
§’| 5 05f 4
<< < Rs = 1.5*Rg
D Ll 1 1
10° 10’ 10’ 10° .
o0 Ry = 1.5*R,
B 1 U =151
E 0 ﬁ N
S —1E%
‘@ 451 1 Lir=15%Ly
&
ﬁ g 1 T B A | L L1 el L Ll L N
; Ly =15%L
10" 10’ 1 i’ m m
Frequency [Hz]

Fig. 1.2-7 Estimated accuracy of continuous time flux observer proposed in [2][6]

The discrete time block diagram of the Gopinath style flux observer can be developed

in Fig. 1.2-8 [2], [12].
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Fig. 1.2-8 Gopinath style flux observer in the discrete domain without flux observer [2]

To obtain an accurate flux estimate at the next sample instant, current estimates for the
next sampling instant are necessary. Otherwise, the rotor flux estimates will be delayed by one
sample instant. The relationship between rotor flux linkage and stator flux linkage in discrete

time is shown as the following.

L
Mark+d) = - (2§as(k+D) - oLs i§as(k+D) (1.2-7)

The stator current differential equation is shown below [14].

2
: _ 1 Lm _ _ Lm (Rr .
igds ~  oLs [qus - (Rs + (Lr) Rp + JGLS(DJ lqds + (L_r - J(Dr) qur} (1.2-8)
Based on this equation, the stator current observer in d-axis and g-axis in continuous

time can be depicted in Fig. 1.2-9.
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Fig. 1.2-9 Stator current non-linear state block diagram [3]

By adding the latch, the discrete time current observer represented in the complex

vector can be provided in Fig. 1.2-10.

Noar(K)
™ Lm (R .
ol | T, |L, -der
E—
Vch]dﬂ(k)
s g
1gas(k)+ < 1|, z'(1-e7™9) 1qu(k+1)>
1 R eq 1_Z—1 e-T,-"ceq

TK,
1-z

[3]

Fig. 1.2-10 Discrete time state block diagram of stator current observer

The output of the current observer is stator current in the next sampling instant. If it was

used in the Gopinath style flux observer, more accurate stator and rotor flux estimates would
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be obtainable. The discrete time in the entire observer, which Gopinath style flux observer

combines with the current observer, is shown in Fig. 1.2-11.

NS
R Aagr(K
o) e —

A
71T I taps(k 1)

Vaie(K)

1z

ias(KY ﬂ ()| Tl Tre ™) + (Tr—The " e Tz
1’._> 1-(e ™M)zt

0:(k)

5(k+1)

I
I

Naalk+1)
| I
I
I

Fig. 1.2-11 The state block diagram of discrete time flux observer combining the current
model, the voltage model, and the current observer [2]

The observer signal flow is shown in the following block diagram in Fig. 1.2-12.

(Dr(k)
quS(kS;
1 Current Observer
0:(K)
| T Agar(K)
y y Msa(k+1)
—
Stat d Rotor Flux Ob
L. | ator and Rotor Flux Observer qu(k+1)
—

Fig. 1.2-12 Discrete time observer system signal flow [3]
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1.3 Existing Control Methods for IM

1.3.1 Field Oriented Control

Field Oriented Control (FOC) has long been the norm for induction machine torque
control due to its simplicity and high performance. The fundamental basis for FOC is to control
the spatial orientation of electromagnetic fields within the machine. It is also referred to as
vector control in some literature [4], [5]. This section aims to briefly outline FOC fundamentals

and its practical implementations.

The equivalent circuit is shown in Fig. 1.1-2 is one induction machine circuit, created
by changing the rotor side quantities into the stator side. An alternative equivalent circuit is
given in Fig. 1.3-1. By selecting a particular turns ratio, leakage inductance on the rotor side

can be contained in the magnetizing branch [4], [5].

oL (ptjo)
—NVW—Y
+ R, 1qds -lqdsT
> L, (ptjm)
Vv s i 57 Lmj 1 Rr B _—
« qd”l T (PFie) L’ pH(o- )

Fig. 1.3-1 Modified complex vector IM equivalent circuit without rotor inductance[4], [5]

From Fig 1.3-1, stator current has been split into two components: magnetizing flux

production and torque production. The first component, magnetizing flux production, is purely
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inductive, while its counterpart, torque production, is purely resistive. Conventionally, rotor
flux linkage is aligned with the d-axis, and torque production current is aligned with the g-axis.
Current regulators to control the d-axis and g-axis current are required for FOC. The references
of d- and g-axis current can be computed based on desirable rotor flux and electromagnetic
torque [4], [5].

The fundamental relationships to produce rotor flux and electromagnetic torque are
provided as (1.3-1) and (1.3-2). Rotor flux, in steady-state, is exclusively determined by the
d-axis current. For dynamic, the rotor time constant attempts to keep rotor flux linkage from
instantaneous change. In addition, by perfect alignment, rotor flux linkage on the g-axis is zero

so that the torque equation of (1.1-11) can be simplified as in (1.3-2).

Ry Ry

e = Lmp lds = T Adr (1.3-1)
3p L .
Te = 7 L—T kdﬂqs (13'2)

1.3.2 Indirect Field Oriented Control with Current Vector Control

Physical implementations of FOC can be classified into two categories: Indirect Field
Oriented Control (IFOC) and Direct Field Oriented Control (DFOC). IFOC uses a feedforward
slip command to align the d-axis of the current vector with the rotor flux linkage. The rotor

flux linkage is under open-loop control. On the other hand, DFOC uses either measured or
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estimated rotor flux linkage to align the current vector with the rotor flux. A typical IFOC

block diagram is shown in Fig. 1.3-2.

Current Feedback

v vy

Vq"; M
Current "l 20 v h )

Regulator Ve *

P

Adr__,

S

> / 30 v

Fig. 1.3-2 Block diagram of IFOC on IM [4], [5]

A current vector regulator is used to regulate d-axis and g-axis current. Moreover, it is
used to produce rotor flux on the d-axis and air-gap torque on the g-axis. The synchronous
reference frame is commonly used in current regulators. For IFOC, slip frequency can be
obtained based on (1.3-3). The synchronous speed can be calculated by summing calculated
slip frequency and measured speed information. By assuming an ideal current regulator,

air-gap torque and rotor flux can be built using (1.3-1) and (1.3-2).

Rrlm igs
oglip = L xc;_r (1.3-3)

IFOC is one of the most popular control methods for industrial drives because it is
simple and only requires a current regulator and speed information. High-performance IFOC

relies on accurate parameter values to achieve accurate axis alignment. It can be seen in Fig.
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1.3-2 that the rotor flux linkage is under an open-loop control. This means that a slow rotor
time constant would limit the change of rotor flux, which is based on (1.3-2). This results in
slow torque dynamics during transient changes of the rotor flux [4], [5].

Current Vector Regulators

As discussed above, d- and g-axis current references (current commands) can be
computed based on desirable rotor flux and electromagnetic torque, via either IFOC or DFOC.
Current regulators are commonly built as PI regulators in the synchronous/electrical reference
frame. The higher bandwidth of a current regulator, the faster the current response. In
high-performance FOC, the back-EMF is normally decoupled. However, for any synchronous
frame controller, a frame speed dependent cross-coupling exists and must be properly dealt
with [7]. The state block diagram for current regulators on the d-axis and g-axis is provided in
Fig. 1.3-3. Electrical characteristics of induction machines can be modeled as a symmetrical

R-L load with cross-coupled frame speed dependent cross coupling [4], [5].
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Fig. 1.3-3 Synchronous frame, PI current regulators on d- and g-axis with frame speed
dependent cross-coupling, assuming back-EMF has already been decoupled [7][14]

In common current regulators, the controller zero, which can be obtained from (1.3-4),

is used to cancel the control system pole. R and L are equivalent resistance and inductance

from the stator side of induction machines [6].

R
Zeropi= - |

(1.3-4)

The frame speed dependent cross-coupling between d- and g-axis was first recognized

and properly dealt with in [16]. By considering the cross-coupled term, the real pole of the
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system is no longer a simple resistance over inductance (i.e. R/L). Instead, the system pole has
an asymmetric complex pole, which is frequency dependent as shown in (1.3-5).
R

s=- B joe (1.3-5)

Based on the equation (1.3-5), the desired real zero cannot cancel the system pole,
especially at high-speed conditions. Therefore, the current regulator performance would
degrade, since this frame is speed dependent and cross-coupled. Briz and Lorenz provided an
alternative solution, the complex vector current regulator, to solve this problem. This solution
is shown in [16][14]. It suggests using the g-axis and d-axis current regulators in the complex
vector then designing the zero of the current regulator to have the theoretically correct
asymmetric complex value. In this case, this zero/pole cancellation method will not be speed

dependent. The state block diagram has been presented in Fig. 1.3-4.
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Fig. 1.3-4 Complex vector synchronous reference frame current regulators [7][14]
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Based on the continuous time domain current regulator shown in Fig. 1.3-3, in order to
implement the designed digital controllers in a DSP controller, a discrete time Pl-based current

regulator can be obtained, which is presented in Fig. 1.3-5.

D e o OO TN o e - —— — -
I Tradition PI Controller | | I’h_\'qiull(s)y\'tcm with Latch Interface l
Va(t
1
e L e W R |
L
*
R A 1 e
> » Kp T [ 5 ¢ | >
C
e - H I
Iqds (k) | L] R |« |
R s, o v e i e - — — — " — - J
T

Fig. 1.3-5 Discrete time Pl-based current regulator on synchronous reference frame

[71[14]

Similarly, the block diagram for the discrete time complex vector current regulator has
been proposed in Fig. 1.3-6[14][15]. The low switching frequency complex vector current

regulator has been presented in [7].

Complex Vector
PI controller

Physical System with Latch Interface

Vd(0)

- _i(l),:
e '
Iqds (&), ] 7qds(k | ‘—‘

e
Iqds (k)

Iads(’f)

A
o o

=
A

Fig. 1.3-6 Discrete time complex vector current regulator on synchronous reference
frame [7][14]
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It can be seen that complex gain values have been created in the complex vector
controller. The complex vector also shows the cross-coupling relations between d-axis and

g-axis.

Since the current regulator is indeed a Pl regulator, the current regulator bandwidth is
the main limitation for fast torque response [16], [17] and speed response [18] in IFOC drives

for either with high switching frequency or low switching frequency.
1.3.3 Deadbeat-Direct Torque and Flux Control

Deadbeat Control

Deadbeat control is a well-established discrete time control method. The desired
outputs could be achieved based on an inverse model in just one sampling instant, which is
called “dead in one beat”[7][19][20]. Moreover, the definition of deadbeat only exists in a
discrete time domain, and no counterpart exists in a continuous time domain [7][19].

If the system physical plant model in discrete time is Gp(z), the closed-loop controller
Gc(2) is solved inversely based on Gp(z). The relationship between plant model, Gp(z), and
deadbeat controller model, G¢(z), can be derived from (1.3-8). In this case, the total system
transfer function in discrete time will be Z" and “dead in one beat” can be realized. The

general block diagram for the deadbeat controller can be presented as Fig. 1.3-7.
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Gdr(2)
1- Gdr(2)

0’2 - m(z) 0(2)

4?‘ Ge(2) Gp(2)

Fig. 1.3-7 General block diagram for deadbeat controller design[7][20]

Ge(@)= Gp@)? (1.3-6)

Deadbeat-Direct Torque and Flux Control

Deadbeat-direct torque and flux control (DB-DTFC) is an improvement to the classic
direct torque control, which makes both the air-gap torque and stator flux linkage fully
responsive to its command in one sampling instant. It was proposed by B. Kenny at WEMPEC
labs [21]. More efforts on DB-DTFC have been presented in [2], [3], [7], [22]-[25]

The system air-gap torque model can be inversely solved and subsequently expressed
in terms of flux linkages and voltage second vectors. The control law seeks to apply the exact
voltage second vector to achieve the desired air-gap torque and stator flux linkage by just one
switching instant.

The induction machine torque can be expressed in terms of stator flux linkage and rotor
flux linkage shown in (1.3-7). In addition, the flux differential equations (1.1-9) and (1.1-10)
have been repeated for convenience.

3P Lm
Te = 251 ashdr = dshar) (1.3-7)

s s Rs s Rskm s
kqs = Vqs— G_LS }uqs + GL—SLI’ 7\,qr (13'8)
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Rs s Rslm

s s
Ads = Vds — G Mds o i (1.3-9)
s Rilm 28 Rr s

7\.qr = oLsLy qs 7\.qr + (Dr?x.dr (13-10)

) Rrlm 28 Ry
Mr = G, Ms oL —dr - orgr (1.3-11)

The torque differential equation in continuous time can be expressed as (1.3-12).

. 3P Lm ( . . . )
Te=4 oLy \hashdr + Agshdr — Adshqr = dshar (1.3-12)

By using equations (1.3-8) to (1.3-11), substitute the flux linkage term into (1.3-12).

Then, the result is shown in (1.3-13).

_3p Lm RyLg+Rsly
4 oLsly Vgsidr — Vdsiqr — —(qukdr_kds)‘qr) or(rgshqrtidsidr) (1.3-13)

Based on the air-gap torque equation (1.3-7), the result in (1.3-13) can be simplified in

the following relationship.

rLerRer)
e

. 3P Lm R
Te="4 oL gL, [Vashdr — Vdstqr - or(tgshqridstdr) ] - ( oLLs (1.3-14)

It has been shown in [19] that the continuous time derivative of air-gap torque can be
approximated as the rate of change of torque over the switching period. The corresponding
discrete time model can be derived as shown in (1.3-15).

Tea(k+1)- Te(k
el +-|2$ e 34P6Lm|_ [vas(K)2dr(K)-vds(k)2qr(K)-or(K) (qs(k)Aqr(K)1+Ads(k)Adr(K) ]

RiLgtRgLy
—( oLl )Te(k) (1.3-15)

Solving (1.3-15) for stator voltage yields the following result.
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Agr(K) 1 ReLstRgly
vgsTs = xddm‘““”Ts+(3p|4n)x ® ATl T “or,r JTe
4 GLer dr (13'16)
Tsor(K)

+ W(qu(kﬂqr(k) + Mds(K)rdr(k))

The voltage second vectors, vgs(k)Ts and vgs(k)Ts, are the system inputs for each sample
instant. An infinite number of solutions can be found. (1.3-16) can be treated as a straight line
with vgs(K)Ts and vgs(k)Ts as predictors and responses. Theoretically, the inverter output
voltage will achieve the desirable air-gap torque within one sample instant, which means
“dead-in-one-beat” is achieved. A unique stator voltage second solution can be computed
when the desirable stator flux linkage for the next switching period is given as the additional
constraint.

It has been shown by [7][21] that the DB-DTFC solution can be represented
graphically by using the voltage-second plot. After stator flux linkage re-alignment for each
switching period, the derived torque inverse model can be treated as a straight line on the

voltage second plane. Where:

Y = vgs®Ts (1.3-17)
X = vgs(k) Ts (1.3-18)
_ gr(k)
Moo= Adr(K) (1.3-19)
_ 4GL3Lr & ﬁ
B = L (cl_; ch)Te(k)TSJrATe(")j
(1.3-20)

Ads(K) Adr(K) + Aqs(K) Aqr(K)
+erTs Aair(K)
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The solution is presented in Fig. 1.3-8[7][21]. The shown stator flux vector has already
been re-aligned with the d-axis. The rotor flux vector has rotated by a slip angle appropriately.
Torque line model with parameters (1.3-17) to (1.3-20) has been overlaid. The grey vectors
represent the possible voltage second solutions. The air-gap torque constraint is interpreted as

the Volt.-sec vectors should point to the torque line model.

Legend
Te(k+1
2 (eh) Aqds(K)
=
S
%
= | Te(k+1) Line

;/,:‘“.‘\{_ E&)

g — axis (volt-sec)
Fig. 1.3-8 Woltage vectors which will result in a given change in torque [7][21]

If feasible air-gap torque and stator flux magnitude are commanded, infinite solutions
will be constrained to the flux command. Then, both the desirable air-gap torque and stator flux
magnitude will be achieved simultaneously. Theoretically, two possible solutions are exhibited

shown in blue dashed line in Fig. 1.3-9 [7][21].
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Fig. 1.3-9 Woltage vectors which will satisfy both the torque and stator flux magnitude
command [7][21]

Normally, one solution is within the vol-sec hexagon and the other one is not. It is clear
that the solution that can satisfy the voltage-second constraint will be chosen, which is shown
in Fig. 1.3-10. Taking that into consideration, the voltage-second solution for each sample
instant will be determined, if the machine is not operating at the voltage limit region (i.e.
over-modulation range). However, when the desired vector solution lies out of the inverter
hexagon, it means the DB regulator cannot achieve the desired torque in one sample instant. A
common method to deal with these over-modulation conditions is scaling the vector back into
the voltage hexagon. Since DB-DTFC operating at voltage limited condition is another wide
research topic and has been partially covered in [26][24], it will not be further presented on in

this thesis.
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Fig. 1.3-10 Voltage second vector in inverter output hexagon. [7][21]

Kenny and Lorenz initially proposed DB-DTFC in 2001 [21]. Then, more efforts have
been done to make further improvements for both induction machines and synchronous
machines (especially permanent magnet synchronous machines) [2], [7], [12], [23], [25]-[27].
A properly formed discrete time flux observer and the current observer is proposed in [2][12]
to ensure high estimation accuracy of flux estimates. Robust evaluation of DB-DTFC is

covered in [28]. The stator flux magnitude as the access to manipulate loss is the primary
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objective in[3][27][24]. The optimal trajectories operating at voltage limited region is

illustrated widely in [26][29]for induction machines.

As discussed in many previous research papers, the system with flux observer and the
DB-DTFC algorithm has very fast torque dynamics. It has been demonstrated that the
DB-DTFC drive has a one-step torque response, which is much faster than IFOC drive.
However, it uses the estimated torque for the high bandwidth torque command tracking
comparison. It is necessary to examine the real torque command tracking bandwidth of
DB-DTFC control system. Besides, there is no torque meter that can measure the air-gap
torque dynamics at high bandwidth. Thus, instead of using estimated torque, another way

which uses the measured state to demonstrate the DB-DTFC is necessary.

1.4 Existing Back-EMF Tracking Self-Sensing

Position information is critical for a high-performance electric drive, so usually, a
position sensor (e.g. encoder, resolver) is installed to provide position information. In order
to reduce additional cost and volume, noise problems and related reliability problems, the
position self-sensing technologies have been studied for many years. Several papers have

reviewed the existing self-sensing technology [30]-[32].
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Within the last decade, significant improvements have been made in the area of
self-sensing control of permanent magnet synchronous machines (PMSM), induction
machines and brushless DC machines [6], [22], [33]-[36][10], [11], [13], [30], [31], [37]
[38]-[42]. The primary methods for self-sensing control can be divided into two main
categories: back-EMF based self-sensing technology [43](using back-EMF estimation with
fundamental excitation) and high frequency injection (HFI) based self-sensing technology
[22], [33], [36], [37](using excitation in addition to the fundamental). Each method has its
own advantages and disadvantages. The HFI based methods (saliency-tracking methods) are
suitable for zero-speed operations, but it may cause some torque ripple or may not be suitable
for high speed. The back-EMF based method is normally used in medium and high speed
operations, but it is not available for standstill operation since at the zero speed the machine’s
back-EMF is zero as well. The general structure for the back-EMF tracking is shown in Fig.
1.4-1. There are several ways, such as arctan method, model reference adaptive method,
Kalman filter method or tracking observer method, for the signal processing to estimate the
position and speed. The performance relies on the accuracy of the machine model, the design

of the MRAC system, Kalman filter gain matrix, back-EMF observer and tracking observer.

Relevant research studies have been documented in the literature including terminal
voltage integration [44], back-EMF state filter [45], [46], model reference adaptive

control[47], [48], extended Kalman filter [49], etc. Although those technigues seem to follow
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different paths, they are essentially very similar in principle, and therefore share similar

properties.
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Fig. 1.4-1 General structure of back-EMF tracking for self-sensing [50]

1.4.1 Model Reference Adaptive System (MRAS) Method

Several “adaptive flux observers” have been proposed that estimate rotor flux and
adapt the rotor velocity and certain machine parameters. These adaptive observers are
essentially flux observers with MRAS acting in an outer loop. Many approaches are based on
full order observers that also the estimate stator current and adapt the stator resistance at the
same time. H. Kubota and G. Yang illustrated one form of an adaptive flux and velocity
observer, based on the full order flux observer[51][52]. Jansen [6]proposed a velocity
estimator in the form of a MRAS with an open-loop flux observer with a current model and
voltage model as shown in Fig. 1.4-2. The voltage model is independent of rotor velocity and
is used as the reference model. An adaptive controller produces a velocity estimate to force

convergence of the flux estimates.



36

& N Voltage Model
1 qds : (Reference Model) v
: Y :
15 sty
: AS ' As
ngs [+t | Tadre 2 _I; : ?“qdrV
G L]
L mscmmcmmm i i )
B :
Current Model
A
igas lqsdrc Y ¢

Adaptive
Controller

Fig. 1.4-2 Velocity estimation via MRAC based an open-loop flux observer [53]

The stator resistant and rotor time constants, which vary with the motor temperature,
are identified by the following adaptive schemes. In order to satisfy the persistent excitation
condition, the input variables have to contain more than two frequency components, and
therefore, the superimposition of AC components on the field current command was proposed
in order to estimate the motor speed and the rotor resistance simultaneously [51]. The

compensation for parameter variation caused by temperature was provided. When amplitude
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was 5% of the rated field current, the frequencies of the AC components superimposed on the

field current were 1 and 3 Hz and were also provided.
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Fig. 1.4-3 Block diagram of adaptive flux observer[54]

1.4.2 Kalman Filter-based Method

Another back-EMF tracking technique for the induction machine is the Extended
Kalman Filter (EKF) method. The EKF is indeed one kind of observer with varying gains. It is

used for reducing the system noise to achieve better performance.

The Kalman filter is a linear system mathematical model. It normally is parallel to the
system. The outputs are estimate unmeasured states, as shown in Fig. 1.4-4. The gain “K” in
the Kalman filter is varying. It is based on an assumed system noise model, so it strongly

depends on the system noise. Kalman filters use an optimal recursive algorithm based on the
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least-square sense of the system noise to update the gain “K”. It is not sensitive to machine
parameters. Thus, one drawback of the Kalman filters is that the bandwidth depends on the

system noise. If the noise increases, K decreases which leads to more phase lag on the

estimates.
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Fig. 1.4-4 Structure of the Kalman filter estimator [55]

The EKF method is derived from the Kalman filter to observer states of the non-linear
system. The EKF is also known for its high convergence rate. In addition, estimation accuracy
and convergence accuracy in steady state conditions require high frequency signals (the noise
on the measured signals). These properties are the major advantages of the EKF for
self-sensing control. In an induction machine dynamic model, if the dimension of the state
vector is increased by adding an angular speed of the rotor, then the state model becomes

nonlinear. The EKF method is used to estimate the parameters. In this case, the angular speed
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Is treated as a state and a parameter. The extended IM models based on EMF estimator are

given by following equations, (1.4-1) and (1.4-2)[56]:

() = fe [Xe (1), Ue (1), t ] + wxt (1) (1.4-1)
Ae (Xe (1)) Xe (t) + Be ug(t) + wya(t)
Z(t) = he (Xe (t)) + wxa(t) (1.4-2)
He Xe (t) + Wyo(t)
where Xe is estimated states, feis a nonlinear function of the states and inputs, Aeis
system matrix, Beis input matrix, He is measurement matrix, Wy iS process noise and Wy is
measurement noise. Based on this, the extended models of IM based on the stator flux and
based on the rotor flux can be obtained. Thus, the EMF algorithm can be derived in the

following equations, (1.4-3), (1.4-4) and (1.4-5)[56]:

N(Kk) = Fe(K)P(K) Fe(K)" + Fy(k) Dy Fu(k)" + Q (1.4-3)
P(k+1) = N(k)-N(K) He *(De +He N(K) He )-1 HeN(K) (1.4-4)
Xe(k+1) = fe (xe(K), Us(K)) + P(k+1) He D (Z(K) — He X o(K) (1.4-5)

where Q is the covariance matrix of the system noise (model error). Dg is the
covariance matrix of the output noise (measurement noise. Du is the covariance matrix of the
control input noise (input noise). P is the covariance matrix of state estimation error. N:

covariance matrix of extrapolation error. Based on this dynamic model, the machine rotor
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speed can be estimated by the algorithm provided by[56]. The system structure of the EKF

algorithm is shown in Fig. 1.4-5.
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Fig. 1.4-5 Structure of the EKF algorithm [56]

The covariance matrix (e.g. Q, P and N) tuning is an important work in the EKF method.
Another drawback is that the estimation accuracy depends on the matrices Q, P and N. Some
other drawbacks include instability due to linearization and erroneous parameters, costly
calculation of Jacobian matrices, biasedness of its estimates, and lack of analytical methods for
suitable selection of model covariance [57]. The EKF method for back-EMF tracking can also

be used in the IPM machine drive system, which has been done in [56].
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1.4.3 Observer-Based Method

Another method for velocity estimation is based on observers[58], [59], [60] and [61].
The observer is a physical model based on measured states (e.g. phase current and voltage) as
inputs. The observer operates parallel to the physical system and estimates the system states. In
a closed-loop observer, an observer compares the measured state and the estimated state. This

observer can be used to estimated other states in the system.

Jones [62] proposes a state observer for IPMSM. The observer reconstructs the
machine’s electrical and mechanical states. It is fed by measured current and voltage. It runs
in rotor reference frame. The error between the measured current and estimated current is
used as a feedback to correct the error in the estimated position. This method is very sensitive

to the machine parameters.

Kim [15][63]proposes a reduced order observer to estimate the back-EMF in PMSM
drive. In his study, by using a closed-loop back-EMF state filter shown in Fig. 1.4-6-a and a
back-EMF tracking observer shown in Fig. 1.4-6-b, the rotor position and the machine speed
are estimated for closed-loop motion control in IPM drive system. The close-loop back-EMF
state filter shown in Fig. 1.4-6-a is indeed a current observer without the back-EMF path.

That’s why it can estimate the back-EMF. In back-EMF tracking observer shown in Fig.

1.4-6-b, the T,* is the command feed forward path to achieve zero-phase lag for command
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tracking. In addition, the estimated velocity depends on machine parameters and estimated
the flux linkage. With some compensation methods (back-EMF compensation), the test

machine can be operated with a speed as low as 150rpm.
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Fig. 1.4-6-a  Stationary reference frame saliency back-EMF state filter or current
observer [63]
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Fig. 1.4-6-b Enhanced Luenberger style saliency back-EMF tracking observer [63]
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It is important to know that this approach does not overcome the low and zero speed

limitations. In addition, there is an inherent tradeoff in the integrated system between the

sensitivity to the mechanical system model and to the stator resistance estimation.
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Fig. 1.4-7 Block diagram for IM DB-DTFC self-sensing with the back-EMF state filter, back-EMF tracking
observer and cascaded motion observer [63]

In [64], a design basis for using a back-EMF state filter and tracking observer as

“sensor replacements” in motor drives is presented. The observer performance was also

discussed. In [46], the strategy of IPM self-sensing by cascading a back-EMF state filter and a
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tracking observer is proposed. As opposed to the IPM machine, the electrical speed in the IMs
is different from the rotor speed. For the IMs, if the excitation frequency is w, and the slip
frequency is iy, the rotor speed is o, = o, — og;p. Thus, a slip frequency rotation block is
needed between the back-EMF state filter and the back-EMF tracking observer, which is
shown in the green block of Fig. 1.4-7. To implement the back-EMF state filter/current
observer, it is necessary to split it into components in g- and d- axes. It is clear from the Fig.

1.4-7 that the back-EMF can be written as (1.4-6) in a complex vector format.

Ly
L,

A -
Egds = - &eﬁq?jr (1.4-6)

A cascaded enhanced Luenberger style motion observer is helpful to improve the
back-EMF self-sensing performance, especially in the low speed operations. The discrete
time block diagram is shown in Fig. 1.4-7. This cascaded motion observer functions as a
zero-lag filter that can filter out the noise on 8,m signal without causing any phase lag [64].

. . . AN . .
The resulting lower noise signal, ®rm 2 can be used to improve the self-sensing performance

at low speed without degrading the stiffness of the drive.

The cascaded motion observer is fed by an estimated position signal, ﬁrm, and
estimated average velocity signal, (%rm, from the back-EMF tracking observer. The gains for

the cascaded motion observer “bg 27, “Kq 2” and “Kjo 2” are determined by its bandwidth.

Since the characteristic equation of the back-EMF tracking observer is the same as gains for
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the cascaded motion observer, “bg 27, “Kg 2” and “Kjp 2” can be obtained in a similar

method as a back-EMF tracking observer gains calculation.

Thus, the block diagram of an observer-based closed-loop back-EMF tracking
self-sensing control in an IM DB-DTFC drive system can be drawn in Fig. 1.4-7. It includes
a back-EMF state filter, back-EMF tracking observer, and a cascaded motion observer. The
proposed method can also be implemented in an IFOC drive, but IFOC drives strongly
depend on position information for coordinate transforms in the current regulator. IFOC
torque dynamics degrade with errors in the estimated position, especially at low speeds in the
self-sensing mode. Thus, DB-DTFC, which has one step torque and flux response with no

current regulator, is more suitable and stable to integrate with self-sensing technology .

The DB-DTFC back-EMF based self-sensing has been implemented in an induction
machine drives over a wide speed range. At low speeds, the back-EMF based self-sensing
performance degrades due to the signal-to-noise ratio degrades. Many factors, such as the
state filter bandwidth, machine parameters, estimated slip frequency and inverter nonlinearity
(reference voltage), determine the back-EMF based self-sensing performance, especially at

low speeds.

Although the parameter sensitivity of DB-DTFC drive has been investigated in

previous research, the parameter sensitivity of the proposed synergy, DB-DTFC drive with
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back-EMF based self-sensing, has not been explored. The robustness and estimation accuracy
of the back-EMF based self-sensing technology and a suitable state filter bandwidth selection
approach have not been explored yet.
1.5 Existing Parameter Estimation in IM Drives

The machine parameters would impact on induction machine drives performance
significant. The parameter estimation techniques are more and more popular in the last forty
years. The paper in last decades covered all induction machine parameters, including
magnetizing inductance, rotor resistance, stator resistance, stator leakage inductance and rotor
leakage inductance (Lm, Rr, Rs, Lis and Lyy). Besides, both the indirect field oriented control
(IFOC) and the standard direct torque control (DTC) drives are sensitive to the machine
parameters, especial to rotor resistance and leakage inductance. The estimation accuracy of the
rotor resistance and the leakage inductance not only impacts the encoder based induction
machine drives but also impacts on the drive's performance in self-sensing mode significant.
Many of the presented self-sensing techniques has demonstrated the machine parameter
variations would impact the self-sensing performance at different operating points[65]-[68].
Overall the estimation approaches are generally categorized as offline estimation and real-time

estimation [69] and [70].
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1.5.1. Standstill Parameter Estimation

If the motor is locked, the standard locked rotor test could provide rotor resistance
information and leakage inductance. When the rotor is locked, the slip value is one, as shown
in Fig. 1.5-1, which makes the rotor circuit like a short circuit. Instead of flowing through the
iron-loss resistance and magnetizing inductance, the major component of current will flow
through the rotor resistance because of low resistance magnitude and iron-loss resistance Ry
and magnetizing inductance Xp, can be ignored. Both the leakage inductance and rotor
resistance can be estimated through this test. Here, the leakage inductance in the stator and

rotor are assumed to be identical.

Rs Lls Lir

Locked Rotor Test
Rr&s=1

Fig. 1.5-1 Equivalent circuit for locked rotor test

Time Domain Response
A simple method for rotor resistant and rotor time constant estimation of the induction

machine is proposed in [71]. “T™ type equivalent circuit of the induction machine is used,
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when the source is composed only two phases. A DC voltage is injected to the two of the three
phases. In this case, all current only flows into the magnetizing inductance shown in Fig. 1.5-2
(a). After removing the DC signal, the magnetizing inductance will be discharged and all the
current will go through the rotor side, showed in Fig. 1.5-2 (b). During the discharging, the
stator side voltage can be obtained in the time domain. In Fig. 1.5-2 (c), the voltage waveform
at the stator side is decaying as an exponential function of the rotor time constant. The rotor

time constant can be measured by the initial slope.
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¢) voltage waveform at the stator side after removing the DC voltage

Fig. 1.5-2 The procedure of the self-commissioning approach proposed in [71]

With the same principle, applying the DC component approach is also proposed in [72],

[73]. Similarly, the [74] proposed a method by using a single-phase AC current instead of DC
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voltage. All the proposed methods in [75]-[77] can be treated as a time domain approach to
estimate the machine parameters. This method is simple and easy to implement. However, in
the time domain approach, the signal measurement issue, which is affected by noise, data
processing errors, will lead to the final estimation accuracy.
Recursive Least Square Approaches

The recursive least square (RLS) method [78]-[85], which is one kind of the adaptive
filters, is also can be used for parameter estimation. The RLS method is derived from the
dynamic model of the induction machine. It does not need any specialized voltage signal
injected into the machine. It also does not require any encoder installation, which is suitable for
the machine self-commissioning. It has a fast convergence rate with highly correlated input
signals. Based on the induction machine mathematical model, the relationship between voltage

and current can be derived as (1.5-1) [79]at standstill condition.

iadg ___B1s+Bp
where
_ RsLrt+Rrls A = RsRr
1= GLer 0~ GLer
1 Rr
Bl - GLS 0= GLer
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The RLS estimation method can be modeled in both discrete time form and continues
time form. After RLS regression model converging to the true value, the estimation of Ag, A1,
Bo and B1 can be obtained based on measured current and voltage.

The RLS method is one of the adaptive algorithm, which belongs to Kalman filters
family[78]. It has a significant computation complexity. In the RLS algorithm, the calculation
of signal derivatives is required. Thus, the measured noise such as current ripple can cause a
significant error on the parameter estimation after the first and the second derivatives. Besides,
the inverter nonlinearity, which causes the error between the command voltage and the real
terminal voltage, can also lead to the serious problem without property compensation.

1.5.2. Real-time Parameter Estimation

For medium and high power induction machines, many research has been done for the
real-time parameter estimation recently. In terms of real-time parameter estimation, there are
different methods, which can be categorized as signal injection based solutions and non-signal
injection based solutions. In the amount of non-signal injection method, the model reference
adaptive system (MRAS) approach is popularly used. No matter using which approach, each
approach has its own advantages and disadvantages, which are discussed as follows:

Signal Injection-Based Approaches
Signal injection-based approaches are commonly used for parameter estimation, and

can be used in rotating [69], [86]-[88] and standstill conditions [68], [89]-[91]. The signal
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injection based real-time parameter estimation approach injects a signal (voltage, flux or other
variables) to make the system produce the harmonics at the carrier frequency rather than at the
fundamental frequency [86], [87], [92]. After the data processing technique, the harmonics can
be separated from the frequency spectrum. Based on the machine mathematical equation, the
relationship between the produced harmonics and the machine parameters can be derived. By
using these, the machine parameters can be obtained in real time. However, in the traditional
signal injection approach, the main disadvantage is the secondary effects, including torque
ripple caused by the injection signals.

One of the signal injection approach was proposed in [86], which used a rotating
vector. A prescribed negative sequence current is injected, shown in Fig. 1.5-3. By detecting
the negative sequence voltage, the rotor resistance can be estimated. The mathematical
equations for the relationship between the negative harmonics and the rotor resistance are
also included in this paper. However, the signal is injected under the traditional IFOC control
algorithm, which will cause the torque ripple at the injection signal frequency due to the
cross coupling between the g-axis and d-axis for the IFOC drive. Besides, two times separate
injections (two different injection frequencies) rather than one-time injection are required for

solving the mathematical expressions.
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Fig. 1.5-3 Configuration block diagram for the method proposed in [86]

In [87], a pulsating signal is used for injection. The pulsating current signal is injected
only on the d-axis. This method is based on the analysis of voltages and currents by using the
Fast Fourier Transform Algorithm. In [48], [93], [88], [94], the similar d-axis injection
method is presented. In [93], the parameters are derived from only those signal components
that are most relevant to the parameters being calculated. Based on the spectral analysis, the
proposed method works online in a similar way to the standard “no-load” and “locked-rotor”
test.

However, the torque ripple is caused by cross-coupling of d-axis and g-axis in current
regulator for IFOC drives. In the traditional PI current regulator, the cross-coupling is
significant, which will lead to large torque ripple by the injected signal. For some other
current regulator, like complex vector current regulator has been proposed in [4] and [5], has

already decoupled the cross-coupling of the back-EMF term. However, only the fundamental
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frequency term jwe is decoupled in the traditional complex vector current regulator, shown in
Fig. 1.5-4. The injected signal, which is in the frequency ¢ rather than the we, will still cause
the cross-coupling between the d-axis and g-axis. These cross coupling will result in torque

ripple especially at high speeds.
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Fig. 1.5-4 Complex vector synchronous reference frame current regulators

Even with the cross-coupling decoupling technique, the torque ripple cannot be
eliminated. Since the IFOC is sensitive to the machine parameters, the d-axis and g-axis cannot
be fully decoupled with inaccurate parameters.

In [95], [96], the flux and torque injection approaches are implemented in DTC drives
for stator estimation. However, in DTC drives, torque and stator flux regulation are controlled
with hysteresis loops, which yields undesired torque ripple and varying switching frequencies.

A suitable real-time parameter identification approach without affecting torque

dynamics and its integration with low switching frequency DB-DTFC drives should be
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explored. In addition, the injection signal frequency and the rotor bar skin effect will affect the
estimation accuracy.

In addition, at low speeds, the current and speed ripple will affect the estimation
accuracy, since the signal-to-noise ratio will increase significantly at low speeds in
self-sensing mode. Besides, the quality of the harmonics components also affects the
estimation accuracy of injection-based parameter estimation. A proper approach to improving

the quality of the harmonic components has not been investigated yet.

Model Reference Adaptive System Approaches

The model reference adaptive system (MRAS), as shown in Fig. 1.5-5, is one of the
major approaches of parameter estimation methods without injecting signals [97]-[103]. The
main idea of this method is that there are two ways to obtain one quantity. One is through
measurement and the other is through calculation. The “reference” is usually based on
measured values. The “model” is usually based on calculated values. The calculated model
parameters will converge to the measured value (accurate value) by forcing the error signal to

ZEro.
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Fig. 1.5-5 State block diagram of the continuous time implementation of MRAS based
adaptive command feedforward.

The MRAS-based parameter estimation method in induction machine drives has been
discussed in [97]-[103]. By using different quantities for “model” output converging to
“reference” model output, the different parameters can be estimated. In [98], L/t is treated as
an adaptive parameter for the MRAS system. Based on terminal voltages and currents, a
nonlinear open loop rotor flux observer in the synchronous frame is built for estimated the
rotor flux in both steady and transient state. With the rotor flux error converging to zero, the

Lm/tr can be estimated.
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Fig. 1.5-6 MRAS based parameter estimation proposed in [98]

In [97], the rotor time constant is treated as the adaptive parameter. By utilizing the
torque calculation through the (1.5-2) and (1.5-3), the torque error can be obtained. With
updating the rotor time constant to the real value, the torque error is converging to zero. Only
at medium and high speeds, the rotor time constant can be estimated precisely. Since at high

N
speeds the voltage term dominates the flux estimation for the torque calculation, the Tg term

in (1.5-2) provides an accurate estimation for the reference. However, at low speeds, the
errors in the stator resistance and inverter nonlinearity will affect the %5 estimation accuracy.
This would cause the final rotor resistance estimates to deviate from the real value. This
approach is based on the flux observers. In [74] and [75], the similar flux observer based

MRAS approach is proposed.
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A _3PArs .5

Tg= 29 Aqds lgds (1.5-2)
. S S

where, kq(SjS = = Vqds — Rsiqds
3P Lm,. .

Tem =7~ 1 (igshdr — idshar) (1.5-3)

Where, }\,qr = Lm |qs + Lr |qr
Adr = Lm ids + Lr idr

Instead of using flux, the reactive power can also be used as the converging quantity
for MRAS system. The methods, which proposed in [101]-[105], can be categorized as the
reactive power-based MRAS system. Reactive power reference model is formulated in
(1.5-4), which can be calculated by the terminal voltage and current. It can be used as the
“reference”. By submitting the (1.5-5) and (1.5-6) into (1.5-4) and canceling the stator

resistance, the reaction power yields (1.5-7), which can be used as the “model” part in MRAS

system.
Q= Vgs i(?s - V(?s iqes V(?S iqzs (1.5-4)
Vgs = Rsigs + oelds (1.5-5)
Vds = Rsids — weAgs (1.5-6)
Q* = we Ls idzs + e Ls iqzs (1.5-7)

where, Ls=Ls—Lm% L,
Based on (1.5-7), the Fig. 1.5-7 can be implemented as the “model” part in the MRAS

system, which contains the machine parameters.
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Fig. 1.5-7 Reactive power “model” for MRAS system in [103]

The Ls and Ly estimates should be only machine saturation level dependent. This
method overcomes the major drawback, which is stator resistance dependency, in the flux
observer-based MRAS proposed in [98]-[100]. However, this model can only estimate the
stator inductance and leakage inductance. The rotor resistance, which is a key parameter for the
high performance motor drive, cannot be estimated through this approach.

Since DB-DTFC use the flux observer voltage model at medium and high speed
ranges for the flux estimation, it is less parameter sensitive among these ranges. However, at
low speeds, DB-DTFC performance may degrade due to the usage of the flux observe current
model, which is sensitive to machine parameter mismatch. In terms of the model reference
adaptive system (MRAS) based real-time parameter estimation method, the MRAS controller
gains will affect the MRAS system converging time and stability. Thus, considering the rotor
bar effect, the methodology for choosing appropriate injected signal frequencies for
estimating different parameters has not been explored. In addition, the methodology for

MRAS gains tuning for optimized converting time has not been explored either.
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From the literature review, the real-time parameter estimation research has been
primarily focused on IFOC drives. Also, the most improvements by real-time parameter
estimation technologies are evaluated using encoders for the velocity feedback. Thus, the
improvements for DB-DTFC drives with real-time parameter estimation technologies have not
been explored yet. In addition, the effects of using real-time parameter estimation technologies
with back-EMF-based self-sensing have not been quantitatively evaluated. Moreover, with
back-EMF based self-sensing, the torque production sensitivity to machine parameters
mismatch and speed estimation error in DB-DTFC drives has not been considered and
compared to the existing FOC drives in the literature. It is also interesting to explore the
highest velocity loops bandwidth that the IM DB-DTFC drives can achieve in the back-EMF
self-sensing mode with different estimation methods.

1.6 Summary of Research Opportunities Identified
The following research  opportunities have been identified in the
state-of-the-art-review:
1.6.1 Robustness of Back-EMF based Self-sensing
e Investigate and evaluate the parameter sensitivity of the proposed synergy,
DB-DTFC drive with back-EMF based self-sensing
e Investigate and evaluate the robustness and estimation accuracy of the back-EMF

based self-sensing technology
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Develop a suitable methodology for improving the DB-DTFC drive with back-EMF

based self-sensing performance at low speeds

1.6.2 High Bandwidth Speed Command Tracking of DB-DTFC

1.6.3

Develop methodology of high bandwidth speed command tracking measurement of
DB-DTFC drive

Investigate and evaluate the speed command tracking performance difference
between IFOC drive and DB-DTFC drive

Investigate and evaluate the effects of machine parameters for the high bandwidth

speed command tracking performance.

Real-time Parameter Estimation for Encoder-Based DB-DTFC

Investigate and evaluate the rotor bar skin effect for the injection-based parameter
estimation performance.

Develop the methodology of injection-based parameter estimation approach in
DB-DTFC drive

Develop a methodology to select appropriate injected signal frequencies by
considering the rotor bar effect for different parameter estimations

Develop methodology of MRAS gains tuning for optimized converting time in

MRAS-based parameter estimation
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1.6.4 Real-time Parameter Estimation with Back-EMF Based Self-sensing
e Investigate the secondary effect of injection-based parameter estimation method in
the DB-DTFC back-EMF based self-sensing mode
e Develop methodology of decoupling approach of the injection-based parameter
estimation method without affecting torque and speed dynamics
e Develop a methodology for improving the quality of the injected harmonic

components

1.6.5 Comparative Evaluation and Improvements with Two Real-time
Parameter Estimation Methods

Investigate and evaluate the improvements for DB-DTFC drives with two real-time

parameter estimation technologies

e Investigate and quantitatively evaluate the effects and difference of using two
real-time parameter estimation technologies with and without using
back-EMF-based self-sensing

e Investigate and evaluate absolute and relative computational load and processing
power requirements for each of the method

e Investigate and evaluate the torque production sensitivity to machine parameters
mismatch and speed estimation error in DB-DTFC drives in self-sensing mode.

e Investigate and evaluate the highest velocity loops bandwidth that the IM DB-DTFC

drives can achieve in the self-sensing mode with each method.
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Chapter 2

Experimental Test Setup

In this chapter, the test setup, which is used to gather all experimental results in this
thesis, is described. The hardware test setup for this research project was designed by
YASKAWA Electric Corporation, Japan (YEC) & YASKAWA America Inc. (YAI). Both

hardware setup and software development will be presented.

2.1 Hardware and Interconnects

2.1.1 Overall System

The following equipment is used for this lab:
1. Two back-to-back coupled induction machines;

2. Two magnetic encoders installed on the test side and load side;
3. Two standard A1000 machine drives;

4. AIX dual DSP controller;

5. Yaskawa R1000 energy saving unit;

6. Onosokki TS-2800 torque transducer;

7. Yokogawa WT-1800 power analyzer;
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8. Four communication interface cards (one is for the AlIX side, the other one is for

A1000 drive side);
9. DELL XPS 8700 PC;

A block diagram of the test stand topology is shown in Fig. 2.1-1. The control boards
embedded in Yaskawa A1000 drives are bypassed on both test side and load side since both
load machine and test machine must be controlled for research purpose. That means A1000

drives are utilized as rectifiers and inverters.

AIXC Ol\'l'ROI_LER_
< V0= s
% 3
Load Side Test Side
PC %
Torque
AIX I/F Card [— AIX I/F Card
Motor ] Motor
T Temperature
@2
Phase Phase
Current Current
A1000 I/F Card A1000 I/F Card

DC Pled le——
Current Current

ase
Voltage

® Riooh|F ey

\ A [ | Supply

460 VAC

A1000 (Load) A1000 (Test)

Inducti [ | /" Inducti
Motor | | Jeits | | Motor
Sensor
Encoder’ (Load) (Test) Encoder

Fig. 2.1-1 The hardware setup block diagram
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2.1.2 Induction Machine

The induction machines used in the test bench are two identical Marathon model
213THTL7726 CE induction machines. The rated speed is 1765[RPM] (i.e. 185[rad/s]). The
stator is configurable for 230 or 460V RMS-LL operation. In this project, machines are
configured for 460V operation with a frequency of 60 Hz. The parameters of the selected

induction machine are shown in Table 2.1-1.

Table 2.1-1 The induction machine nominal parameters

Rated Voltage Vi | = 460 V-rms-lI
Rated Speed fr |= 60 Hz
Rated Power Pr | = 5.6 kW
Rated Torque Tr | = 30 Nm
Rated Flux Ar | = 0.99\olt-sec
Rated Slip Sr 2%

Pole Number P 4

Stator Resistance Rs 0.70 Q
Rotor Resistance Ry 0.57Q
Magnetizing Inductance Cm 10.1 mH
Stator Leakage Lls 4.7mH
Rotor Leakage Cir 6.0mH

By using identical machines for both the test side and load side, it is possible to

evaluate the performance over the entire operating space. The machines are coupled together
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using a torque transducer, which leads to a resonant of test dynamometer at 79.5Hz.
Experimental results about the resonant frequency will be illustrated in the next chapter.

Photos of the test stand are included in appendix B.

2.1.3 Inverter and Sensors

Standard Yaskawa inverters
Standard Yaskawa three-phase voltage source inverters are installed. The inverter DC
bus voltage is 650V. Gate drive signal is sent by an AIX controller through interface boards.
Current Sensors
KOHSHIN HC-PDG series Hall-Effect current sensors are installed to measure the
three line currents of induction machines. The current sensor specifications are described in
Table 2.1-2 below.

Table 2.1-2 KOHSHIN HC-PDG Current Sensor Specifications

Primary current measuring range lbmw = 150A
Sensor Gain Gsensor = 4.25

Linearity Error & = <1%
90% Response Time trise = 3ps

Similar sensors are used widely in electrical drives today and do not represent an
excessive cost requirement for drive systems. Note that the primary operating range of the
current sensors is significantly larger than the drive system requirement.

Position Sensor
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Position sensing of the machine shaft is achieved by the use of an Avtron AV56

magnetic encoder mounted directly on the machine shaft. The specifications for the encoder

can be found in the following Table 2.1-3.

Table 2.1-3: Avtron AV56 Encoder Specifications

Disc Resolution N 4096 Lines
Maximum Mechanical Speed Omax 5,000 RPM
Electrical Freq Response fmax 165 kHz
Maximum Supply Voltage Vimax 15VDC

The encoder is an incremental type; therefore, the absolute position of the shaft is not

sensed. Since the encoder is quadrature type, the encoder provides 16384 (4*4096) unique

patterns per revolution to the DSP.

2.2 Software and Signal Flow

The overall control block diagram for DB-DTFC has been shown in Fig. 2.2-1. The

current observer and flux observer are important and necessary to the DB-DTFC technology.

Motion observer, motion controller, current observer, flux observer and the DB-DTFC

algorithm will be discussed individually in the following sections.
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Fig. 2.2-1 Overall control diagram for DB-DTFC software implemented in AlX controller.

2.2.1 Sensor Calibration and System Protection

Before DB-DTFC control algorithm implementation, three-phase current sensor and
DC bus voltage sensor should be calibrated when machines are operating under V/f control.

The sensor scaling gains are shown in Table 2.2-1.

Table 2.2-1 Three-Phase Current Sensor and DB Bus Voltage Sensor Gains

Gains Value Offset Value
Phase A 4.16 offset 0.09
Phase B 4.20 offset 0.12
Phase C 4.14 offset 0.04
DC Bus Gain 89.65

These gains are properly scaled for use in later machine tests use. Both hardware
protection and software protection are implemented to prevent damage to the dynamometer.

The protections are listed as following.
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e Overcurrent protection - If any of the machine line currents exceed the programmed
limit (1.5pu), the PWM output would be disabled.

e Over speed protection - If the machine axis velocity is measured above a
predetermined maximum value (1.2pu), the PWM output would be disabled.

e DC link overvoltage - If the DC link voltage is measured above a predetermined
maximum value (700V) ), the PWM output would be disabled.

e Dead-time protection — Set hardware dead-time in AIX controller XCI card to 1.6ms

and set software dead-time in DSP code to 2.0ms.
2.2.2 Motion Observer

The output of the encoder for position detection contains quantization noise. The
guantization noise is determined by encoder resolution and sampling frequency. If the
sampling frequency for the position is 1kHz, the position and average velocity revolution can
be calibrated as (2.2-1). The ripple on the calculated average velocity for the blue line shown in
Fig 2.2-2 is actually the quantization errors due to position sensor interface. The system torque
dynamics would be degraded if the sampling frequency is reduced. This is a tradeoff. The
calculated average velocity from the encoder feedback is not suitable for advantageous

machine control system (i.e. DB-DTFC).

1

_ 4096*4

(res = "9 1min
1000 S®€ 60sec

= 3.7 [RPM] =0.4 rad/s (2.2-1)
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Fig. 2.2-2 Velocity feedback signals used for motion controller on the testbench at 1kHz

109.5 -

A much more smooth and accurate speed feedback can be provided by a
Luenberger-style motion observer with nearly zero lagging property. The state block diagram
of this motion observer is shown in Fig. 2.2-3.

The torque command from the motion controller is fed as the command feedforward in
order to achieve nearly zero lagging property. The bandwidth of motion observer is determined
by bo, ksg and Kjsg. The instantaneous velocity estimates, orange line and red line shown in
Fig. 2.2-2, are much smoother than the calculated average speed. In sum, estimated
instantaneous velocity from the motion observer has less noise than the calculated average
velocity for the switching frequency in 1 kHz, and the estimated instantaneous velocity signal

for the switching frequency in 1 kHz has less noise than the switching frequency in 10kHz.
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Therefore, the estimated instantaneous velocity from this motion observer for switching

frequency is used for velocity feedback in the motion controller.

Tem (K)= kr T1o(K)

1-z7*
1 |7 + + |T| Tz 1+7* AB(k+1)
1-71 Keo + Ij‘—p| 1-7° _r 2 __>
A0(K)

+T T
T
(k)
Ok+1) «

A
Q(k+1) «

Fig. 2.2-3 Digital implementation of a Luenberger style, discrete time state observer

The bandwidth of motion observer can be tuned by different bg, kgg and Kjgg values.
The observer gains to obtain desired bandwidths can be calculated by characteristic equations
shown in (2.2-2), (2.2-3) and (2.2-4). The z, z, and z3 are corresponding to three poles in three

loops of motion observer.

(1- 21 22 23)
bo=dp—— 1 (2.2-2)

(3-(z120+ 2923 + 21 23)) -2 baT
ko= Jp T2 (2.2-3)

(3' Z]_‘ 22' 23) = ksaTZ = ba T
T3

kso= do (2.2-4)

Where, z = e2nfT
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2.2.3 Motion Controller

Command Feedforward

J #
b,

Fig. 2.2-4 Digital state feedback motion controller with velocity, position, and integral
position loops

To regulate machine shaft velocity, a motion controller was developed to produce
torque commands for the DB-DTFC torque modulator. In order to achieve good tracking
performance, a state feedback motion controller shown in Fig. 2.2-4 is used.

The motion controller closes loops on velocity, position, and integrated position. In
addition to the closed loops, an additional torque command reference term performs as the
current reference (or rather, the command feedforward in the industry). State feedback
motion controller is primarily responsible for disturbance rejection and the feedforward path is
responsible for the torque reference. Based on physical plant, the characteristic equation for the

system is shown in (2.2-5).
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z

2.2.4 Flux and Current Observers

The flux observer is essential and necessary to the DB-DTFC implementation since no
flux sensors can be installed. In the following test, a Gopinath style flux observer is used,
which is a combination of a current based flux observer and a voltage based flux observer. The
significant advantage of this kind of flux observer is its high estimation accuracy at both low

speeds and high speeds [6] [7].

—_—_——_——— ——— —
| ol Stator Current Observer
v
. Lo, Re wr(K)
lvio T O o)
I Lol lizrlerT/req I
| = | igha(k+1)
V;;S(k)rl__________ _ | = =
T I I
igus(kS I )| Tl @ T Tre ™) + (T -Tre e ™2 (1] Tanlcr1)
I 1-e™Mz? Ii I
(k) | T / /st(kil) I
L) " -
|_ Flux Observer- Current Model Flux Observer- Voltage Model

Fig. 2.2-5 Discrete time flux observer and current observer with high switching frequency
approximations
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While the flux observer proposed in [6] [7] has been built only in the continuous time
domain, the counterpart in the discrete time domain has been proposed in [12][13]. The block
diagram for the flux observer used at high switching frequencies has been shown in Section 1.2
and repeated in Fig. 2.2-5 for convenience.

In the current model, measured current can be used to estimate rotor flux relationship
from machine fundamental equations, and shown in (2.2-6). The difference equation for

discrete time implementation is shown in (2.2-7).

-y Rr r Rr r

Aqdr = Lmiqds — T *qdr (2.2-6)
r T T
Adr(K) = (1— THTE Ts/ "'r) Lmigds(k)

2.2-7)
Tr Tr _ I _ r
+(T_s_ (T_sﬂ)e TS/Tr) Lmigds(k-1) +&™T5/T 2qar(k-1)

The voltage model for flux observer is built based on the stator flux linkage differential
equation on the stator reference frame. The difference equation for discrete time
implementation is shown in (2.2-8) and (2.2-9).

Xads = V;ds—Rsiads (2.2-8)

s s
Agds(k+1) — Agds(k)
Ts

= Vqds(K) - Rsigds(k) (2.2-9)

The bandwidth of a Gopinath-style flux observer is determined by two gains, K; and
K2. The characteristic equation of the closed loop flux observer is shown in (2.2-10). A similar
technique as described in Section 2.2.2 to place the desired poles in the characteristic equation

can be used for tuning.
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A A ) A A
2 (-2Lm+LrTK1+LrT K2) (Lm-LrTKl)
YA Z+

N N
Lm Lm

(2.2-10)

Since the estimated flux in next sampling is needed for the DB-DTFC algorithm, a
current observer is developed to provide estimated current value in next sampling instant. It is
used for calculating estimate rotor flux. The block diagram for the current observer is shown
in Fig. 2.2-6. The characteristic equation of the current observer, for tuning purposes, is shown

in (2.2-11).

22 N -Req - Reqe Teq + K3 - Kae Teq + TKy4 -TK4e te N Reqe Teq - K3 + K3e Teq (22_11)
Req ‘ Req

e

or(K) ) f(f - jmr)

Stator Current Observer

Tns(k+1)
>

Z-l(l_e-T/teq)
Req 1_2-1 e-T/req

Fig. 2.2-6 Discrete time state block diagram of stator current observer[12]
2.2.5 Deadbeat Torque Modulator
The details of the deadbeat torque modulator were presented in Chapter One. The
torque modulator takes in the necessary observed flux linkages and machine parameters and

returns the stator voltage commands.  This section will outline a practical method for solving
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the DB-DTFC solution. In Chapter One, the DB-DTFC torque line solution was presented and

is repeated below for reference.

Y = Vqs(k)TS (22'12)
X = vgs(K)Tg (2.2-13)
_ Mgr(k) ]
M - Kdr(k) (22 14)
__Aobsbr Rrls*tRsls
B = 3PLm7\«dr(k) (ATe(k) + ( GLer ) Te(k) Ts)
Las(K)Agr(K) + Ads(K)rdr(K) (2.2-15)
+ Ts(ur(k) ( = A kdr(k) : ! )

To simplify (2.2-15) two constants are defined in (2.2-16)(2.2-17).

3P Lm
C = 4 olsly (2.2-16)
ReLgtRgly
C = oliLg (2.2-17)

By substituting (2.2-16) and (2.2-17) into (2.2-15) the following result is reached:

Agr(k) 1 ( (RrLS+RSsz )
Vgsts = Agr(k) Vastts ¥ (3p Lm )x " ATe(K) *ts| —o or, ) Te®
otk (2.2-18)
o) N '
" 2 (Aas(qr(k) + 2ds(K)Adr(k))

It is clear that the Volt.-sec vector that needs to be applied to the stator voltage can be
solved for a given AT.(Kk). The required variables for solving the stator voltage are the

calculated observer quantities: Aqds(K), Aqdr(K), wr(k), and Te(k). If the stator resistance is
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assumed to be negligible the entire stator voltage vector is used to drive the stator flux in a
particular direction as shown in (2.2-19).
Algds(K) = Vqds(K)Ts (2.2-19)
It was shown graphically in [26] that the stator flux constraint could be represented as a
circle where the flux vectors have a constant radius. This is depicted below as an equation.
A /kasz+k332 = | 2gus] (2.2-20)
It has also been shown in [19] that voltage vectors must satisfy the following

relationship.

) /xasz%sz = (Ags(K) + Vgs(K)Ts) + (Ads(k) + Vds(K)Ts) (2.2-21)

Squaring each side of (2.2-21) yields the following resultant.
2gs 2ds 2 = (s + Vas®Ts) 2+ (Ads(K) + Vgs(K)Ts) 2 (2.2-22)
By expanding (2.2-22) and substituting the torque line relationship, Vgs Ts = m Vs Ts

+b, as shown in (2.2-12) through (2.2-15) the following equations are reached.

0 = (m2+l)(VdsTs)2 + (ZXdSm+2bm+2m7\,qs)(VdsTs)
(2.2-23)
+(b2 +2b qu"’(}uqsz‘l’?\,dsz) - ( Xas 2+7;}as 2))
A new term AAg(K) may be defined to simplify (2.2-23).
_ 2 2
MsK) = |rqdstktD)|” - | 2gas(K)] (2.2-24)

(2.2-24) can now be simplified to the following resultant
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0 = (m%+1)(vasTs)® + (2rgsm+2bm+2mgs) (VasTs)
(2.2-25)
+ (b2+2b1gst Adg(K))

The roots of (2.2-25) can be found by the quadratic equation as shown below.

2 2 2 2
—(2mb + 2migg + 24 iv 2mb + 2migg + 21 —4(m= + 1){ b” + 2bArgs — AL
VgsTs = ( gs * 2ds) ( gs + 2hds)” — 4 )( qs s) (2.2-26)

o(m?+1)

Since Agr(K) is in the denominator of the m term (slope) the control law becomes

unsolvable when Ag(k) = 0. To avoid this problem, the control law is calculated in the
re-aligned reference frame as stated in Section 1.3.4. The stator flux linkage is aligned with
the d-axis, which results in a finite value of Aqi(k). Therefore, Aqs = 0 and the control law

can be further simplified as shown in (2.2-27).

~(2mb +2245) ¢ V (2mb + 2g5)? — 4(m? + 1)(b% - Ag)
2(m? +1)

The positive root provides the desired voltage vector. In the case that the desired

Vis = (2.2-27)

stator flux circle does not intersect the torque line, no solution can be found. This
represents an unfeasible commanded machine state. For the case, the commanded stator
voltage is greater than the available inverter voltage the commanded voltage is scaled back to
the maximum feasible voltage vector defined by the largest circle that fits in the inverter

hexagon.

—(2mb + 2xd5)2 * V(Zmb + des)2 —Hm? + 1)(b2 - Aks)

Vd T =
5 2(m2 + 1)

(2.2-28)
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2.2.6 PWM Dead-time Compensation

Once the voltage command vectors are calculated the values are converted from two
phase to three phase values. The three-phase PWM values are then converted to the

modulation index by the following equation.

*

Mindex = 05+ (2.2-29)

Vbus

In the inverter, the necessary blacking time is used for avoiding shootthrough of the DC
link. In this case, a small time delay should be added to the gate signal of the turning-on device
to guarantees that both switches in an inverter leg never conduct simultaneously. A new
dead-time compensation technique based on a back calculation of the current phase angle is
proposed and experimentally verified by [20]. A block diagram showing the implementation is

presented in Fig. 2.2-7. Since the reconstructed current is free from PWM noise the instant of

zero crossing is easily determined [20].
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Fig. 2.2-7 Block diagram of the proposed dead-time compensation algorithm [20]

2.3 Summary

This chapter has outlined the test bench setup for the experimental evaluation. The
control cube contains a power analyzer, an AIX controller, gate signal interface boards,
Yaskawa A1000 drives and a Yaskawa R1000 energy saving unit. Two identical induction
machines with a torque transducer in the middle are mounted on the test bench. Also, a sensor
calibration, a motion observer, and a motion controller in this project are introduced. Then, a
flux observer, current observer and DB-DTFC algorithm implementation have been reviewed.

Dead-time compensation is introduced at the end of this chapter.
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Chapter 3

Robustness of DB-DTFC Back-EMF
Based Self-sensing

This chapter is going to introduce the parameter sensitivity of both DB-DTFC and
IFOC drives, which are constructed based on machine parameters. Due to rotor flux
orientation, it is well known that standard IFOC drives performance is affected by inaccuracy
of the rotor time constant, i.e. 1,= L/Ry. With detuned rotor time constant, torque and rotor flux
in IFOC are not decoupled, leading to a degraded torque control over the entire operating

space.

3.1 Parameter Sensitivity Comparison with IFOC

Based on many published papers, DB-DTFC is insensitive to machine parameters over
medium and high speed. It is fundamental because DB-DTFC drives utilize a properly
developed flux observer in the stationary reference frame and a closed loop torque control
scheme. Rotor flux orientation is not used in DB-DTFC. At medium and high speed, the
voltage model is insensitive to all the parameters (i.e. negligible voltage drop on stator
resistance assumed), which yields precise torque and flux control regardless of parameter

uncertainty. However, the stator resistance dependency and inverter nonlinearity undermine
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the voltage model at low speeds, and the current model has to be used for flux linkage
estimation. Since the rotor flux field orientation in IFOC and the current model in flux observer
follow the same physical principle, it can be expected that DB-DTFC at low speeds and IFOC
possess similar parameter sensitivity to the rotor time constant.

Experimental evaluation regarding parameter sensitivity of IFOC and DB-DTFC drives
is shown from Fig. 3.1-1 to Fig. 3.1-5. Torque responses are obtained from an additional flux
observer with well-tuned parameters. The output of this particular flux observer is only used
to evaluate real torque response, instead of feedback control in DB-DTFC.

With intentionally over-tuned/detuned magnetizing inductance, torque control accuracy
of IFOC and DB-DTFC is compared in experimental results as shown in Fig. 3.1-1, for low
(left) and high (right) speed operation, respectively.

The yellow lines are the torque command. The orange lines are estimated torque of
DB-DTFC drive. Then, redo the test, while the test machine is operated in IFOC control
algorithm. The blue lines are estimated torque of IFOC drive. For low speed operation (left),
considerable torque estimation errors are observed due to the dominance of the current model.
For high speed operation (right), torque estimates from the flux observer track the real torque
regardless of parameter errors, since the voltage model, which is not sensitive to machine
parameters, dominates the flux observer. Therefore, DB-DTFC performance degrades at low

speed, which has similar performance to IFOC drives. The torque ripple of IFOC drive in low
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speed is caused by machine asymmetry, which is verified in the following section. Since the

DB-DTFC is a closed loop control for torque and flux loop, the torque ripple of DB-DTFC is

significantly reduced compared to the torque ripple of IFOC drive.

Evaluations are conducted for rotor resistance at low speed and high speed in Fig. 3.1-2,

for stator resistance at low speed and high speed in Fig. 3.1-3, for stator leakage inductance at

low speed and high speed in Fig. 3.1-4, for rotor leakage inductance at low speed and high

speed in Fig. 3.1-5 respectively.

From Fig. 3.1-1 to Fig. 3.1-5, the following conclusions can be drawn:

Both DB-DTFC and IFOC are sensitive to Lm and Ry at low speed.

IFOC are still sensitive to Lm and Ry at high speed, however, DB-DTFC is less
sensitive to Lm and Ry at high speed.

The most critical parameters are Lm and Ry. Both DB-DTFC and IFOC are
insensitive to L|r L|s and Rg over the entire speed range.

DB-DTFC has less torque ripple than IFOC.

Since torque estimates are used as feedback and forced to track the reference in
DB-DTFC, the obvious torque errors seem small at low speeds compared to IFOC

drives.
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Fig. 3.1-1 Experimental results of torque control at low speed and high speed with various magnetizing
inductance Ly, a) 80% Ly b) 100% Ly, ¢) 120% Ly
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Fig. 3.1-2 Experimental results of torque control at low speed and high speed with various rotor
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3.1-3 Experimental results of torque control at low speed and high speed with various stator
resistance Rg a) 80% Rs b) 100% Rs ¢) 120% Rg
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. 3.1-4 Experimental results of torque control at low speed and high speed with various stator leakage
inductance L5 a) 80% L5 b) 100% L c) 120% L s
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Fig. 3.1-5 Experimental results of torque control at low speed and high speed with various rotor leakage
inductance L a) 80% L b) 100% L, c) 120% L,

3.2 Parameter Sensitivity with Measured Torque

For general applications, torque sensors are not available, and therefore it is difficult to
obtain real torque. However, in Yaskawa testbench, there is a torque meter in the middle of the
test and the load machine, so it is possible to obtain the measured DB-DTFC and IFOC torque
responses from torque meter. Since the torque meter has very low measurement frequency, it is
used only to compare the torque response of DB-DTFC and IFOC drive in steady state
conditions. Fig. 3.2-1 and Fig. 3.2-2 present experimental evaluation with magnetizing
inductance variation and rotor resistance, which double verify that IFOC is sensitive to Lm and
Ry over entire speed range, despite that, DB-DTFC is only sensitive to Lm and Ry at low

speed.
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Fig. 3.2-1 Experimental results of torque control at low speed and high speed with various magnetizing
inductance Ly, a) 80% Ly b) 100% Ly, ¢) 120% Ly
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Fig. 3.2-2 Experimental results of torque control at low speed and high speed with various rotor

resistance Ry a) 80% R, b) 100% R, ¢) 120% Ry
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Fig. 3.3-1 Block diagram for observer-based back-EMF self-sensing in IM DB-DTFC drives

Fig. 3.3-1 shows a block diagram for observer-based back-EMF self-sensing in IM

DB-DTFC drives. The DB-DTFC control law is based on physical inverse models of AC

machines shown in yellow block. With feasible torque and flux commands in each sample

instant, the discrete time current and flux observers calculate the stator and rotor flux estimates
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in the next sample instant. By using these estimates, the DB-DTFC control law solves for
\olt.-sec vectors based on the inverse torque model to achieve the torque and flux commands
in just one sample instant. The back-EMF self-sensing technology at the bottom contains
includes three parts: the back-EMF state filter, the back-EMF tracking observer and the
cascaded position observer.

As opposed to the IPM machine, the electrical speed in the IMs is different from the rotor
speed. For the IMs, if the excitation frequency is . and the slip frequency is g, the rotor
speed is o, = we — wgip. Thus, a slip frequency rotation block is needed between the back-EMF
state filter and the back-EMF tracking observer, which is shown in the green block of Fig.
3.3-1.

Fig. 3.3-2 shows the comparison between estimated average velocities from a back-EMF
tracking observer (dark color), an encoder-based motion observer (medium color) and
cascaded motion observer (light color), when using cascaded motion observer estimated
velocity signals as feedback. Since the estimates from back-EMF tracking observer start
deteriorating significantly under 0.2 pu, Fig. 3.3-2 does not include back-EMF tracking
observer estimates at 0.1 pu and 0.05 pu velocity. In Fig. 3.3-2, the estimates from the
back-EMF tracking observer (dark color) at 0.2 pu, 0.3 pu and 0.4 pu speed have more noise
than the estimates from the cascaded motion observer and the encoder-based motion observer,

which are shown in light color and medium color, respectively. Even at 0.1 pu and 0.05 pu
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speed, the estimated average velocity from the cascaded motion observer (light color) and
encoder based motion observer (medium color) are overlaid together, which matches the sine

wave speed test results.
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Fig. 3.3-2 Back-EMF-based cascaded motion observer, back-EMF tracking observer and
encoder-based motion observer signal comparison at different constant velocities

Though parameter sensitivity of DB-DTFC control algorithm has been discussed in the
previous section, the parameter sensitivity of the whole the proposed synergy of back-EMF
tracking based DB-DTFC self-sensing has now yet been discovered. From Fig. 3.3-1, the
back-EMF self-sensing block also contains machine parameter. By detuning, well-tuning and
over-tuning the machine parameters, the velocity estimation accuracy can be compared at

different speeds, as shown in Fig. 3.3-3.
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Fig. 3.3-3 The velocity estimation accuracy of the proposed back-EMF self-sensing
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From the Fig. 3.3-3 (), it can be seen that the proposed back-EMF self-sensing synergy is
sensitive to magnetizing inductance at low speeds (< 0.2 pu) range. The synergy is insensitive
to rotor resistance, stator leakage inductance and rotor leakage inductance, which are shown in
Fig. 3.3-3 (b), (c) and (d).

However, at extra low speeds (< 0.06 pu) range, stator resistance affect the velocity

estimation accuracy. The equation of the flux observer voltage model can be derived as (3.3-1).

iqgs = = Véds - Rsics1ds (3.3-1)

At extra low speeds, both the voltage term (Vqés) and the term (Rg iqés) will affect the
estimation accuracy. It means the flux observer voltage mode is sensitive to stator resistance at
extra low speeds. The error on the stator resistance would lead to the flux observer estimation
accuracy degradation, which causes the additional velocity estimation error.

The Table 3.3-1 concludes the parameter sensitivity of IFOC, DB-DTFC and the
proposed back-EMF self-sensing method respectively. For IFOC and DB-DTFC, the
produced torque is used for the parameter sensitivity comparison at different speeds. For the
back-EMF self-sensing technique, the velocity estimation accuracy is used for the
comparison at different speeds. In the self-sensing mode, the DB-DTFC flux observer
bandwidth is tuned as low as 1~3 Hz. In this range, the flux observer is sensitive to Rs, since
the voltage model still dominates the whole flux observer. It is necessary to separate the extra

low-speed (< 0.06 pu, 3.6 Hz) from the low speed range.
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As discussed above, both the IFOC and DB-DTFC are sensitive to machine parameters,

especially Lm and Rr. At extra low speed, DB-DTFC is sensitive to Rs as well. However, at

medium and high speed, the DB-DTFC is insensitive to any machine parameter. For the

back-EMF self-sensing technology, it is only sensitive to Lm at low speeds.

Table 3.3-1 Parameter sensitivity of IFOC, DB-DTFC and back-EMF self-sensing technology

Torque sensitivity Velocity sensitivity
Para. | Extra Low Low speed Medium/High speed | Low speed High speed
DB-DTFC IFOC DB-DTFC IFOC DB-DTFC Back-EMF SS

Lm High High High High Low High Low
Lis Low Low Low Low Low Low Low
Lir Low Low Low Low Low Low Low
Rs High Low Low Low Low Low Low
Rr High High High High Low Low Low

3.4 Speed Dependent Back-EMF State Filter Bandwidth

The back-EMF based self-sensing has a good performance at medium and high speeds,

which has been discussed in many papers. In an induction machine drive, how to improve the

back-EMF self-sensing performance at low speeds is a problem. In the traditional way, the

bandwidth of the motion controller in the Fig. 3.3-1 is reduced as the motor speed decreases.

It is a simple way to keep the system stable at low speed, however, the lower motion
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controller bandwidth will lead to lower system dynamic stiffness. In the proposed back-EMF
self-sensing methodology in this thesis, a back-EMF state filter cascades a tracking observer,
which is shown in Fig. 3.4-1. The back-EMF state filter bandwidth and tracking observer
bandwidth are the two degree-of-freedom of the proposed self-sensing system. The back-EMF
state filter bandwidth is default set to 200 Hz. At low speed operations, back-EMF state filter
bandwidth does not longer need that a high value. Thus, as the motor speed decreases, the
bandwidth of the back-EMF state filter bandwidth can be decreased. The most advantage of
this approach is to make the system more stable at low speeds without sacrificing the whole

system dynamic stiffness.
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Fig. 3.4-1 Back-EMF state filter cascading a tracking observer for self-sensing

In Fig. 3.4-2, by using the fixed back-EMF state filter bandwidth and speed dependent
back-EMF state filter bandwidth, the speed ripple of the estimated velocity can be compared,

especially at low speeds
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Fig. 3.4-2 Speed ripple comparison with and without the speed dependent back-EMF state filter
bandwidth approach

In Fig. 3.4-2, the speed ripple with fixed back-EMF state filter bandwidth is in blue line
and the speed ripple with speed dependent state filter bandwidth is in orange line. From the
plot, with variable back-MEF state filter bandwidth, the lowest operating speed can be

pushed lower and the speed ripple is reduced since the state filter bandwidth decreases.

3.5 Summary

This chapter presents the parameter sensitivity of a DB-DTFC drive for induction
machines. Key conclusions are summarized as follows:
e Theoretically, the observer-based back-EMF tracking method is available at zero
speed for IM self-sensing.
e DB-DTFC only depends on estimated speed, so the actual position estimation error

does not lead to system instability in the motion control loop.
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The estimated slip frequency, which is sensitive to machine parameters, is needed by
the back-EMF tracking observer to estimate rotor speed.

IFOC are sensitive to Ly, and Ry over the entire speed range, however, DB-DTFC is
only sensitive to Ly, and Ry at low speeds.

The most critical parameters are Ly and R;. Both DB-DTFC and IFOC are
insensitive to Ly, Ljs and Rg over most of the speed range.

DB-DTFC systematically has less torque ripple than IFOC.

At medium and high speed conditions, DB-DTFC has significantly less parameter
sensitivity than IFOC.

At low speeds, both IFOC and DB-DTFC drives are sensitive to magnetizing
inductance and rotor resistance due to their use of the current model for flux
estimation.

In the self-sensing mode, the flux observer bandwidth is reduced to benefit from the
filtering function of the flux observer voltage model.

The flux observer bandwidth cannot be decreased to low values since the volt-second
errors from the inverter become significant and yield flux estimation errors.

The proposed back-EMF self-sensing technology is sensitive to Ly, in the low speed

(<0.2 pu) range.
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In the extra low speed (<0.06 pu) range, Rs affects the flux observer estimation
accuracy due to the voltage model performance degradation.

In the traditional method, as the motor speed decreases, the bandwidth of the tracking
observer decreases to keep the system stable, which leads to lower system dynamic
stiffness.

The back-EMF state filter bandwidth is another degree-of-freedom for the
self-sensing system.

At low speed, the back-EMF state filter does not need of high bandwidth.

As the motor speed decreases, the bandwidth of the back-EMF state filter bandwidth
can be decreased, without sacrificing the system dynamic stiffness

A speed dependent back-EMF state filter bandwidth method can improve the

self-sensing performance at low speeds.
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Chapter 4

Real-time Parameter Estimation for
Encoder-Based DB-DTFC

Unlike the MRAS-based approach, a signal injection-based alternative extracts
parameter information from the intentionally induced harmonics. Because it utilizes harmonics
instead of fundamental components, the method can be generally applied over the entire
operating ranges including at very low speeds and in light loading conditions. A significant
concern for injection schemes is the potential for induced torque ripple, which is first discussed
in this section. A carrier signal model for parameter estimation and experimental results are

shown in the next section.

4.1 Signal Injection for IFOC Drives

Researchers have been using a variety of injection signals to extract parameter and rotor
information. The rotating vector injection in some previous research would produce additional
torque ripple at the carrier frequency due to the interaction of fundamental MMF at the
harmonic frequencies. Another method is the pulsating vector injection scheme. This method
is to inject a voltage signal in the synchronous reference frame, which is shown in Fig. 4.1-1.

For IFOC drives, d-axis is usually used for pulsating voltage injection to avoid torque ripple.
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Fig. 4.1-1 A high frequency signal injection scheme with pulsating vector injection

Some papers claim that injects the voltage vector on the d-axis would not produce any
torque. Despite this claim, some torque ripple occur. The ripple is worse for high speed
operation. Assuming the d-axis voltage injection signals are V. sin(wt), the system can be
simplified as Fig. 4.1-2, where the induction motor is modeled as R-L load with back EMF

coupling. This block diagram has also been widely used for current regulator design.
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Fig. 4.1-2 d-axis injection in IFOC drives
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Due to the cross-coupling between the g- and d-axes, pulsating voltage injection on the

d-axis is cross-coupled to the g-axis, which is proportional to speed.

4.2 Signal Injection for DB-DTFC Drives

In DB-DTFC drives, g- and d- axes are not used, therefore most of the reported
injection-based parameter identification methods cannot be directly applied. A more direct
way to inject a signal without affecting torque output is proposed as a pulsating flux injection
on the torque line.

It has been recognized in DB-DTFC that the torque model line on the Volt-sec. plane
gives the exact same torque for all the Volt-sec. vectors that are connected to the torque line.
This property of the torque line can be used to advantage since any pulsating carrier signal
along this line is independent of the torque and torque dynamics. Fig. 4.2-1 depicts this type of
“pulsating, carrier frequency injection on the torque line”.

By periodically varying stator flux command, the Volt-sec. solutions for each
switching interval are periodically oscillating along the torque line, resulting in the high
frequency component on the current response while generating virtually no torque ripple. The

graphical solutions are shown in the top of Fig. 4.2-1.
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Fig. 4.2-1 Signal injection schemes in the DB-DTFC drives along the torque line [106]

Experimental evaluation of injection-induced torque ripple at low speed and high speed
is shown in Fig. 4.2-2 for both IFOC and DB-DTFC drives. The stator flux perturbation
magnitude is set at 0.03pu for DB-DTFC drives, and the d-axis voltage injection magnitudes
for IFOC drives are adjusted to achieve the same magnitude of current harmonics in order to
form a fair comparison. It is seen in Fig. 4.2-2 (b) that injecting signals along the torque line
induces virtually zero torque ripple in DB-DTFC drives, while IFOC drives with d-axis voltage
vector injection induces significant torque ripple in Fig. 4.2-2 (a). Note that the current
harmonic amplitudes are nearly identical as shown in Fig. 4.2-2 (c) and Fig. 4.2-2 (d). For

IFOC drives, the torque ripple at low speed (blue line) is less than the torque ripple at high
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speed (orange line), which is because the d-axis and g-axis are cross-coupled lighter at low

speed than it is at high speed.
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Fig. 4.2-2 Experimental results of torque ripple with flux injection for IFOC and DB-DTFC
drive operating at 0.8 pu and 0.2 pu speed, 0.8 pu flux, and 100Hz sinusoidal carrier signal

injection.
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4.3 Injection-based Parameter Estimation

4.3.1 Carrier Frequency Component Model

The signal injection in DB-DTFC drives acts like a pulsating vector, containing a positive
and a negative sequence component rotating at the same frequency. With the fundamental
frequency denoted as we and the injection frequency as ¢, a positive sequence component at
the frequency of wp = we + o and a negative sequence component at mp = e — wc Can be
obtained parameter estimation.

The following derivation process is to achieve a carrier signal model for an induction
machine, which starts with the fundamental flux linkage definition, i.e. repeated in (4.3-3) and
(4.3-4) and the differential equations, i.e. repeated in (4.3-1) and (4.3-2). It is noted that this set

of equations applies for any arbitrary reference frame.

Vads = Rsiqds + jorqds + Aqds (4.3-1)
Vodr = Rrigdr + j(0—@)kedr + Aqdr (4.3-2)
Agds = Ls igds + Lm igdr (4.3-3)
Mgdr = Lm igds + Lr igdr (4.3-4)

From (4.3-1) to (4.3-4), the voltage equations with stator and rotor current terms can be
obtained as (4.3-5) and (4.3-6). The flux linkage terms are substituted by the current terms

from (4.3-3) and (4.3-4).
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Vads = (Rs"‘pl—s +j03Ls)iqu +(me +j03Lm)iqdr (4.3-5)

Vaar = (pLm + j(0—or)Lm)igas +(Rr + pLr + j(@—or)Lr)igdr (4.3-6)

For squirrel-caged rotor induction machine, the rotor voltage can be assumed as zero, i.e.
Vqdr = 0. The following steady-state equations can be derived from (4.3-5) and (4.3-6).

Vqds = (Rs +j03Ls)iqu +HoLmigdr (4.3-7)
0= j(m—mr)Lmiqu +(Rr + j(m—mr)Lr)iqdr (4.3-8)

It is noted that (4.3-7) and (4.3-8) apply for both fundamental and carrier frequency
components. Since the carrier frequency components are interested in this section, the term ®
can be replaced by wp for positive sequence components, and wn for negative sequence
components. The derived equation (4.3-7) and (4.3-8) can be written to (4.3-9) and (4.3-10).
The general voltage and current variables are replaced by negative sequence components for
example. It is also valid for positive sequence counterparts.

Vgds n = (Rs+jonls) igds n +J on Lmigdr n (4.3-9)
0 =j(on— or) Lmigds n *+ [ Rr + j(wn—0r) Ly ] igdr n (4.3-10)

As (4.3-9) and (4.3-10) are expressed in complex vector forms, both current vector and
voltage vector can be projected to the d-axis current (igs_n=0). The derived equation (4.3-7)
and (4.3-8) can be reduced to (4.3-11) and (4.3-14). Note

Vgs n = on Lsids n+ on Lmidr n (4.3-11)

Vs n = Rsids n— on Lmigr n (4.3-12)
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0= (Q)n—(l)r)l_mids_n +Rriqr_n+(03n—(0r)|—ridr_n (43'13)
0=- ((,On—O)r)Lriqr + Rridr_n (43-14)

It is noted that (4.3-14) can be manipulated as (4.3-15), and further substituted in (4.3-12)
to express g-axis rotor current by the d-axis stator current as (4.3-16).

: Lr.
ldr_n = ((Dn—ﬂ)r)ﬁr'qr_n (4.3-15)

. = (OJn—(Dr)LmRr .
Iqr_n - er + ((Dn—(Dr)ZLrZ Ids_n

(4.3-16)

With the generally held assumption of (4.3-17), (4.3-15) and (4.3-16) can be further

deduced as (4.3-18) and (4.3-19), respectively.

Rr << | (on-on)L| (4.3-17)
. _LmRr .

|qr_n = (O)n_a)r)LrZ |ds_n (43'18)
: Lm.

ldr n = — Trlds_n (4.3-19)

By substitution of carrier component current relationship (4.3-18) and (4.3-19) into the
voltage equations (4.3-11) to (4.3-14), some valuable results can be obtained as (4.3-20) and
(4.3-21). The harmonic components of voltage and current can be extracted from the stator
voltage and current, and the corresponding impedance can be calculated online.

Lm?). _
Vgs n = wn(Ls —Trjlds_n ~ wnoLslgs n (4.3-20)
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o) L2
Vds n = Rsids n + s Rrids n (4.3-21)
S_ - ((Dn-())r) Lr2 -

The derived model in (4.3-20) and (4.3-21) applies not only for the negative sequence
component, mp = we — ¢, but also for the positive sequence component, which is wp = we + o¢
following the same derivation process. Once the carrier components of voltage and current are
obtained, the parameters can be obtained from the impedance calculation. With the known
carrier injection frequency, leakage inductance Lk can be calculated from (4.3-20). The stator
resistance Rg and effective rotor resistance, R'r = (Lm/Lr)2 Ry can be calculated based on
(4.3-21) by using both the positive sequence and negative sequence.

In addition to the parameter information obtained from the induced carrier frequency
components, the fundamental components can be utilized to achieve a complete set of
parameters. For the sake of simplicity, the traditional T-type equivalent circuit Fig. 4.4-1 (a) is
modified as I" type equivalent circuit Fig. 4.4-1 (b), in which the magnetizing inductance path
and the equivalent rotor resistance path are orthogonal to each other. The impedance seen from
the input voltage can be described as (4.3-22), from which the magnetizing inductance and

rotor resistance can be estimated.

. . Lm? RY). i
quS_f = (RS +JweGLS +J(’3e|__r” ?) |qu_f (4.3-22)



111

4.3.2 Signal Processing Procedures

The carrier frequency components, including both the positive and negative sequence
components, can be obtained after signal processing. The signal processing is generally
described as Fig. 4.3-1. There are five steps in the signal processing procedure to obtain
positive, negative and fundamental sequence components. In this plot, the current signals are
taken as an example for the signal processing procedures. The similar method can be extended
to process the voltage signals as well.

Before the signal processing, in stage one, the current spectrum can be obtained in the Fig.
4.3-1-0 by using fast Fourier transform (FFT). The fundamental component is in the frequency
we and the positive and negative components are in (o¢ +me) and (o¢ —we) respectively.

In the first stage, the sampled current and voltage in the stationary reference frame are
transformed to the synchronous reference frame. The fundamental component is in the
frequency zero and the positive and negative components are in (+we) and (—we), which is
shown in Fig. 4.3-1-1.

Second, by using a high pass filter, the fundamental components can be removed. The
positive and the negative sequence components remain in frequency (+we) and (—we), Which is

shown in Fig. 4.3-1-2.
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Third, by rotating an angle of 6. in the negative direction (or positive direction) from the
synchronous reference frame, the positive (or negative) sequence components are shown as
DC values, which is in zero frequency, which is shown in Fig. 4.3-1-3.

Forth, high pass filter can be used to filter out the positive (or negative) sequence
components. Then, only the negative (or positive) sequence components at a frequency of 2fc,
which is shown in Fig. 4.3-1-4.

Fifth, by rotating back an angle of 26; , the negative (or positive) components are
extracted as the DC values, which is shown in Fig. 4.3-1-5.

Sixth, by applying a low pass filter, the noise on the negative (or positive) components are

removed to improve the signal quality for the parameter calculation.
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Fig. 4.3-1 Real-time signal processing scheme to extract the positive and the negative components

After the signal processing, the following variables can be obtained. Machine physical

parameters can be estimated based on those variables.

1) Fundamental components: Vqds, igds, ®e, ®r

2) Positive sequence components: Vgs_cp, Vgs_cp, igs_cp (no g-axis component because

aligned to d-axis current), mp = me+ ¢

. n n N .
3) Negative sequence components: Vgs_ cn, Vds cn, ids_cn (N0 g-axis component because

aligned to d-axis current), mp = me— ®¢

First of all, leakage inductance can be estimated using either the positive sequence or
negative sequence components by following (4.3-20). The equations are shown as (4.3-23)
and (4.3-24), respectively. The final estimate of leakage inductance can be calculated by the

mean value of the two.
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p
Vgs cp

N
O_I—S_p = ]
®plds_cp

calculated by positive sequence component (4.3-23)

n

V
GALS_n = —qs—i calculated by negative sequence component (4.3-24)

®nlds_cn

Assuming the leakage inductance values are identical in the stator and the rotor, then
the stator and rotor leakage inductance can be estimated as (4.3-25).

Lis = Liy= 0.25%(oLs p+ols pn) (4.3-25)

The second step is to estimate resistance, by using both the positive and the negative
components in (4.3-21). The resulting equations are (4.3-26) and (4.3-27) respectively, where
R'r = (Lm/Lr)2 Ry . The estimate of stator resistance (i.e. ﬁs ) and effective rotor

N\
resistance (i.e. Ry ) can be calculated from the two equations.

o
v';’s cp = |Rs+ —L R/ igs cp by positive sequence component (4.3-26)
B (wp-o) -
()
VSS_Cn = |Rg+ —0 R/ igs_cn by negative sequence component (4.3-27)
(OJn'O)r)

The magnetizing inductance estimate can be obtained only from the fundamental

Lm

component. Referring to the T' type equivalent circuit in Fig. 4.3-2(b), the variable of L
i
can be estimated by the magnetizing current and the voltage across the magnetizing branch as

(4.3-28). The voltage and current can be calculated from the equivalent circuit as (4.3-29)

and (4.3-30).
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. Lm R
1» l_‘—r- s_
(a) traditional T type equivalent circuit (b) modified T type equivalent circuit
Fig. 4.3-2 Equivalent circuit model for induction machines
L2 Voim 1
-m_ 2 = (4.3-28)
L,  lqdm ©e
N B B N
Vgdm = Vgds — Rs lgds — JoeoLs (4.3-29)
. . ngm
lgdm = lgds — A, (4.3-30)
Ry/slip

N

2

L
With the knowledge of ?m the magnetizing inductance and the rotor resistance can
r

be estimated from(4.3-31) to (4.3-34).

Lm? (L= L1r)? ~ (L2 =2 Ly

L - . » = L—2Ly (4.3-31)

A L2

L, = == +2L (4.3-32)
Ly

A L2 A

Ly = =+ (4.3-33)
Ly

N I:\Z N

Ry = — Ry (4.3-34)
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4.3.3 Rotor Bar Skin Effect of Injection Based Parameter Estimation

Theoretically Analysis

The injection based parameter estimation method is based on the positive, negative
and fundamental components to calculate machine parameters. However, parameters are
frequency-dependent due to skin effects/proximity effects, since the depth of the rotor bar
cannot be ignored. The Table 4.3-1 shows the skin depth results of general aluminum at

different injection frequency.

Table 4.3-1 Skin effect depth at different frequencies
Frequency (Hz) Skin Effect Depth (cm) Materials
20 1.99 Aluminum
30 1.50 Aluminum
40 1.30 Aluminum
80 0.92 Aluminum
100 0.82 Aluminum
200 0.58 Aluminum

The rotor bar depth of test machine is 2.1 cm, which is closed to 1.99cm. It means
with the frequency larger than 20 Hz, rotor bar depth is larger than skin effect depth. If the
injected frequency is larger than 20 Hz, the final estimates of the injection-based parameter
estimation will be larger than the real values due to the rotor bar skin effect. Thus, skin effect

should be considered in flux injection-based parameter estimation.
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Experimental Verification
The rotor bar skin effect is also can be verified by the experimental method by using
the impedance analyzer WK 6500B in this thesis. The machine effective resistance can be

measured with and without the rotor bar by the impedance analyzer respectively.

With rotor

[\

— =
o oo

(Rs+Ry)

— =
— N

Resistance [Q]

Without

e e
fo B Ov oo

rotor 0 50 100 150 200

Frequency [Hz
(Rs only) quency [Hz]

Fig. 4.3-3 Equivalent circuit model for induction machines

In Fig. 4.3-3, the experimental results show the effective resistance comparison
between the machine with and without rotor at the different carrier frequency. With the rotor
bar, the effective resistance increases as increases (shown in the blue line), which shows the
carrier frequency dependent property. However, without the rotor bar, the effective resistance

is almost equal to real stator resistance, which doesn’t change too much as carrier frequency
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increases (shown in green line). It can be seen in Fig. 4.3-3 that the rotor resistance depends

on carrier frequency significant, which is consistent with the analysis above.
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Fig. 4.3-4 Stator resistance estimation with different injected carrier frequencies

In Fig. 4.3-4, the stator resistance can be estimated by injecting flux with different

carrier frequencies, 20 Hz, 30 Hz and 40 Hz separately. Based on the (4.3-26) and (4.3-27),

the stator resistance can be obtained. Estimated Rg are frequency-dependent at different
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speeds. For higher carrier frequencies, the estimated Rg values are higher. Since the machine
temperature in each test maintains at 37.8 °C, the estimated Rg are not affected too much by
different loads.

The similar experimental results can be obtained for the rotor resistance estimation,
which is shown in Fig. 4.3-5. This is another experimental verification for the rotor skin

effect of the proposed injection-based parameter estimation.

a) 0.3 pu speed b) 0.5 pu speed
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Fig. 4.3-5 Rotor resistance estimation with different injected carrier frequencies

Curve Fitting Approach for Accuracy Parameter Estimation

From Fig. 4.3-3, it is apparent that the rotor resistance is frequency dependent due to the
rotor bar skin effect. Take the rotor resistance estimation for an example, the estimate with 40
Hz carry frequency is higher than the estimate with a 30 Hz carry frequency, shown in the blue
dot in Fig. 4.3-6. After obtaining the rotor resistance at different frequencies (30 Hz and 40 Hz),
a quadratic curve fitting method can be used for rotor resistance estimation at 20 Hz frequency.
The Fig. 4.3-6 shows the rotor resistance before and after curve fitting. Since the skin effect
only happens with the carrier frequency higher than 20 Hz, the real rotor resistance can be

obtained from the orange line in Fig. 4.3-6, which is the resistance around 20 Hz.

Before curve fitting
After curve fitting
0.7 pu speed

aaaaaaa Carrier frequency:

()\M 20Hz 30Hz 40Hz

Rotor Resistance Ry[Q]

0

0 10 20 30 40 50

Injection Frequency [Hz]

Fig. 4.3-6 Rotor resistance data and curve fitting method
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4.4 Appropriate Injected Frequency Selection

In previous sections, the flux injection-based parameter estimation for DB-DTFC drives
is proposed without inducing any torque ripple. However, the rotor bar skin effect will affect
the estimation accuracy, if the inappropriate injected frequency is selected.

In general, the injected carrier signal frequency selection has the following three
considerations:

1. High-frequency injection is suitable for the L|s estimation. A synchronous frame
injected signal frequency that is high (>60Hz) makes the leakage inductance
reactance (blue block in Fig. 4.4-1 (a)) dominate the impedance. It’s a challenge to
estimate the resistance term, but the L|s can be easily estimated in this case.

2. The synchronous frame injected signal frequency should be high enough to be
separated from the “zero” fundamental frequency. Considering the rotor bar skin
effect, the injected frequency should be low enough to avoid causing the skin effect.
However, the injected frequency cannot be too low, since it would be different to
extract the positive and negative components, if the injected frequency is closed to the
fundamental frequency.

3. The injected frequency can be calculated based on the (4.4-1). Since the fca make
leakage inductance reactance closing to Rs, the more accurate resistance reactance. If

the fcq) is large enough to cause the skin effect, the fcg should be adjusted a little bit
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to fcal_adjust and be injected again. Thus, two estimated value Rcal and Real_adjust €an
be obtained. Then, using the curve fitting method to calculate the final estimated

value for both rotor resistance estimation and stator resistance estimation.

2nfeal *Lis = Ry (4.4-1)
s Q Ry
< LZr S
(a) traditional T type equivalent circuit (b) modified I type equivalent circuit

Fig. 4.4-1 Equivalent circuit model for induction machines

10} 3 Injected flux signal:
‘\\«\* Freq: 100 Hz
¢ Amp: 0.05pu

Leakage Inductance Lix[mH]

0 02 04 0.6 0.8 1

torque [pu]

Fig. 4.4-2 Leakage Inductance estimation with 100 Hz carrier frequency injection
The injection-based parameter estimation approaches are implemented on the test
stand. The experimental results are shown in Fig. 4.4-2 and Fig. 4.4-3. For Leakage

Inductance estimation, the carrier frequency at 100 Hz is chosen and for resistance estimation,
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the carrier frequency at 20 Hz is selected. Saturation effect on both magnetizing and leakage
inductance is significant in Fig. 4.4-2 and Fig. 4.4-3 (c). The resistance is not considerably
affected by loading levels in Fig. 4.4-3 (a) and (b). Since the machine temperature in each test

maintains at 36 °C, the estimated Rs and Ry are not affected too much by different loads.
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Fig. 4.4-3 Experimental results of parameter estimation using the signal injection based approach in
DB-DTFC with injected signals at 0.1 pu flux, 20 Hz
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4.5 Model Reference Adaptive System

As discussed in previous sections, DB-DTFC drives are not sensitive to parameters at
high speed whereas at low speed the performance degrades due to the use of the rotor
parameter dependent current model. Accurate parameters are therefore required to avoid such
performance degradation. The magnetizing inductance is mostly affected by saturation, and the
rotor resistance varies with operating temperature and frequency. Thus, the real-time parameter
estimation can enhance DB-DTFC drives.

Since a flux observer combining the current and the voltage models have already been
embedded in DB-DTFC, these models are available to be used in a model reference adaptive
system (MRAS). The fundamental principle of MRAS-based parameter identification is that
the flux linkage can be estimated independently by the current and the voltage models. The
estimates from the voltage model are insensitive to the rotor resistance and the magnetizing
inductance, and thus, they can be used as the reference. The estimates from the current model
depend on the two parameters, which are adaptively estimated by forcing the current model to
track the voltage model.

The dynamics of parameter adaptation are determined by the “MIT-rule” shown as (4.5-1),
in which ¢ is a general form of estimated parameter and e stands for the model reference error.
According to the MIT rule, convergence dynamics are proportional to the sensitivity of

parameter error.
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2
% ¢(t) = — const d—ZL% = — const e(t) %3 (4.5-1)

For the magnetizing inductance estimation, the difference between flux linkage
magnitude estimates from the current and the voltage models is used as the model reference
error. For relatively high speed operation, the voltage model flux estimates are nearly equal to
the real flux linkage since it is simply an integration of terminal voltage and not affected by
machine parameters. Using rotor flux linkage orientation, the flux linkage estimate from the
current model at steady state is shown in (4.5-2), and its sensitivity to the estimated
magnetizing inductance can be derived as (4.5-3). Following the MIT rule, the adaptation

dynamics of the magnetizing inductance is determined as (4.5-4).

‘qur‘ = Croids (4.5-2)

‘ ‘qur‘ =i (4.5-3)
q ﬁm = Ids

%ﬁm = const U 7qur|— ‘ﬁqer ic?s (4.5-4)

The rotor time constant adaptation can be derived by following the same approach. It is
well known that the slip frequency of an induction machine is associated with rotor time
constant, as is the air-gap torque. Hence, the torque estimates from the voltage and current
model are used to form the model reference error, and the g-axis current is correlated to obtain
the coherent power. The parameter convergence characteristic equation is provided as (4.5-5).

d .
dt Tr = const (Te - ‘fe) |des (4.5-5)
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As shown schematically in previous papers, an adaptation of the magnetizing inductance
and the rotor time constant is integrated into the existing flux observer structure. The current
model is adaptively enhanced based on the voltage model flux estimates. It is also noted that an
additional damping term is included to smooth the convergence dynamics. The tuning of the

MRAS controller is a balance of convergence speed and the signal-to-noise ratio.

Induction Machine Model Current Observer
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1qds

1

Ap AgH

qurﬁcm _e—l hgdr_cm
Jor
Le |

N8
HA-qdrivm

2s
}qusivm

Model Reference Adaptive Controller

Fig. 4.5-1 An overall block diagram of flux observer based MRAS scheme [106]

Fig. 4.5-2 illustrates typical convergence cases in experiments for the magnetizing

inductance and rotor time constant estimation. The orange traces in Fig. 4.5-2 (a) and (c) are
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the estimates from the voltage model, which are utilized as the reference. After invoking
MRAS, the flux and torque estimates from the current model are adaptively converged to the
reference. Correspondingly, the magnetizing inductance and the rotor time constant are

converged so that both the current and voltage model provide identical estimates.
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Fig. 4.5-2 Experimental results parameter convergence at 0.7 pu speed, 0.6 pu torque, 0.9 pu
flux.

With MRAS invoked and estimation dynamics converged, parameter estimation results at

different operating points are shown in Fig. 4.5-3. The rotor resistance in Fig. 4.5-3 is
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calculated based on the estimated rotor time constant and the magnetizing inductance. The plot
also clearly presents the MRAS estimated saturation effects on the magnetizing inductance
with increasing torque and/or flux. The rotor resistance is not directly dependent on torque or
flux variation.
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Fig. 4.5-3 MRAS-based real-time parameter estimation using DB-DTFC at different speeds

Fig. 4.5-4 presents MRAS results when integrating the flux observer based MRAS into an
IFOC drive. The consistent parameter estimates reveal that the MRAS-based approach can be
used in both drives. The magnetizing inductance saturates at the higher torque range, while the
rotor resistance does not vary too much. At the low torque range, the rotor resistance estimates
become less reliable, since the correlated g-axis current should be close to zero and the useful
information in the coherence power is limited. No additional injection signal is required which

inherently avoids torque ripple as potential secondary effects.
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Fig. 4.5-4 MRAS-based real-time parameter estimation using IFOC at different speeds

From both Fig. 4.5-3 and Fig. 4.5-4, it notes that the estimated parameters have small
differences/estimation errors at different speeds. The estimation errors occur especially at low
speed, which are caused by the inverter dead-time and non-linearity. Since this is flux
observer based MRAS parameter estimation and flux observer voltage model is accurate at
high speeds, the estimation accuracy is higher at high speeds than it is at low speeds.
\oltage-second error from inverter nonlinearity can be decoupled by adding high resolution
voltage sensors. Overall, the flux observer based MRAS parameter estimation is more

reliable at medium and high speeds and less reliable at speed close to zero.
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4.6 Gains Tuning of MRAS Parameter Estimation
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Fig. 4.6-1 Gains tuning of flux observer based MRAS scheme

From the Fig. 4.6-1, there are four gains in the flux observer based MRAS scheme. K1
and Ko are the MRAS gains for the rotor time constant estimates. K3 and K4 are the MRAS
gains for the magnetizing inductance estimates. With different MRAS gains, the system has
different estimation dynamics and different converging time. With certain MRAS gains and

initial conditions shown in Fig. 4.6-2, the converging time is about 4.5 s.
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Fig. 4.6-2 Experimental results parameter convergence at 0.7 pu speed, 0.6 pu torque, 0.9 pu
flux.

A methodology is needed for achieving the optimized converging time when
implementing the MRAS parameter estimation approach. There are two parts of the flux
observer based MRAS: magnetizing inductance part and the rotor time constant part. Since it

Is a non-linear system, it is easier to calculate the optimized gains for each part respectively.

4.6.1 MRAS Gains Tuning for Magnetizing Inductance

To avoid a large step change for the machine parameter, the parameter change in each

sample should be less than 10%. In this case, the relationship between the output of

magnetizing inductance part, /I:m_adaptive, and gain K3, shown in Fig. 4.6-1 can be derived
from equation (4.6-1):

N
Lm_adaptive = K3 * (Adr_vm - Adr_cm) * lds <10% Lm = 0.012 (4.6-1)
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Thus, the gain K3 can be obtained from the equation (4.6-2):
K3 <10% Lm/ (Adr_vm - Adr_cm) / lds ~ 0.005 (4.6-2)

From the equation (4.6-2), the maximum value of K3 is 0.005. Ky is the gains of the
integration path. In Fig. 4.6-3, the simulation results show different converging time and
different MRAS dynamics with fixed K3 value different K4 values. In case (a), the K4 equals
to zero. The estimated flux from the current model in green line has an offset with the
estimated flux from the voltage model in the red line. Thus, the gain K4 cannot be zero. In
case (b), the K4 equals to K3. The estimated flux from the current model in green line takes an
excessively long time to converge to the estimated flux from the voltage model in the red line.
In case (c), the K4 is 10 times than K3. The estimated flux from the current model in green
line only takes less than 2 seconds to converge to the estimated flux from the voltage model in
the red line. Base on three different case results, if the gain Ky is 10 times than K3, the MRAS
system would have the fastest dynamics and the optimized converting time for the

magnetizing inductance estimation.



Rotor flux [Agdr | [pu]

Lm [mH]

e
From the voltage model Adr vm

e
From the current model Adr cm

flux_cm vs flux_vm

e
From the voltage model Adr vm

e
From the current model Adr cm

flux_cm vs flux_vm

e
From the voltage model Adr vm

133

e
From the current model Adr cm

flux_cm vs flux_vm

0.8 0.8 P 0.8
0.71 - 07 s : 0.7/
0.6 — ﬂl 0.6 : fSignaI:l‘ 0.6 *Signalzl‘
0.5 e T Signal:2 0.5+ fSignaI:Z 0.5+ ‘7SIg‘na|22
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10 3 5 6 7 8 9 10
Time [sec] Time [sec] Time [sec]

flux estimation convergence

Est. magentizing inductance

flux estimation convergence

Est. magentizing inductance

flux estimation convergence

Est. magentizing inductance

. x le-2 Lm_est 0.10 Lm_est e — 0.11 ! Lm_est
7.0 0.09 - 0.10
6.8 0.097;
66 0.08| 0.08/
gg 0.07 0.07
6.0 “ el 06 L Lmest] 0,06 [ Lm_est
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
Time [sec] Time [sec] Time [sec]
(@) K3 =0.005 (b) K3=0.005 (c) K3=0.005
Ks=0 K4 =0.005 K4 =0.05

Fig. 4.6-3 Simulation results MRAS dynamics with different K4 values

However, the gain K4 cannot increase further. Fig. 4.6-4 shows the MRAS converging

dynamics when the gain K4 is 0.5, which is 100 times than Ks. Even though the estimated

flux of current model converges to the estimated flux from the voltage model in the end, the

MRAS system would have some damping and oscillation, which would lead to the whole

system unstable.
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4.6.2 MRAS Gains Tuning for Rotor Resistance
A similar method can be used for gains K1 and K> tuning.

The relationship between the output of rotor time constant part, /T\m_adaptive, and gain K1,

shown in Fig. 4.6-1 can be derived as equation (4.6-3):

/T\r_adaptive =K1* (Tem_vm - Tem _cm) * lgs <10% 1 = 0.03 (4.6-3)
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Thus, the gain K1 can be obtained from the equation (4.6-4):

K1 <10% tr / (Tem vm - Tem _cm) * lgs = 0.0005
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(4.6-4)

From the equation (4.6-4), the maximum value of K1 is 0.0005. K is the gains of the

integration path. In Fig. 4.6-5, the simulation results show different converging time and

different MRAS dynamics with fixed K; value different Ky values. Different from the

magnetizing inductance gains value, if the gain Ko is 4 times than Ko, the MRAS system

would have the fastest dynamics and the optimized converting time for the rotor time

constant estimation.
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4.7 Improvements with Parameter Estimation

Chapter 4 and chapter 5 present the real-time parameter estimation by using flux
injection method and MRAS method on the existing sensor feedback DB-DTFC respectively.
Both methods can be applied for parameter estimation with high accuracy over a wide speed
and torque range. The experimental results of the MRAS based method are generally
consistent with the estimates of the flux injection based method.

To test the motor T-N curve characteristic (Constant speed control / Constant torque
control), the torque command increases slowly. By using the machine parameters on the
nameplate (un-tuned parameters), the evaluation of the motor T-N curve characteristic at 0 pu,
0.1 pu, 0.2 pu, 0.5 pu and 1.0 pu are shown in Fig. 4.7-1. The torque command range is from
-150% to 150% of the rated torque (-45 Nm ~ +45 Nm). From the Fig. 4.7-1 (a) and (b), they
show the DB-DTFC can almost achieve both -150% and +150% of the rated torque with both
un-tuned and tuned machine parameters. The tuned machine parameters are obtained from
the MRAS method or injection based method since the estimates of the two methods are
generally consistent. From another perspective, it also shows the DB-DTFC drive torque
producing capability is very stable even with un-tuned machine parameters over the whole

speed range.
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Legend:
0 pu speed
0.1 pu speed

0.5 pu speed
1.0 pu speed
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The Fig. 4.7-2 shows the experimental evaluation of improvements by parameter
estimation method with existing encoder feedback DB-DTFC at low speeds. The blue lines
are measured torque from the torque sensor. The orange lines are the torque command, which
ramps up from zero to 45 Nm (0 pu to 1.5 pu). By using the machine parameters on the
nameplate (un-tuned parameters), the baseline evaluation of the motor T-N curve
characteristic at 0.1 pu speed and 0.2 pu speed can be obtained, which are shown in blue line
the Fig. 4.7-2 (a) and (c) respectively. It is obvious that there is a large torque error in green
circles, especially at high load torque, with un-tuned machine parameters.

Tuned parameters can be obtained by injection based parameter estimation over wide
speed range or MRAS method parameter estimation at medium and high speeds. It is because
the flux observer-based MRAS has higher estimation accuracy at medium and high speed
operation for parameter identification in DB-DTFC drives.

The Fig. 4.7-2 (b) and (d) show the improvements by using the two real-time parameter
estimation methods at 0.1 pu speed and 0.2 pu speed respectively. It is clear steady state
torque error is significantly reduced with the tuned machine parameters from 0 to 1.5 pu load

torque at low speeds operation.
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Fig. 4.7-2 Evaluation of improvements by parameter estimation method at low speeds in
DB-DTFC

The Fig. 4.7-3 shows the motor T-N curve characteristic with un-tuned and tuned
machine parameters at medium and high speed (0.5 pu and 1.0 pu speed). In all Fig. 4.7-3 (a),
(b), (c) and (d), the measured torque (blue lines) are overlaid with the torque command
(orange lines) over 0 pu and 1.5 pu load torque condition. It means that whether using

un-tuned or tuned machine parameters, the DB-DTFC drive has very precise torque control at
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medium and high speeds since the flux observer voltage model is accurate at this range.

These also demonstrate the DB-DTFC drives are parameter insensitive at medium and high

speeds.
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Fig. 4.7-3 Experimental evaluation of improvements by parameter estimation method at high
speeds in DB-DTFC
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4.8 Summary

This chapter explores the injection based real-time parameter estimation method. Key
conclusions are summarized as follows:

e Torque ripple for d-axis pulsating voltage injection is significant especially at high
speed, due to back-EMF coupling.

e Pulsating flux injection along the torque line in DB-DTFC produces no additional
torque ripple, but it induces current harmonics that can be used for parameter
estimation.

e High frequency signal injection is suitable for L5 estimation and low frequency signal
injection is suitable for Rg and Ry estimation.

e Saturation effects on magnetizing inductance and leakage inductance are significant.

e Magnetizing inductance and leakage inductance will not change at different speeds.

e Parameters are frequency dependent due to skin effects.

e Skin effect can affect estimation accuracy, which should be considered in flux
injection-based parameter estimation.

e A more accurate rotor resistance can be estimated by a curve fitting method.

e By using a Gopinath style flux observer, which is embedded in DB-DTFC drives, for
MRAS-based parameter estimation, both magnetizing inductance and rotor time

constant can be estimated
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The flux observer-based MRAS-based method uses the voltage model as the
“reference” (parameter insensitive), and the current model as the “model”.

By forcing the current model to track the voltage model, the estimated parameters, tr
and Ly, converge to accurate values.

The MRAS-based parameter estimates become less reliable at low speeds due to
inverter dead-time and non-linearity

The rotor resistance and the magnetizing inductance do not vary significantly at
different operating speeds.

To avoid causing system unstable, the parameter change in each sample should be
less than 10%.

In MRAS-based parameter estimation approach, the convergence time is determined
by the MRAS controller gains.

Large MRAS gains would lead to decreased system damping and instability, but

small MRAS gains would excessively increase convergence time.
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Chapter 5

Real-time Parameter Estimation for
DB-DTFC in Self-Sensing Mode

In chapter 4, the real-time parameter estimation through the flux injection-based
approach and the MRAS-based approach have been explored. The estimates through the two
different approaches are consistent with each other. The flux injection method for the
DB-DTFC drives shows accurate estimation accuracy without any secondary effects, such as
induced torque ripple. The MRAS-based method utilizes the DB-DTFC flux observer
property to make the current model outputs to converge to voltage model outputs. The two
parameters, magnetizing inductance, and rotor resistance, can be estimated at the same time.
No additional observer is needed. However, both two methods are developed and evaluated
with the encoder for the velocity feedback. The flux injection-based method needs the
position information to do the reference frame rotation for extracting the harmonic
components. The MRAS-based method also needs the position information in the flux
observe current model.

The main objective of this chapter is to explore the two real-time parameter estimation
implementation methodologies for DB-DTFC drives in back-EMF based self-sensing mode.

Firstly, the improvements of flux injection-based method by using extended back-EMF
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self-sensing technique is introduced. Different from the performance with encoder feedback,
the flux injection based method induces erroneous speed ripple in back-EMF self-sensing
mode. Then, two different approaches are developed and applied to the injection-based
method in the self-sensing mode with zero induced speed ripple. In addition, the performance

of the MRAS-based method is experimentally evaluated and its limitations are identified.

5.1 Improvements of Flux Injection Method

The first step of signal processing in injection based parameter estimation method is to
rotate to the synchronous reference frame by we. The we can be calculated by (5.1-1) in the

traditional method.

We = O - Qg (5.1-1)
where,
A
o= TR, (5.1-2)
kdqr

The slip is calculated by the estimated torque and estimated rotor flux, which is
sensitive to machine parameters. Any rotation angle error will lead to the errors in both
positive and negative sequence components. The Fig. 5.1-1 shows the positive current
components igs_cp with the equation calculation method for the reference frame rotation. By
using this method, there is much noise on the desired harmonics due to the inaccurate reference

frame rotation. The final estimation accuracy of the flux injection method relies on the
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quality of both positive and negative sequence components. Thus, any rotation angle error

will cause the parameter estimation accuracy degradation.

-200 -100 0 100 200

Fig. 5.1-1 Positive current components with traditional reference frame rotation method

To achieve a better signal processing performance, the we should be obtained through a
more accurate method rather than the traditional machine equation calculation method. Fig.
5.1-2 shows the flux injection-based parameter estimation with electrical speed estimation for
reference frame rotation. Without the slip angle rotation part and feedforward path (Te’fn path)
in Fig. 3.3-1, the proposed observer-based back-EMF self-sensing block becomes to the

electrical speed estimation block, which can estimate the electrical speed and position.
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Fig. 5.1-2 Back-EMF state filter cascading a tracking observer for electrical position estimation
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Instead of using the equation (5.1-1) and (5.1-2), the electrical position estimation (EPE)
block can be used for reference frame rotation. The system block diagram becomes to the Fig.

5.1-3. This approach will improve the reference frame rotation accuracy.
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Fig. 5.1-4 shows the reference frame rotation results compared with the traditional
machine equation calculation method and the proposed method by using an electrical
position estimation block. It can be seen that after the signal processing procedure step one

(rotating an angle 0,), the signal iqgs has much less noise in the Fig. 5.1-3 EPE block in

yellow.
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qds qds g @
10 10
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Fig. 5.1-4 Reference frame rotation comparison with and without electrical position estimation

5.2 Flux Injection-Based Parameter Estimation in

DB-DTFC Self-Sending Mode

5.2.1 Speed Ripple in Self-Sensing Mode

The flux injection based parameter estimation method with encoder velocity feedback
has been present in previous sections. Fig. 5.2-1 (a) shows the block diagram of the flux

injection-based parameter estimation in DB-DTFC back-EMF self-sensing.
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The flux injection-based parameter estimation is based on positive and negative
harmonics generated by the injected flux signal. Thus, all the electrical states, such as
back-EMF signals, will contain the harmonics at the injected frequency, which is shown in
Fig. 5.2-1 (c). The proposed back-EMF state filter will estimate the back-EMF in both
fundamental frequency and the injected carrier frequency. However, these harmonics will be
treated as a speed variation for the back-EMF self-sensing block. The injected flux linkage
induces an erroneous speed ripple, which causes a real speed ripple shown in Fig. 5.2-1 (b).

The harmonics which are induced by the injected flux signal should be eliminated or
decoupled for avoiding causing any real speed ripple. In this thesis, two methods, the high
pass filter method and the injected signal decoupling method, are proposed. The benefits and

the limitation of each method are analyzed and identified.

5.2.2 High Pass Filter Method

No matter what technique is used, the purpose is to remove the harmonics at the injected
carrier frequency on the estimated back-EMF to emulate the situation without any injected
signal. Since the injected carrier frequency ¢ is known in advance, the simple way is to add
a filter to remove the harmonics and to remain the fundamental components. Fig. 5.2-2 shows
the high pass filter method to eliminate the speed ripple caused by the injected signal. There

are three stages for this method.
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First, the input current signals should be rotated by (we +mc) to transfer the injected

component as a dc value. After the fast Fourier transform, the fundamental component should

be at -« and the injected component should be at zero in the frequency domain,

Then, using the high pass filter to remove dc value (green line) and to maintain the

fundamental component (red line) at frequency -c.

Finally, rotate the fundamental component back to the real excitation reference frame by

-(we +m¢). After this, without any positive and negative components, only the fundamental

component should be left at frequency +we.
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The high pass filter method can be easily implemented and can filter the ripple at the
injected frequency. However, the whole system dynamic stiffness will be limited by the high
pass filter bandwidth. Since the carrier frequency is 20 Hz for resistance estimation on this
machine, the high pass filter bandwidth should be smaller than 20 Hz. In general, half of the
injected frequency is selected for the high pass filter bandwidth. Thus, the system dynamic

stiffness is limited by 10 Hz in this case.

5.2.3 Decoupling Method
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Fig. 5.2-3 Injection signal decoupling method to eliminate the speed ripple

Instead of using any filter on the final estimated back-EMF, the positive and negative

components can be decoupled to eliminate the erroneous speed ripple. Since the magnitude
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and the frequency of the injected flux signal are known in advance, the magnitude of the
induced harmonics can be calculated. If the induced harmonics is subtracted from the
estimated back-EMF, the pure fundamental component will be obtained. The induced
harmonics are at +(we +m¢) in the frequency domain. Fig. 5.2-3 shows the injection signal
decoupling method to reduce the speed ripple caused by the injected signal.

The procedures of the injected signal decoupling method are shown in Fig. 5.2-4 (a).
The details are described as following:

First, the input current signals should be rotated by (we +m¢) to transfer the injected
component as a dc value. This step is the same as the high pass filter method presented
above.

Second, since the injected components frequency and magnitude have been known in
advance, the injected signal K" can be subtracted from the estimated back-EMF. In the ideal
case, both positive and negative components should be eliminated from the measured current.

Finally, rotate the fundamental component back to the real excitation reference frame by
-(me +m¢). After this, only the fundamental component should be left at +we in the frequency
domain,

Different from the synchronous machine, in induction machines, it is difficult to obtain
the exact we. In the real case, after the step one, the injected components will be located at a

very low frequency in Fig. 5.2-4 (b) rather than at zero frequency as a pure dc in Fig. 5.2-4
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(c). With this situation, the very low frequency component in the green line of the Fig. 5.2-4
(b) can be calculated as the variable “offsets” in every short period and then the “offsets” will
be subtracted from the estimated back-EMF. In this thesis, one second is set to the period

length, which means the “offsets” is calculated and updated in every second.
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Fig. 5.2-4 Injection signal decoupling method to reduce the erroneous speed ripple

The performance of the proposed injection signal decoupling method at different speeds
is shown in Fig. 5.2-5. Before the enabling the decoupling method, the speed ripple on both
measured speed and estimated speed are obvious. By the decoupling method, the speed ripple
are significantly reduced, which are shown in the right side of the bold black line in each plot.
The low speed limit is 0.2 pu, since the signal-to-noise ratio degrades significantly at the

speed lower than 0.2 pu. The system is unstable even with the proposed decoupling method
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in this area. The voltage degradation at low speeds is also the reason why the speed ripple
increases as the speed ripple decreases with injecting flux signal. More accurate dead-time
compensation method or voltage error decoupling method will be helpful to obtain the
accurate voltage information, especially at low speeds. This technique will make the system

more stiff and stable at lower speeds.
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Fig. 5.2-5 Injection signal decoupling method performance
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An essential benefit of this decoupling method is that it should not affect the system

dynamic stiffness. It also does not induce any speed ripple. The system dynamic stiffness is

shown in Fig. 5.2-6 with the proposed injection signal decoupling method at 0.2 pu, 0.4 pu

and 0.3 pu speed respectively.
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Fig. 5.2-6 Experimental results of parameter estimation using the signal injection based approach
in DB-DTFC. Injection signals at 0.1 pu flux, 20 Hz

5.3 MRAS-Based Parameter Estimation in DB-DTFC
Self-Sending Mode

The MRAS-based parameter estimation method with encoder velocity feedback has
been present in previous sections. Fig. 5.3-1 shows the block diagram of the MRAS-based

parameter estimation in DB-DTFC back-EMF self-sensing.
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Fig. 5.3-1 MRAS-based parameter estimation in DEB-DTFC self-sensing mode

5.3.1 Magnetizing Inductance Estimation

With the MRAS approach, the magnetizing inductance estimation results at different
operating points are shown in Fig. 5.3-2. The test results are similar to the rest results of the
MRAS based parameter estimation with encoder feedback. The plot also clearly presents the

MRAS estimated saturation effects on the magnetizing inductance with increasing torque.
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When the speed is higher than 0.2 pu, the L estimates in orange line (0.2 pu speed), yellow
line (0.6 pu speed) and purple line (1.0 pu line) are almost overlain together. The estimated L
is not speed-dependent, however, at extra low speed around the 0.06 pu speed in the blue line,

estimation error increases due to volt-sec error.

200 , ~ - - 0.06 pu speed
0.2 pu speed

150 1
1.0 pu speed

w Test conditions:
i . DB-DTFC

with Back-EMF self-sensing

Motion controller
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Back-EMF state filter
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0 0.2 0.4 0.6 0.8 I Back-EMF based motion observer
fs=1kHzEVs: 20Hz 2Hz 0.4Hz

Mag. Inductance L, [mH]

0
torque [pu]

Fig. 5.3-2 Magnetizing inductance estimation comparison at different speeds and different load
conditions

5.3.2 Rotor Resistance Estimation

With the MRAS approach, the rotor resistance can also be estimated. The experimental
results of the rotor resistance estimation at different operating points are shown in Fig. 5.3-3.
The test results are similar to the rest results of the MRAS-based parameter estimation with

encoder feedback.
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Based on the operating temperature, the results can be divided into two groups. One group
tests are operated at 33 °C in the blue line, other groups are operated at the temperature around
38 °C in the orange line, yellow line and purple line respectively. The plot also clearly presents
the rotor resistance estimates increases as the temperature increased since the blue line results
obtained in lower temperature are lower than all other line results, which are obtained in higher
temperature.

Based on the operating speeds, the test results can be categorized into two groups as well.
One is a low speed test group (0.06 pu speed and 0.2 pu speed), the other is the medium and
high speeds test group (0.6 pu speed and 1.0 pu speed). The test results show R; estimates
highly consistent with each other at 0.6 pu speed and 1.0 pu speed in the yellow line and purple
line, but estimation error increases as the speed decreases to 0.2 pu speed. It is due to a volt-sec
error at low speeds caused by the inverter nonlinearity.

One drawback of MRAS-based approach for the rotor resistance estimation is that it does
not work properly at zero load torque. Since the rotor resistance is estimated through the torque
estimates from the current model are adaptively converged to the torque estimates from the
voltage model. If the load torque is zero, the torque from the test is very small, which is closed
to zero. In this case, the torque estimates from the current model and voltage model in MRAS

system are almost zero, which it is hard for the system to estimate the accurate value. This is
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the reason why there are relatively large estimation errors with zero load torque at different

speeds in the Fig. 5.3-3.
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Fig. 5.3-3 Rotor resistance estimation comparison at different speeds and different load

conditions

5.4 Summary

This chapter explores the Model Reference Adaptive System based real-time parameter

estimation method. Key conclusions are summarized as follows:

e The estimated slip frequency is used for reference frame rotation in the traditional

method, which is sensitive to machine parameters.

e Using the estimated electrical speed from the electrical position estimation block is

more accurate for reference frame rotation.
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The injection flux linkage induces an erroneous speed ripple which causes a real
speed ripple in self-sensing mode.

In the high pass filter approach, the system dynamic stiffness will be limited by the
high pass filter bandwidth.

Without inducing any speed ripple, an injection signal decoupling method can reduce
the speed ripple significantly by subtracting the positive and negative components of
the measured current.

The injection signal decoupling method will not affect the system dynamic stiffness.
To decrease the bandwidth while maintaining the flux estimation accuracy requires
more accurate voltage information, especially at low speeds.
For magnetizing inductance estimation, the MRAS-based parameter estimation works
well in self-sensing mode at different speeds and load conditions.

The test results of MRAS-based parameter estimation in self-sensing mode are similar
to the rest results with the encoder feedback.

At no load condition, it is difficult to estimate ty, since the outputs |'/I\'em| from both
current and voltage model outputs are near zero

The accurate voltage information is required to improve the MRAS-based parameter

estimation, especially at low speeds.
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Chapter 6

Comparative Evaluation and
Simplifications of the Two Methods

In chapter 4 and 5, the real-time parameter estimation through the flux injection-based
approach and the MRAS-based approach with either encoder feedback or back-EMF tracking
feedback have been explored. In the self-sensing mode, the injection flux linkage would
induce an erroneous speed ripple which would cause a real speed ripple. A signal decoupling
method can reduce the speed ripple significantly. However, because of signal-to-noise ratio
decreases sharply at low speeds, the lowest operation speed for the injection-based parameter
estimation with the signal decoupling approach is 0.2 pu speed. For the MRAS-based
parameter estimation method, it can work well in self-sensing at different speeds, even at 0.1
pu speed.

The main objective of this chapter is to investigate the differences in performance
between the two parameter estimation methods in both self-sensing and encoder feedback
mode for DB-DTFC drives. Based on the comparative evaluation of the two parameter
estimation methods, the opportunities to improve either system by recognizing synergies

between the two parameter estimation methods are identified. In addition, the absolute and
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relative computational load and processing power requirement for each method are

evaluated.

6.1 Comparison of the Two Methods
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The MRAS-based parameter estimation method forces errors from the current model and
voltage model to zero to estimation parameters. The proposed flux observer-based MRAS
system utilizes the torque path and flux path to estimate t, and Ly, respectively, as shown in
Fig. 6.1-1 (a). However, at no load condition, the MRAS-based method cannot estimate ty,
since the estimated torque error ('/I\'em_current_modd - '/I\'em_vonage_modd) is near zero, which
leads the MRAS system not converging. To avoid a large step change of machine parameters,
the MRAS system need take several seconds to make the estimated parameters converge to the
accurate values. It means the MRAS-based method, which cannot detect highly dynamic
changes, works with steady state operating conditions.

Compared to with the MRAS-based method, the flux injection-based method utilizes
harmonics induced by the injected flux signal to extract parameter information, shown in Fig.
6.1-1 (b). Thus, the flux injection method has better dynamic performance and can estimate
parameters over the entire loading conditions.

Compared to the encoder feedback performance, in the self-sensing mode, the
MRAS-based method and flux injection-based method have several different properties:

e MRAS-based parameter estimation would not work at very low speeds (<0.05 pu

speed), due to the limitation of the self-sensing performance.
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e Even with the signal decoupling approach, the flux injection-based parameter
estimation cannot work at the speed lower than 0.2 pu speed, since the
signal-to-noise ratio degrades significantly at speeds lower than 0.2 pu.

e The flux injection-based parameter estimation needs the signal decoupling approach,
which needs extra computational load, to reduce the erroneous speed ripple.

Based on the discussion above, the properties of the two parameter estimation
methods with either encoder feedback or back-EMF tracking feedback can be summarized as

follows, shown in Table 6.1-1 and Table 6.1-2.

Table 6.1-1 The summary of the two parameter estimation methods

with encoder feedback

MRAS method Flux Injection method
Estimated parameters Lmand Ry Rs, Ry, Lis and Ly,
Estimation time Several seconds Less than one second
Calculation time 26 ps 24 us
Dynamics condition Steady state Steady state and dynamic
Load condition >0.1pu Entire load conditions
Speed condition Not for extra low speeds Entire speed conditions

Table 6.1-2 The summary of the two parameter estimation methods

with back-EMF tracking feedback

MRAS method Flux Injection method

Erroneous speed ripple No Yes

Decoupling needed No Yes
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Load condition >0.1pu Entire load conditions

Speed condition >0.05pu > 0.2 pu

Computation time for each method is implemented and evaluated on the AIX
controller with FPGA/DSP system at 100 MHz main frequency. It also includes 1 MB SRAM,

4 MB FLASH and 64 MB SDRAM.

6.2 Simplification of the Two Methods

Section 6.1 mainly compares the two parameters estimation methods. Some properties,
such as estimated parameters, load conditions and speed conditions, are inherent to each
method, which cannot be changed. Based on the theory of each method, the simplification

work should be done to reduce the DSP calculation load.
6.2.1 MRAS-Based Method Simplification in DB-DTFC Drives

The MRAS-based parameter estimation method with back-EMF tracking for
self-sensing has been presented in previous sections. Fig. 5.3-1 shows that the MRAS-based
parameter estimation is built based on a Gopinath style flux observer, which is independent
from the flux observer in DB-DTFC drives. Since the flux observer has been already
embedded in DB-DTFC drives, there is no need for an additional flux observer for
MRAS-based parameter estimation method. Thus, the simplification approach for the

MRAS-based method can be followed as Fig. 6.2-1.
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Since the flux observer is a part of DB-DTFC drives, this simplification approach is
only available for DB-DTFC drives. However, for IFOC drives, the flux observer needs to be

implemented for the MRAS-based method.
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Fig. 6.2-1 The simplification approach of MRAS-based parameter estimation in DEB-DTFC
self-sensing mode
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6.2.2 Flux Injection-Based Method Simplification in DB-DTFC Drives

The signal

processing procedures take large amount of time in the flux

injection-based parameter estimation method, shown in Fig. 4.3-1. If the total number of

signal processing steps was reduced, the DSP processing time would be decreased. The

simplification approach can be implemented as shown in Fig. 6.2-2.
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Fig. 6.2-2 The simplification approach of flux injection-based parameter estimation

By directly using a low pass filter in step four directly, the processing steps can be

reduced from six to four. In this case, steps 4 and 5 from the original method are eliminated

as shown in Fig. 6.2-2 (b).
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6.2.3 Experimental Results of Computational Time Reduction

The simplification approaches of the MRAS-based method and flux injection-based
method have been discussed in section 6.2.1 and 6.2.2 respectively. Fig. 6.2-3 shows the
computational time reduction performance for each parameter estimation method. After the
MRAS-based method simplification, the computational time is reduced by 43% from 26 us
(the blue bar) to 15 us (the yellow bar). After the flux injection-based method simplification,
the computational time is reduced by 25% from 24 psto 18 ps.

30

S
N

Before simplification

Test conditions:
10 1 DB-DTFC
with Back-EMF self-sensing

Computational time [us]

MRAS method Flux injection method

Fig. 6.2-3 Computational time comparison before and after simplification in DB-DTFC drives
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6.3 Summary

This chapter compares the differences between the MRAS-based parameter estimation

and the flux injection-based parameter estimation method. In addition, the simplification

approaches for each method are proposed to reduce the DSP computational load. Key

conclusions are summarized as follows:

The MRAS-based method can only estimate magnetizing inductance with no or light
load conditions. The flux injection-based method can work over the entire load range.
The MRAS-based method is only suitable for steady state conditions. The flux
injection-based method works in both steady state and dynamic conditions.

The computational time of both two methods can be reduced in a DSP system.

Based on the properties of each method, the simplification approaches are proposed
respectively for DB-DTFC drives.

After the simplification approaches, the computational time of the MRAS-based
method is reduced by 43% and the computational time of the flux injection-based

method is reduced by 25%.
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Chapter 7

Real-Time Parameter Estimation System

The real-time parameter estimation through the flux injection-based approach and the
MRAS-based approach with either encoder feedback or back-EMF tracking feedback have
been discussed from many perspectives in previous chapters. Each method has its own
advantages and disadvantages. No single real-time parameter estimation method can estimate
the full set of machine parameters over the whole speed range and the whole load range,
especially in back-EMF tracking self-sensing mode.

The main objective of this chapter is to utilize the advantages of each parameter
estimation method to develop a real-time parameter estimation system. The proposed system,
which contains two methods: an MRAS-based method and a flux injection-based method.
The system selects different methods at different operating regions. In addition, the system
executes each method in a certain sequence. By over-tuning and de-tuning machine
parameters based on the nameplate values and the accurate values, the performance of the
operating region-based real-time parameter estimation system is evaluated and discussed in

this chapter.
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7.1 Parameter Estimation System for IM DB-DTFC

Self-Sensing Drives

The properties of the MRAS-based and the flux injection-based parameter estimation
methods in back-EMF self-sensing mode have been discussed in section 6.1. The
MRAS-based parameter estimation method can estimate magnetizing inductance and rotor
resistance. The flux injection-based method can estimate rotor resistance, stator resistance
and leakage inductance. Ideally, if both methods were used simultaneously, the full set of
machine parameters would be estimated. To estimate the full set of machine parameters, the
real-time parameter estimation system, which contains both the MRAS-based and flux
injection-based method, can be built.

Fig. 7.1-1 shows the parameter estimation system for induction machine DB-DTFC
self-sensing drives, using dual parameter estimation methods. The system utilizes the flux
observer embedded in DB-DTFC drives for the MRAS method and contains the simplified
flux injection-based method. Since it is a back-EMF self-sensing drive, the back-EMF
self-sensing technology in the bottom green block of the Fig. 7.1-1 contains the erroneous

speed ripple decoupling part.
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7.2 Operating Region-Based Real-Time Parameter

Estimation System in Back-EMF Self-Sensing Mode

In back-EMF self-sensing mode, the MRAS-based method cannot work at a speed
lower than 0.05 pu, which is limited by self-sensing performance; the flux injection-based
method cannot work at the speed lower than 0.2 pu speed, which is limited by the flux
injection decoupling performance with self-sensing speed control.

Based on the properties of each method, an operating region-based real-time

parameter estimation system in the self-sensing mode can be developed, shown in Fig. 7.2-1.
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Fig. 7.2-1 Operating region-based real-time parameter estimation system
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In Fig. 7.2-1, the lowest operating speed for the real-time parameter system is 0.05
pu. Within the speed range 0.05 pu to 0.2 pu, only the MRAS-based parameter estimation
method is enabled, while higher than 0.2 pu speed the flux injection method provides reliable
estimates in the self-sensing mode. The MRAS-based method cannot estimate the rotor
resistance with light/no load, within the 0.05 pu to 0.2 pu speed and 0 to 0.1 pu load region,
the parameter estimation system can only estimate the magnetizing inductance, shown in the
yellow block in Fig. 7.2-1. Within the same speed range, as the load increases, the system can
estimate both magnetizing inductance and rotor resistance, shown in the orange block. If the
operating speed is larger than 0.2 pu, both the MRAS-based method and flux injection-based
method are enabled and so the full set of machine parameters can be estimated when the
speed over 0.2 pu, there are also two regions divided by load condition, shown in the purple
and green blocks. In the purple region, only the magnetizing inductance is estimated by the
MRAS-based method and all other parameters are estimated by flux injection-based method.
Otherwise, in the green block region, both the magnetizing inductance and rotor resistance
are estimated by the MRAS-based method.

The real-time parameter estimation system is executed in controllers using the

processing sequence, shown in Fig. 7.2-2.
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Parameter
Estimation
Start

load > 0.1 pu

MRAS MRAS
for Lm, R, for L, only
N N

eed>0.2p speed >0.2p
Y Y
Flux Injection Flux Injection
for Rs, LlS for Rr, Rs, L|s
A J
> End —

Fig. 7.2-2 Real-time parameter estimation system processing sequence

From the Fig. 7.2-2, it shows the system will determine whether to estimate the Rr by
the load condition. If the load is larger than 0.1 pu, the MRAS-based parameter estimation
method will estimate both magnetizing inductance and rotor resistance. Otherwise, the
MRAS-based method will estimate only magnetizing inductance. Then, the system will
determine the speed condition. If the speed is larger than 0.2 pu, the flux injection-based
parameter estimation method will be enabled to estimate the rest of the machine’s parameters.

Otherwise, the parameter estimation system will be disabled.
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7.3 Experimental Results in Self-Sensing Mode

The real-time parameter estimation system and the DSP execute sequence have been
discussed in section 7.2. This section mainly describes the performance of the proposed
real-time parameter estimation system. First, the system estimation performance is shown
with the nameplate parameters at different test conditions using back-EMF tracking for
self-sensing. Then, the system estimation performance is evaluated with the initial errors

based on the tuned values.

7.3.1 The Estimation Performance with Nameplate Values

In this section, the machine is operating at different speed and different load
conditions with the nameplate parameter values in the self-sensing mode. Then, the
parameter estimation system is enabled to estimate the machine parameters at each test
condition. The parameters of the selected induction machine are nameplate values, shown in
Table 2.1-1.

The experimental results of the proposed real-time parameter estimation system
performance at different speed and load conditions with the initial machine nameplate values
in the self-sensing mode are shown in Fig. 7.3-1. The blue lines are the estimates at 0.1 pu
speed, the orange lines show the estimates at 0.5 pu speed and the yellow lines shows the

estimated at 1.0 pu speed.
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Fig. 7.3-1 Real-time parameter estimation system performance at different speed and load
conditions with the initial machine nameplate values in the self-sensing mode

Speed 0.5 pu

In Fig. 7.3-1-(c), magnetizing inductance estimates are reduced at different load levels

due to saturation. However, the estimated magnetizing inductance is not affected by variable
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speeds as the three lines in Fig. 7.3-1-(c) are overlaid together. The blue line at zero load in
Fig. 7.3-1-(a), (b) and (d) shows more errors than it is in Fig. 7.3-1-(c), since at 0.1 pu speed
and no load condition, the stator resistance, rotor resistance and leakage inductance cannot be
estimated. Thus, the estimated values of stator resistance, rotor resistance, and leakage
inductance at 0.1 pu speed no-load condition are the same as the nameplate values. Since the
flux injection method is not enable at 0.1 pu speed, the stator flux and the leakage inductance
are kept the same as the nameplate values at different load conditions. This is the reason why
the blue line in Fig. 7.3-1-(a) and (d) is kept flat.

The orange line and yellow line in Fig. 7.3-1-(d) shows that the saturation effect on
leakage inductance is significant due to the different load levels. However, leakage
inductance is not affected by variable speeds.

The experimental results in Fig. 7.3-1-(a) and (b) shows the estimated stator resistance

and rotor resistance do not vary much, and are not affected by different load conditions.

7.3.2 The Estimation Performance with Initial Error Based on Tuned Values

In real cases, the machine parameters change as the machine operating conditions
change. This section discusses the proposed system estimation performance with over tuned
and detuned parameters. The objective of this test is to verify whether the proposed real-time
parameter estimation system can provide reliable estimates with a different set of initial

parameter errors. The testing conditions are divided into five groups, which are shown in
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Table 7.3-1. Each group contains nine tests, covering 0.1 pu to 1.0 pu speed range and 0.0 pu

to 1.0 pu load range.

Table 7.3-1 The initial values of parameter estimation system performance verification

Group No. 1 2 3 4 5
Resistance Resistance Inductance Inductance
Well-tuned
over-tuned detuned over-tuned de-tuned
Rs 100% 120% 80% 100% 100%
R¢ 100% 120% 80% 100% 100%
Lm 100% 100% 100% 120% 80%
Lis 100% 100% 100% 120% 80%
Ly 100% 100% 100% 120% 80%

Fig. 7.3-2 and Fig. 7.3-3 shows the experimental results of the proposed real-time

parameter estimation system performance with initial parameter errors at different speed and

load conditions in self-sensing mode. At 0.1 pu speed, the stator resistance and leakage

inductance estimation are not available. At 0.1 pu speed and zero load condition, the rotor

resistance cannot be estimated as well. With over-tuned and detuned initial machine

parameters, the parameter estimation system estimates, shown in orange lines and yellow lines

in Fig. 7.3-2 and Fig. 7.3-3, are consistent with the well-tuned parameter values, shown in blue

lines at different speed and load conditions.
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Fig. 7.3-2 Real-time parameter estimation system performance for rotor resistance and stator

resistance estimation with initial errors in the self-sensing mode
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leakage inductance estimation with initial errors in the self-sensing mode
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The rotor resistance and stator resistance in Fig. 7.3-2 are independent on torque and
speed conditions. The magnetizing inductance and leakage inductance in Fig. 7.3-3 decreases

as the load increases, due to machine saturation.

7.4 Speed Ripple and Torque Ripple in Self-Sensing Mode

This section describes the speed ripple and torque ripple with the two real-time

parameter estimation methods in self-sensing mode.
7.4.1 The Speed Ripple in Self-Sensing Mode

Fig. 7.4-1 shows the experimental results of speed ripple of the two methods at
different loads with correct machine parameters. Fig. 7.4-1-(a) shows the speed ripple of the
flux injection method and Fig. 7.4-1-(b) shows the speed ripple of the MRAS method. The
flux injection method only works at medium and high speed. The speed ripple of the flux
injection method is a little higher than it is using the MRAS method. The speed ripple of
MRAS at 0.1 pu speed is higher than it is at medium and high speed due to the signal-to-noise
ratio increasing at low speeds.

At the same speeds, the speed ripple of flux injection method shown in Fig.

7.4-1-(b)is relatively higher than it is using the MRAS method shown in Fig. 7.4-1-(b).
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Speed 0.1 pu
Speed 0.5 pu
Speed 1.0 pu

DB-DTFC with B-EMF
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Motion controller
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Back-EMF state filter
fs=10 kHz
EVs: 200 Hz 40 Hz

Back-EMF based motion
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Fig. 7.4-1 Experimental results of speed ripple of the two methods at different loads with

7.4.2 The Torque Ripple in Self-Sensing Mode

correct machine parameters

Fig. 7.4-2 shows the experimental results of torque ripple of the two methods at different

loads with correct machine parameters. Fig. 7.4-2-(a) and (b) also shows the torque ripple at

different loads of both flux injection method and MRAS method are higher than they are at

medium and low speed due to the load side. DB-DTFC has been demonstrated to achieve the

torque command at every instant within the inverter hexagon, so the DB-DTFC algorithm

would not induce any torque ripple.
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Since the load machine is controlled by traditional IFOC algorithm, which does not
have speed dependent cross-coupling decoupling, the machine model’s cross-coupling at
high speeds is stronger than it is at low speeds. Thus, the torque ripple at high speeds from
the current regulator in the load side is higher than the torque ripple at low speeds.

If the IFOC drive in the load side is with cross-coupling decoupling, the torque ripple

at full speeds in the orange line of Fig. 7.4-2-(a) will be reduced to the blue line or even lower.
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> o [
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(b) Torque ripple with flux injection method
Fig. 7.4-2 Experimental results of torque ripple of both the MRAS method and flux
injection method at different speeds
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Fig. 7.4-3 shows the experimental results of the torque ripple of the flux injection
method at different loads with incorrect machine parameters. Fig. 7.4-2-(a) and (b) also shows
the torque ripple at different loads with incorrect inductance and resistant respectively. The
torque ripple at high speed in the orange line and yellow line are higher than the torque ripple
at lower speeds in the blue line and gray line. The torque ripple at high speeds is caused by

the IFOC algorithm cross-coupling in the load side.
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(b) Torque ripple of flux injection method with incorrect resistance

Fig. 7.4-3 Experimental results of torque ripple of both the flux injection method at
different speeds with incorrect machine inductance and resistance (Ry and Rg)
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7.5 Summary

This chapter explores a real-time parameter estimation system that utilizes advantages
of the MRAS-based method and flux injection-based method in the self-sensing mode. The
key conclusions are summarized as follows:

® The real-time parameter estimation system contains two methods to estimate the

full set of machine parameters over a wide operating range.

® The real-time parameter estimation system cannot estimate all the parameter at

low speed conditions, due to the limitation of the self-sensing.

® The real-time parameter estimation system is based on the operating region.

® The real-time parameter estimation system is executed in controllers using an

operating point dependent algorithm.

® In the self-sensing mode, the real-time parameter estimation system provides

reliable estimates, with various machine initial parameter values.

® The speed ripple of the flux injection method is a little higher than it is using the

MRAS method.
® The speed ripple of MRAS at 0.1 pu speed is higher than it is at medium and high

speed due to the signal-to-noise ratio increasing at low speeds.
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Chapter 8

DB-DTFC Drive Dynamics

As discussed in chapter one, the system with flux observer and the DB-DTFC algorithm
has very fast torque dynamics. It is necessary to examine the real torque command tracking
bandwidth of DB-DTFC control system. However, there is no torque meter that can measure
the torque dynamics at 500 Hz or higher. Thus, in the torque command tracking test, the
estimated torque from the flux observer is normally used for comparison which will be
presented in section 8.1. There is another way to demonstrate the DB-DTFC by using the
measured state rather than the estimated state. The speed varying is the result of the torque
change, so speed command tracking is a more straightforward and directly measurable
method to evaluate the DB-DTFC dynamic response. The high frequency speed command
tracking is a challenge since the signal coherence degrades at high frequency. Section 8.2
presents the methodology to evaluate the speed command tracking at high frequency (up to
500 Hz). In addition, it is essential to explore the physical limitations of high bandwidth
speed command tracking testing.

The encoder feedback provides an accurate position and speed feedback, however, in the
self-sensing mode, the errors on the estimated position would affect the system speed

response and torque response, especially at high frequency. Thus, another topic in this
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chapter is to investigate and demonstrate the high frequency speed command tracking of
DB-DTFC back-EMF self-sensing drives with the real-time parameter estimation system.
The effects of the parameter variations on the high dynamics are also discussed and analyzed

in this chapter.

8.1 Torgue Command Tracking Comparison

Torque dynamics is one of the most important characteristics of the drive system.
Compared to IFOC or other control methods, the primary advantage of DB-DTFC is the fast
torque dynamics. The test is conducted by injecting a chirp signal on a torque command in a

motion controller, as shown in Fig. 8.1-1.
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Command Feedforward

Fig. 8.1-1 Digital state feedback motion controller with velocity, position, and integral
position loops

N *
Tem and Tem values are collected when the test machine is operating in IFOC and

DB-DTFC. By analyzing frequency response, the torque command tracking comparison is

shown in Fig. 8.1-2.
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Legend:
DB-DTFC  Torque  CMD
tracking
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Speed command: 0.4pu
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f,=1kHz
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Motion controller
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f, =10 kHz

EVs: 500Hz 50Hz
Inject a chirp on the speed
command:

Range: 1-250Hz

Amplitude: 0.75 rad/s
(0.04pu)

Average: 3

Fig. 8.1-2 Torque response FRF between IFOC and DB-DTFC

In the same test condition, it is clear that the DB-DTFC torque command tracking

bandwidth, shown in blue line, can achieve 1kHz, which is much higher than the IFOC
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torque command tracking (about 500Hz), depicted in the green line. A re-plot of the phase
comparison in the linear scale in Fig. 8.1-3 shows it is obvious that the DB-DTFC has a
slightly linear phase lag. At 1kHz, the estimated torque under DB-DTFC control only has 35°

degree phase lag; this is shown in blue line. However, it has nearly 130° degree phase lag

under IFOC control; this is shown in orange line.

Legend:
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IFOC Torque cmd tracking
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' : ' Speed command: 0.4pu
Motion observer
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Fig. 8.1-3 Phase lag of torque response FRF between IFOC and DB-DTFC in linear scale
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8.2 High Frequency Speed Command Tracking

Speed dynamics is another important characteristic of the drive system. The speed
response is the result of the torque response. Since the torque dynamics of DB-DTFC are
much faster than that of IFOC, the speed response of DB-DTFC should be faster than that of
IFOC as well. The traditional test is conducted by tracking a chirp speed command in a

motion controller shown in Fig. 8.2-1.

TsKisa
r 1-77!
T.
> 9_1 :Ksa
l=z + + %
Tem
*
or + +
i > b, :u >
EAY
Oy

Fig. 8.2-1 Traditional motion controller for speed command tracking evaluation

Values for @ and @ are collected when the test machine is operating in DB-DTFC. By

conducting frequency response analysis, the speed command tracking comparison is shown
in Fig. 8.2-2. The coherence at high frequency degrades significantly. Moreover, the motion

controller bandwidth limits the high frequency speed command tracking measurement.
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Fig. 8.2-2 Speed response FRF between IFOC and DB-DTFC

Instead of only using the traditional motion controller, the Fig. 8.2-3 shows the proposed
method for high frequency speed command tracking measurement. The single sine wave

rather than the chirp signal should be used for improving the coherence at high frequency.
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*
Computed torque command feedforward, Tcff, is actually a reference for the torque loop.

Since the project focuses on the high frequency and the single sine wave is small, the by path

in the torque command feedforward can be ignored for convenience.
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Fig. 8.2-3 Proposed the block diagram of speed command tracking evaluation

The whole block diagram for the high frequency speed command tracking
comparison between IFOC and DB-DTFC can be obtained in Fig. 8.2-4. The IFOC current
regulator and DB-DTFC torque modulator are sampled in 10 kHz. The motion controller is
sampled in 1 kHz. Thus, theoretically the maximum measurable torque command tracking
frequency is 5 kHz (fs torque/2) and the maximum measurable speed command tracking
frequency is 500 Hz (fs motion/2). The anti-aliasing filter is added for removing the

anti-aliasing noise and improving the test accuracy.
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Fig. 8.2-4 Proposed the system block diagram of speed command tracking comparison between IFCO and DB-DTFC
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The Fig. 8.2-5 shows speed response FRF comparison between DB-DTFC and IFOC

with different current regulator bandwidth. The measured average speed o from the encoder
is used for comparison. Tcff cannot be larger than 1 pu, otherwise, the system would reach the
voltage limits. To avoid the voltage limits, the single sine wave amplitude is reduced from
0.4 rad/sec to 0.3 rad/s when the sine wave frequency is higher than 300 Hz. The magnitude
of DB-DTFC speed command tracking FRF still maintains at one even at 450 Hz, shown in
blue dots, which means the DB-DTFC speed loop can achieve 450 Hz with the 1 kHz motion
controller sampling frequency. The light red dots, red dots, and dark red dots are operated
with 200 Hz, 300 Hz and 400 Hz IFOC current regulator bandwidth respectively. From the
plots, the IFOC speed command tracking bandwidth is limited by the current regulator
bandwidth. The higher current regulator bandwidth, the higher speed command tracking
bandwidth will be. It is obvious that DB-DTFC has much higher speed command tracking

bandwidth a smaller phase lag than IFOC.
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Fig. 8.2-5 Speed response FRF comparison between DB-DTFC and IFOC with different
current regulator bandwidth

The Fig. 8.2-6 shows speed response FRF comparison between DB-DTFC and IFOC
with de-tuned, well-tuned and over-tuned magnetizing inductance. The IFOC current regulator
bandwidth is set to 400 Hz. The light color dots are operated with 0.8 pu Ly, and the dark color
dots are operated with 1.2 pu L. From the Fig. 8.2-6, the light blue dots, blue dots and dark
blue dots at each frequency almost overlay together, which demonstrates the DB-DTFC drive

speed command tracking bandwidth is insensitive to machine parameter L,,. However, the
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light red dots, red dots and dark red dots at each frequency totally separate from each other. It

is because the IFOC drive torque production is sensitive to L.
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Fig. 8.2-6 Speed response FRF comparison between DB-DTFC and IFOC with de-tuned,
well-tuned and over-tuned magnetizing inductance
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8.3 Speed Command Tracking in Self-Sensing Mode with

the Real-Time Parameter Estimation System

In the self-sensing mode, the encoder position feedback is no longer available. The
parameter sensitivity about the torque production and the speed estimation have been
discussed in section 3.3. However, the discussion and the experimental results are based on
the steady state condition. The objective of this section is to investigate the DB-DTFC
back-EMF self-sensing drive speed dynamics difference with and without the real-time
parameter estimation system.

Frist, the speed command tracking bandwidth with the nameplate parameter values is
evaluated and compared on both DB-DTFC drives and IFOC drives in the self-sensing mode.

Second, based on the over-tuned and detuned nameplate parameters, the speed
command tracking bandwidth is evaluated to investigate the parameter sensitivity on system
dynamics, especially at high frequency.

Last, the speed command tracking bandwidth improvement with the real-time parameter

estimation is evaluated at 0.1 pu, 0.5 pu, and 1.0 pu speed.

8.3.1 The Speed Command Tracking Bandwidth with Nameplate Values in
Self-Sensing Mode

The block diagram for speed command tracking comparison between IFOC and

DB-DTFC in the back-EMF self-sensing mode can be obtained in Fig. 8.3-1. Since the IFOC
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drive needs position information for the coordinate transformation, large error or ripple on
the estimated speed would lead to IFOC self-sensing drive unstable. Larger IFOC current
regulator bandwidth will lead to larger noise on the voltage commands, thus, the IFOC
self-sensing drives will be less stable. In YASKAWA A1000 drives, the current regulator
bandwidth is set to 150 Hz in the self-sensing mode. The motion state filter bandwidth is set
to 400 Hz.

The amplitude of the sine wave is 0.5 rad/s. The frequency of the sine wave is varying
from 50 Hz to 450 Hz. When the machine is operating at a certain speed in DB-DTFC drive
or IFOC drive in the self-sensing mode, the single sine wave is added on the top of the
constant speed command. The real speed is measured by an encoder for the frequency

response analysis.
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Fig. 8.3-1 Speed command tracking comparison between IFCO and DB-DTFC in back-EMF self-sensing mode
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Fig. 8.3-2 shows the speed command tracking bandwidth comparison between

DB-DTFC and IFOC with nameplate values in self-sensing mode.
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Fig. 8.3-2 The speed command tracking bandwidth comparison between DB-DTFC and
IFOC with nameplate values in self-sensing mode

The speed command tracking bandwidth of DB-DTFC drive in the orange line is much
higher than it is in IFOC drive in the blue line in Fig. 8.3-2.

At 0.1 pu speed, the speed command tracking bandwidth of DB-DTFC drive is 200 Hz,
which is smaller than it is at 0.5 pu speed (435 Hz). It is because that DB-DTFC is sensitive at
low speeds due to the flux observer current model dominates the flux estimates. With that been
said, the nameplate values are not accurate, since the speed command tracking bandwidth at
0.5 pu speed is higher than it is at 0.1 pu speed.

At 1.0 pu speed, the speed command tracking performance of both DB-DTFC and IFOC
performance is degraded, since the voltage limits the measurable speed command tracking
bandwidth. To measure higher speed command tracking for DB-DTFC drive, a higher
resolution encoder is needed. In this case, a measurable single sine wave with a smaller

amplitude can be used, which will require less voltage-second to achieve.

8.3.2 The Speed Command Tracking Bandwidth with Over-tuned and
Detuned Nameplate Values in Self-Sensing Mode

Fig. 8.3-3, Fig. 8.3-4 and Fig. 8.3-5 show the speed command tracking bandwidth
comparison between with over-tuned, detuned nameplate parameters at 0.1 pu, 0.5 pu and 1.0

pu speed in the self-sensing mode respectively.
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The three plots show the synergy, DB-DTFC back-EMF self-sensing drive, is sensitive
to machine parameters. The solid yellow line is the performance of DB-DTFC drive with
+20% of nameplate values. The solid purple line is the performance of DB-DTFC drive with
-20% of nameplate values. The dash orange line is the performance of DB-DTFC drive with

the nameplate parameters. The dash blue line is the performance of IFOC drive with

nameplate parameters.
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Fig. 8.3-3 The speed command tracking bandwidth comparison between DB-DTFC and
IFOC with initial nameplate parameter errors in self-sensing mode at 0.1 pu speed
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Fig. 8.3-4 The speed command tracking bandwidth comparison between DB-DTFC and
IFOC with nameplate values in self-sensing mode at 0.5 pu speed

Fig. 8.3-3 and Fig. 8.3-4 shows the machine parameter effects the DB-DTFC back-EMF

self-sensing drive speed command tracking bandwidth at low and medium speeds. The
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difference of the orange line, the yellow line and the purple line in Fig. 8.3-3-(b) and Fig.
8.3-4-(b) is larger than they are in Fig. 8.3-3-(a) and Fig. 8.3-4-(a), which means the system is

more sensitive to magnetizing inductance than to resistance.
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Fig. 8.3-5 The speed command tracking bandwidth comparison between DB-DTFC and
IFOC with nameplate values in self-sensing mode at 1.0 pu speed

At 1.0 pu speed, the speed command tracking performance of DB-DTFC with different
parameters are similar to each other, shown in Fig. 8.3-5. The voltage limits the measurable

speed command tracking bandwidth at high speed.

8.3.3 The Speed Command Tracking Bandwidth with Parameter Estimation
System in Self-Sensing Mode

Fig. 8.3-3 and Fig. 8.3-4 shows the DB-DTFC self-sensing drive is sensitive to machine
parameter. Thus, an accurate machine is needed for a high performance DB-DTFC
self-sensing drive with high speed command tracking bandwidth.

Fig. 8.3-6 illustrates the speed command tracking bandwidth comparison with and
without parameter estimation system in self-sensing mode at different speeds. The yellow
line shows the speed command tracking bandwidth with the proposed parameter estimation
system. The orange line shows the speed command tracking bandwidth with nameplate
parameters. Compared to the performance with the nameplate parameters in orange lines, the
yellow lines are closer to zero dB in magnitude plots and have less phase lag in phase plots at
different speeds. It is because the proposed parameter estimation system can provide accurate
machine parameters and extend the DB-DTFC self-sensing speed command tracking

bandwidth.
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Summary

This chapter explores the torque command tracking and speed command tracking with

IFOC and DB-DTFC. Key conclusions are summarized as follows:

DBDTFC has higher torque command tracking bandwidth and smaller phase lag than
IFOC.

In the torque command tracking phase plot, DB-DTFC has a phase lag that is linear
with frequency, and which yields much lower phase lag than IFOC.

The IFOC current regulator bandwidth is the main limitation for the torque
command tracking and speed command tracking.

Computed torque command feedforward is actually a reference for the torque loop.
Single since wave should be used for improving the coherence at high frequency and
Anti-aliasing filter should be added to improve the accuracy.

With encoder feedback, DB-DTFC drive has higher speed command tracking
bandwidth and smaller phase lag than IFOC. DB-DTFC almost achieves the
maximum measurable speed command tracking frequency (500 Hz) with 1 kHz
motion controller sampling frequency.

Machine parameter effects the DB-DTFC back-EMF self-sensing drive speed

command tracking bandwidth.
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the DB-DTFC back-EMF self-sensing drive is more sensitive to magnetizing
inductance than to resistance.

In the self-sensing mode with nameplate parameters, the speed command tracking
bandwidth of DB-DTFC drive is much higher than it is in IFOC drive.

In the self-sensing mode, the proposed parameter estimation system can provide
accurate machine parameters and extend the DB-DTFC self-sensing speed command

tracking bandwidth.
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Chapter 9

9.1

911

Conclusions, Contributions
and Recommended Future Work

Conclusions

The following list summarizes the key conclusions of this research project.
Back-EMF Based Self-sensing and System Robustness

DB-DTFC with back-EMF self-sensing has higher dynamic stiffness, especially at
low speeds than the IFOC and back-EMF self-sensing.

DB-DTFC utilizes speed feedback for the voltage-second command calculation, so the
actual position estimation error does not lead to system instability in the motion control
loop for DB_DTFC drives.

Estimated slip frequency, which is sensitive to machine parameters, is needed by the
back-EMF tracking observer to estimate rotor speed.

With encoder feedback, IFOC is sensitive to Ly, and Ry over the entire speed range,
however, DB-DTFC is sensitive to L, and Ry only at low speeds.

At medium and high speed conditions, DB-DTFC has significantly less parameter

sensitivity than IFOC.
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At low speeds, both IFOC and DB-DTFC drives are sensitive to Ly, and Ry due to their
use of the current model for flux estimation.

In self-sensing mode, the flux observer bandwidth is reduced to allow that the flux
observer voltage model dominates at low speeds self-sensing.

The lower limits of flux observer bandwidth are established by the flux estimation
errors resulting from the volt-second errors from the inverter.

The proposed back-EMF based self-sensing structure induces additional parameter
sensitivity to the whole system.

As the motor speed decreases, the effects of Rsiqgs to the flux observer voltage model
estimation accuracy increases.

Traditionally, as the motor speed decreases, the bandwidth of the tracking observer is
decreased to keep the system stable, which leads to lower system dynamic stiffness.
The back-EMF state filter bandwidth is a degree-of-freedom for self-sensing system.
At low speeds, the back-EMF state filter bandwidth can be reduced without causing
unacceptable phase distortion for back-EMF self-sensing.

As speed decreases, the back-EMF state filter bandwidth can be decreased, without
sacrificing the closed loop motion control system dynamic stiffness.

A speed dependent back-EMF state filter bandwidth methodology can improve the

self-sensing performance at low speeds.
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9.1.2 Real-time Parameter Estimation for Encoder-Based DB-DTFC

e Since the flux observer current model is sensitive to parameters, estimation is
necessary to provide more accurate machine parameters to pursue precise torque
control for DB-DTFC drives, especially at low speeds.

e Torque ripple for d-axis pulsating voltage injection is significant especially at high
speed, due to back-EMF cross-coupling.

e Pulsating flux injection along the DB-DTFC torque line produces no additional torque
ripple, even though its current harmonics can be used for parameter estimation.

e Skin effect can affect estimation accuracy, which should be considered in flux
injection-based parameter estimation.

e High frequency signal injection is suitable for L5 estimation and low frequency signal
injection is suitable for Rg and R; estimation.

e High frequency signal injection in the synchronous frame makes the leakage
inductance reactance dominate the impedance, which can be used for Ls estimation.

e The synchronous frame injected signal frequency should be high enough to be
separated from the “zero” fundamental frequency.

o A relatively low injected signal frequency is recommended for R and Rs estimation
since the leakage inductance reactance is close to Rs within this range.

e Saturation effects on magnetizing inductance and leakage inductance are significant.
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Magnetizing inductance and leakage inductance will not change at different speeds.
Rotor resistance estimates from injection-based curve fitting methods are consistent
with those from MRAS-based parameter estimation.

By using a Gopinath style flux observer for MRAS-based parameter estimation, both
magnetizing inductance and rotor time constant can be estimated.

In MRAS-based parameter estimation approach, the convergence time is determined
by the MRAS controller gains.

Too large MRAS gains would lead to system damping and instability, and too small

MRAS gains would excessively increase convergence time.
Real-time Parameter Estimation with Self-Sensing DB-DTFC

The estimated slip frequency is used for reference frame rotation in the traditional
method, which is sensitive to machine parameters.

Using the estimated electrical position from the electrical position estimation block is
more accurate for the reference frame rotation.

The injection flux linkage induces an erroneous speed ripple which causes a real
speed ripple in self-sensing mode.

In terms of the high pass filter approach, the system dynamic stiffness will be limited

by the high pass filter bandwidth.
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The injection signal decoupling method can reduce the speed ripple significantly by
decoupling the positive and negative components/harmonics of the measured current.
The injection signal decoupling method will not affect the system dynamic stiffness
except at the injected frequency.

In induction machines, it is difficult to obtain the exact we, thus, after signal rotation an
angle (e + 6¢), the injected signal components would not be a pure dc value/offset.

In practice, after rotating an angle (6¢ + 6¢), the harmonic components values can be
calculated in real-time and are subtracted from the estimated back-EMF signals.

The speed limit for the injection signal decoupling method is around the frequency
where the signal-to-noise ratio degrades significantly.

The speed limit for the injection-based method can be pushed lower by the
signal-to-noise ratio improvement with voltage-second sensing technology.
MRAS-based parameter estimation method can estimate machine parameters in
self-sensing mode at different speeds and different load conditions.

The test results of MRAS-based parameter estimation in self-sensing mode are similar
to the test results with encoder feedback.

Lm and Ry are not speed dependent, but estimation error increases as the speed

decreases due to volt-second errors.
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To decrease the bandwidth while maintaining the flux estimation accuracy requires
more accurate voltage information, especially at low speeds.
Accurate terminal voltage information is required to improve the MRAS-based

parameter estimation, especially at low speeds.
Real-time Parameter Estimation System

The real-time parameter estimation system utilizes the advantages of the two parameter
estimation methods and can estimate the full set of machine parameters over a wide
operating range.

The real-time parameter estimation system cannot estimate all the parameter at low
speed conditions, due to the limitation of the self-sensing.

The real-time parameter estimation system selects certain methods based on system
operating region.

The real-time parameter estimation system is executed in DSP controllers with a certain
processing sequence.

In self-sensing mode, the real-time parameter estimation system can provide reliable

estimates, with various machine initial parameter errors.
Comparative Evaluation and Simplifications of the Two Methods

The MRAS-based method can only estimate magnetizing inductance with no or light

load conditions. The flux injection-based method can work over the entire load range.
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The MRAS-based method is only suitable for steady state conditions. The flux
injection-based method works in both steady state and dynamic conditions.

The computational load of both two methods can be reduced in a DSP system.

Based on the properties of each method, the simplification approaches are proposed
respectively for DB-DTFC drives.

After the simplification approaches, the computational time of MRAS-based method
is reduced by 43% and the computational time of flux injection-based method is

reduced by 25%.
DB-DTFC Drives Dynamics

The torque command tracking and the speed command tracking are two metrics to
show the system dynamic torque production response.

DBDTFC has higher torque command tracking bandwidth and smaller phase lag than
IFOC.

In the torque command tracking phase plot, DB-DTFC has a phase lag that is linear
with frequency, and which yields much lower phase lag than IFOC.

The IFOC current regulator bandwidth is the main limitation for the torque
command tracking and speed command tracking.

Computed torque command feedforward is actually a reference for the torque loop.
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Single sine wave should be used for improving the coherence at high frequency and
Anti-aliasing filter should be added to improve the accuracy.

With encoder feedback, DB-DTFC drive has higher speed command tracking
bandwidth and smaller phase lag than IFOC. DB-DTFC almost achieves the
maximum measurable speed command tracking frequency (500 Hz) with 1 kHz
motion controller sampling frequency.

Machine parameter affects the DB-DTFC back-EMF self-sensing drive speed
command tracking bandwidth.

The DB-DTFC back-EMF self-sensing drive is more sensitive to magnetizing
inductance than to resistance.

In the self-sensing mode with nameplate parameters, the speed command tracking
bandwidth of DB-DTFC drive is much higher than it is in IFOC drive, especially at
medium and high speeds.

In the self-sensing mode, the proposed parameter estimation system can provide
accurate machine parameters and extend the DB-DTFC self-sensing speed command

tracking bandwidth.
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Contributions
The following list summarizes the key contributions of this research.
Real-time Parameter Estimation System with Self-Sensing DB-DTFC

Developed an operating region-based parameter estimation system that integrates both
MRAS-based and flux injection-based methods and extracts a full set of machine
parameters over a wide operating range in self-sensing mode.

Developed an approach for an appropriate converging sequence of the proposed
real-time parameter estimation system with incorrect initial parameters.

Developed two approaches to reduce the erroneous and the real speed ripple, caused by
the injected signal, for injection-based parameter estimation in self-sensing mode.
Developed a decoupling method for injection-based parameter estimation in DB-DTFC
self-sensing drives, without affecting torque and speed dynamics.

Developed an electrical position estimation block to improve the signal quality of
positive and negative sequence components for flux injection-based methods.
Developed the executive sequence for the real-time parameter estimation system
based on speed and load conditions.

Developed a synergy of the DB-DTFC self-sensing drive with MRAS-based parameter

estimation method for L, and Ry estimation.
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Developed a synergy of the DB-DTFC self-sensing drive with flux injection based

parameter estimation method for L5, Rs and Ry estimation.

Real-time Parameter Estimation for Encoder-Based DB-DTFC

Developed a general solution for flux injection-based parameter estimation in
induction machine DB-DTFC drive with encoder feedback.

Developed a simplification approach for MRAS-based parameter estimation method
by utilizing the flux observer already embedded in DB-DTFC drives.

Developed a simplification approach in the signal processing procedures for flux
injection-based parameter estimation method in DB-DTFC drives.

Developed a methodology of appropriate injection frequency selection for estimating
different parameters in flux injection-based method.

Developed a methodology for improving the estimation accuracy of the injection-based
method by considering rotor bar skin effect.

Developed an approach to investigate the torque ripple between the pulsating flux
injection in DB-DTFC drives and d-axis injection for traditional IFOC drives at
different speeds.

Develop the methodology for MRAS gains tuning for optimized convergence time

without affecting system stability in parameter estimation.
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Developed an approach to compare the advantages of synergies of the DB-DTFC

drives with the two parameter estimation methods with encoder feedback.

High Frequency Speed Command Tracking in Self-sensing Mode

Developed a methodology for high frequency speed command tracking bandwidth
evaluation for comparing IFOC and DB-DTFC in the self-sensing mode.

Developed an approach to evaluate the improvements with real-time parameter
estimation system for both DB-DTFC and IFOC drives over a wide speed and torque
range in self-sensing mode.

Developed a method to investigate the parameter sensitivities on the maximum speed
command tracking bandwidth between DB-DTFC and IFOC drives.

Developed two metrics for high torque dynamics evaluation through torque command

tracking and speed command tracking.

Robustness of Back-EMF Based Self-sensing

Developed a back-EMF based self-sensing structure for IM machines via observer in
IM DB-DTFC, which includes back-EMF state filter, back-EMF tracking observer and

cascaded motion observer.
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e Developed the speed dependent back-EMF state filter bandwidth method to improve
back-EMF self-sensing performance at low operating speeds.

e Developed a methodology to identify the parameter sensitivities of the synergies
between DB-DTFC and IFOC with the back-EMF based self-sensing, especially at low
and extra low speeds.

e Investigated the robustness, stability and estimation accuracy of the proposed

back-EMF based self-sensing technology.

9.3 Recommended Future Work

In addition to the content already presented in this thesis, some recommended future

work is described as follows:

9.3.1 State Filter System Design

e To develop a real-time dynamic loss modeling for system loss minimization
including the induction machine losses as well as the inverter losses using
DB-DTFC.

e To develop a state filter based on the induction machine model to generate feasible
flux command trajectories based on different load profiles.

e To investigate the physical model-based torque command state filter and speed

command state filter for avoiding infeasible torque and speed commands.
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9.3.2 \oltage Sensor for DB-DTFC Drives

To install voltage sensors with different bandwidth for providing the motor terminal
voltage, which is more accurate than the voltage command for machine control.

To improve the performance of both parameter estimation methods by using the
measured voltage, especially at low speeds.

To propose a methodology for the appropriate voltage sensor selection to ensure
accuracy voltage delivery and economic cost.

To quantitatively evaluate the improvements in torque and flux control accuracy as

well as self-sensing performance with different bandwidth voltage sensors.

9.3.3 General Solution for Observer Based Self-Sensing

To identify the differences between back-EMF tracking, flux tracking and voltage
tracking for the motion control self-sensing.

To develop a methodology for optimized signal selection of the inputs to the tracking
observer.

To investigate the benefits and the limits of different physics-based discrete time
models for processing the selected signal.

To develop a general solution of observer-based self-sensing, especially focus on the

low speed performance.
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9.3.4 Induction Machine System Loss Minimization

e Todevelop a real-time dynamic loss modeling for system loss minimization including
the induction machine losses as well as the inverter losses using DB-DTFC.

e Toinvestigate the loss spatial distribution within the induction machine as well as the
loss partitioning within the inverter.

e To investigate the scaling effect of loss manipulation for high power machines
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