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ABSTRACT

Direct torque control (DTC) is an extensively used control method for motor drives due to its
unique advantages, e.g., the fast dynamic response and the robustness against motor parameters
variations, uncertainties, and external disturbances. Using higher switching frequency is generally
required by DTC to reduce the torque ripples and decrease stator current total harmonic distortion
(THD), which however can lower the drive efficiency. Through the use of the emerging silicon
carbide (SiC) devices, which have lower switching losses compared to their silicon counterparts,

it is feasible to achieve high efficiency and low torque ripple simultaneously for DTC drives.

To overcome the above challenges, a SiC T-type neutral point clamped (NPC) inverter is
studied in this work to significantly reduce the torque and flux ripples which also effectively reduce
the stator current ripples, while retaining the fast-dynamic response as the conventional DTC. The
unbalanced DC-link is an intrinsic issue of the T-type inverter, which may also lead to higher
torque ripple. To address this issue, a novel DTC algorithm, which only utilizes the real voltage
space vectors and the virtual space vectors (VSVs) that do not contribute to the neutral point
current, is proposed to achieve inherent dc-link capacitor voltage balancing without using any DC-

link voltage controls or additional DC-link capacitor voltages and/or neutral point current sensors.

Both dynamic performance and efficiency are critical for the interior permanent-magnet (IPM)
motor drives for transportation applications. It is critical to determine the optimal reference stator
flux linkage to improve the efficiency further of DTC drives and maintain the stability of the drive
system, which usually obtained by tuning offline and storing in a look-up table or calculated online
using machine models and parameters. In this work, the relationship between the stator flux

linkage and the magnitude of stator current is analyzed mathematically. Then, based on this



relationship, a perturb and observe (P&QO) method is proposed to determine the optimal flux for
the motor which does not need any prior knowledge of the machine parameters and offline tuning.
However, due to the fixed amplitude of the injected signal the P&O algorithm suffers from large
oscillations at the steady state conditions. To mitigate the drawback of the P&O method, an
adaptive high frequency signal injection based extremum seeking control (ESC) algorithm is
proposed to determine the optimal reference flux in real-time, leading to a maximum torque per
ampere (MTPA) like approach for DTC drives. The stability analysis and key parameters selection
for the proposed ESC algorithm are studied. The proposed method can effectively reduce the motor
copper loss and at the same time eliminate the time consuming offline tuning effort. Furthermore,
since the ESC is a model-free approach, it is robust against motor parameters variations, which is

desirable for IPM motors.



© 2021 Mohammad Hazzaz Mahmud
All Rights Reserved



ACKNOWLEDGEMENT

Throughout my doctoral journey | had the opportunity to know so many great people who has
not only helped me directly in my research but also helped me to bring out the best out of me in
every situation and supported me all the way. | am thankful to all those people who have made this
dissertation possible and because of them my Ph.D. experience has become one of the fondest that

| have.

Ph.D. journey for a student is not an easy path to walk alone. In pursuing this difficult path,
first and foremost, | am forever grateful to my advisor Dr. Yue Zhao, for his constant support and
encouragement which help me not only technically but also in many personal aspects. | want to
thank him for spending endless hours going through my research papers and providing his
insightful suggestions which helped me to improve the quality of writing. I also want to thank him

for his patience, guidance, positivity, and inspiring attitude.

| am also thankful to my dissertation advisory committee members: Dr. Juan C. Balda, Dr.
Jingxian Wu and Dr. Shengfan Zhang for their interests in my research, generous support, and

suggestions to improve my research work. | cannot be more pleased to have them in my committee.

I would like to acknowledge my colleagues, my friends and lab mates, who for their creative
support, encouragement, and collaboration. First, | would like to thank three of my dearest friends
and colleagues, Dr. Waleed Saad S. Alhosaini, Yuheng Wu and Tylor Adamson. Additionally, |
would also like to thank my other lab mates and friends. Thank you very much, Eric Allee, Fei
Diao, Nan Lin, Xinyuan Du, Zhuxuan Ma, Dr. Shuang Zhao, Dr. Yufei Li, Shamar Christian, Dr.

Roberto Fantino, Vinson Jones, Haider Mhiesan, Dr. Sajib Roy, Bakhtiyar Mohammad Nafis, and



Ahmed Rahouma. | would also like to thank from my heart to Dr. Chris Farnell for his support in

testing hardware and his valuable suggestions.

Lastly and most importantly, I am deeply indebted to my beloved parents and would be
honored to thank cordially my mother Hasina Mahmud and my father Sultan Mahmud. It is you
who brought me to this beautiful world and made me who | am today; I am and will always be
proud of you. Mi amor (my love) Samia Afroz, my beautiful wife, without you, it would not be
possible to finish this dissertation. Thank you for your patience and without your support this Ph.D.
journey would not be possible. | would love to thank my cousin brother Tuhin, who loved me and
encourage me from my childhood to pursue higher studies. My grandmother Jhorna Hoque, thank

you for your love and care.

Financial support from the following institutions/organizations is gratefully acknowledged:
e National Science Foundation (NSF), USA

e University of Arkansas, USA



DEDICATION

This dissertation is dedicated to

my mother “Hasina Mahmud”, my father “Sultan Mahmud” and my lovely wife “Samia Afroz”.



LIST OF CONTENTS

CHAPTER 1 INTRODUCTION. ...ttt st ase e saene s e 1
1.1 Background and MOUIVALION .........cceiiuiiieiieic ettt sraesne e 1
1.2 Research Objectives and ChallENges ...........cooiiiiiiiiiiic e 6
1.3 DiSsertation OrganiZation ...........ccoeeueuerienierieaesii sttt se bbb 7
CHAPTER2 SYSTEM MODELING OF THE TRACTION DRIVES AND
PERMANENT MAGNET SYNCHRONOUS MOTOR ........cccccvvvririnienen. 10

P20 I 111 oo 1 od 1 o] PSSR 10
2.2 Mathematical Model of Permanent Magnet Synchronous MOtOr.............ccccoeverencneninennnns 11
2.3 Generic Three-Phase TWO-LeVel CONVEITEIS........ccccviiiiiieieieie et 14
2.4 Generic Three-Phase Three-Level CONVEITEIS.........couiiiiiieieie e 15
2.5 DC-link Capacitor SEIECTION .........cciiieiiieie e 19
2.6 PMSM CoNtrol APPrOaCRES........c.i i 20
2.6.1 SCAIEr VT CONLIOL ...t ettt bbb nneas 20
2.6.2 Field Oriented Control (FOC)........oiiiiiiieiie ettt sre e 21
2.6.3 Direct Torque Control (DTEC) ....cceeieiiieiesiesiesiesee e 22
2 A 03 Tod 1115 o] 1SR 23
CHAPTER 3 DTC APPROACHE FOR PMSM ......ccccoiiiiiiiiieietse e 25
T 11 oo [0 od o] o RSP P OO 25
3.2 Conventional DTC APPIOACK .......ccviiiiiieieeie et 25
3.3 StaDIItY OF thE DT C ... bbb b 28
3.4 Ripple Analysis of the DTC APProaCh .........ccciveiiiiiiie e 30
K TSR O] o[]S 34

CHAPTER 4 ADVANCED DIRECT TORQUE CONTROL FOR THREE-LEVEL T-
TYPE CONVERTER WITH INTRINSIC DC-LINK VOLTAGE

BALANCING ..ottt 35

it I oL oo [0 Tox o] o OSSOSO PTRRP 35
4.2 Conventional and Proposed Direct Torque Control for Three-Level T-Type Converter ....... 35
4.2.1 Conventional Direct Torque Control Algorithm for 3-L Inverter ...........cccccocvvniiinnns 36

4.2.2 Proposed Direct Torque Control for 3-L INVerter.........cccvvviiieie v 44



A3 CONCIUSTONS ...ttt e e e e e ettt e e e e e e e ettt eeeeeeee e e eeeeeeeeenaeenaeeeenaeeeaaans 51
CHAPTER5 SIGNAL INJECTION BASED OPTIMAL REFERENCE FLUX

SEARCHING APPROACHES FOR DIRECT TORQUE CONTROL ..... 53

T8 A 111 0o 1 od o] PSSRSO 53
5.2 Maximum Torque Per Ampere (MTPA) for IPM MOtOr..........ccccovieviviieiie e 55
5.3 Perturb and Observe Method for Two-Level Inverter-fed DTC.........cccooviviiiinene s 57
5.4 Extremum Seeking Control AlIgorithm (ESC) .......cccuoiiiiiiiiiiiieeeeeee e 59
5.4.1 Extremum Seeking Control Algorithm for Advanced DTC ........cccceviiiniieieniiesiens 60
5.4.2 Boundary condition for Extremum Seeking Control Algorithm ............c..cccoviiinennns 61
5.4.3 The Proposed ESC and the Related Signal Processing...........cccovvevveveiieeieesesiieseenens 62
5.4.4 Stability Analysis of ESC based Optimal Reference Flux Searching............cc.ccoovvvnen. 65
5.5 The Selection of the High Frequency Signal for ESC .........ccocooiiiiiiiiiicee s 69
5.6 CONCIUSIONS......eiiiiitieiieieie ettt bbbttt et et e bbbt et e e st et et enbesbenbesbesnenreas 72
CHAPTER 6 ELECTRO-THERMAL CHARECTERIZATION PROCEDURE AND
LOSS MODELING FOR SiC....ccviiiiiii ettt 74

G T0 A 111 0o 1 od 1 o PSSR 74
6.2 Proposed Electro-thermal Characterization Procedure............ccoccevveieevieiieveese e 75
6.2.1 Loss Model Generation from Curve-fitting .........c.cccccveiiiiiii e 76
6.3 Results from the Proposed Electrothermal Characterization model ..........c.ccccoocvviveiveineennee. 88
G R 0 Tod 1115 o] 1SR 92
CHAPTER 7 SIMULATION AND EXPERIMENTAL SETUP ..o, 94
7.1 Simulation Model for Advanced Direct Torque Control for IPMSM ..........ccccocevveiviiecenee. 94
7.2 Simulation Model for the Proposed Perturb and Observe (P & O) .....ccccvveiviiiiiciiicins 96
7.3 Simulation Model for the Proposed ESC..........ccooiiiiiiiiiiiie e 96
7.4 Test Setup for the Proposed Advanced Direct Torque Control...........ccccvevieiiieiie e e 99
7.5 Test Setup for the Proposed Signal Injection Base Flux Searching Algorithm.................... 100
CHAPTER 8 SIMULATION AND EXPERIMENTAL VALIDATION......cc.cccovveeiiene 101
S T80 [ 0o 1 od 1 o TSRS 101

P I S M s 101



8.2.2 TOIQUE RESPONSE.....uiiiiiiie ettt ettt ettt ettt et e bbb e e nbb e e e nbb e e e nbb e e e nsnees 103

8.2.3 StAtor CUITENT RESPSONSE ... .vviiiiieiieie ittt ettt e e nnnees 105
8.2.4 Speed-Torque ChareCEIISTIC. .......ueveieieieesierie st 107
8.2.5 NeULral POINT CUIMENT......ccviiieiieieeie ettt sre e 108
8.2.6 INVEITEr LOSS ANAIYSIS ....ecviiiieiiecie ettt te e sreenre e 109
8.3 Experimental results for Advanced Direct Torque Control with Virtual Voltage Vector for
LAY OSSP 112
8.3.1 DC-link Cpapacitor VOITAGE .........ccoueiiiiiiiiiiiiecieee e 112
8.3.2 Performace Under Different Speed Profile.........c.cccoooveiieieiiiicc e 113
8.3.3 Torque , Flux and Satator Current Ripples in the Steady State ..........c.cccceevevvevieennnne. 117
8.3.4 Torque TranSieNt RESPONSE. .......ccuiieiiierieitesie ettt 119
8.3.5 Average Swithcing Frequency COMPAriSON .........cciveruereerierieneniseeieeese e 120
8.4 Simulation studies for Perturb and Observe (P & O) for Optimum Flux searching for IPMSM
........................................................................................................................... 121

8.5 Experimental Results for Perturb and Observe (P & O) for Optimum Flux searching for
LAY P 124

8.6 Simulation studies for Extremum Seeking control (ESC) for Optimum Flux searching for
IPIVISIML ettt R e et R ettt et bt ne et e 126
8.6.1 Speed Profile for the SIMUIALION ...t 126
8.6.2 Torque and FIux TranSient RESPONSES .......c..uiirieririeienieste et 127
8.6.3 P & O and ESC COMPAIISON.......couiiiiiieireeieieesie ettt sre e sre e sreenre e 129

8.7 Experimental Results for Extremum Seeking control (ESC) for Optimum Flux searching for
LAY PR 130
8.7.1 Simulation and Experiemental Results Comaprison for ESC...........cccccovvniniivnennnn. 130
S (VD Gl I - [=Tox (o V2SS POPR 131
8.7.3 Steady State RESPONSE ......ccivieiieiie ettt e e ae e beennee s 133
8.7.4 TranSIENT RESPONSE .....cvititiitiitieieeie ettt b e bbbttt se bbb 134
8.7.5 Stator CUIMENt THD ......eiiii e st 135
CHAPTER 9 CONCLUSIONS, CONTRIBUTIONS AND FUTURE RESEARCH WORK
.................................................................................................................... 137



9.2 Contributions Of ThiS DISSEItAtiON...........ccvviiiiiiiiieieie e 139
9.3 Future Research ReCOMMENTALIONS........ccuviviiieriiiiieisie e 140
BIBLIOGRAPHY oottt ettt e e st e e s e e e e e e nnre e e e 142
AP P EN D X e eaean 152



LIST OF TABLES

AL 2. L ettt ———teeee e e e e ————eeeeeeeraee——————aaaaaaaa 18
I o] (ST TR PRURPRSRRRUR 28
AN 4. L e et e e e e e e e ————eaaeeeea e ——————aaaaaaia 38

DI 4. e et e e e e e e —————ee e e e e r e e ————aaaaaaaaa 49



Figure 1.1:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:
Figure 3.1:
Figure 3.2:

Figure 3.3:

Figure 3.4:
Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:

Figure 4.8:

LIST OF FIGURES

A block diagram of conventional switching table based DTC.........c.ccccevvevevieiieennenn, 2
(a) cross-section of SPMSM and (B) cross-section of IPMSM. ..........cccccccevvevieennenn. 11
Stator flux in o/ stationary and synchronous rotating dq reference fames. ............... 13
Two-level INVerter toPOIOgY. ......ccveiieieiie e 15
Three-level NPC inverter topology. ......ccovevveieiieiieie e 16
Three-level T-type NPC inverter topology. ......cccevvevieiieieeie e 16
The voltage vector diagram for a 3-L T-type iNVErter..........ccccoevveveiiieveere s 18
Scalar VI control SChEmE. ..o 21
Field oriented control (FOC) block diagram. ..........cccccveveiieieiie i 22
Direct torque control algorithm. ... 23
Direct torque control algorithm block diagram with flux and torque estimator. ....... 26
Direct torque control algorithm block diagram with flux and torque estimator. ....... 27

The relationship between the electromagnetic torque, Tem and the load angle, o of the

PIMISIML. ettt ettt r e ettt reereene e 30
Voltage vector effects on the torque and stator flux variations..............ccccccvevveenenne. 31
Schematic of an all SIC T-type INVEIEr. .........ccveiieeiiece e 36
A block diagram of the conventional DTC for 3-L T-type inverter.........c.cccccceeveee.. 37
FIUX hyStereSiS COMPAIALOr. ........oiiieiiie ittt sreeene e 37
Conventional four level torque hysteresis COMPArator. ...........cccccveevveeiiieeieesiveesieesne 38
The voltage vector selection when ATen IS in outer hysteresis band.......................... 39
The voltage vector selection when ATen IS in inner hysteresis band......................... 39
Circuit diagram for vectors and their influence on NP voltage............cccccoevvveinenen. 40
Relationship among torque ripple (%), AVqc and speed (RPM)......cccovviiiiiiiinennne 43



Figure 4.9: Relationship among stator current THD (%), AVq4c, and speed (RPM)..........ccccuenee 43

Figure 4.10: The proposed space VECTOr AIAgraM. ......ccveveieerreeriesieesieeieseeseeseeseesreessesseesseeseens 45
Figure 4.11: Modified 6-L tOrque COMPAratOr. .........ccceiieieiieeieeie e e ere e seesee e sre e e e e 49
Figure 4.12: Gate signal generation of voltage VECtOr Vos.........cccevviiieiiiiiisieiese e 50
Figure 4.13: Overall block diagram of the proposed DTC. ........ccccoeiieiiiiieie e 50
Figure 5.1: The profiles of |Is| vs. |ws| at different torque operating points............cccocvevveiveieennns 57
Figure 5.2: The flow chart of the proposed optimal s~ searching algorithm..............c.c.cceveee... 58

Figure 5.3 An overall block diagram of the DTC drive with the proposed online optimal s
SEArChing AlgOrTthM. ....cuiiii e 59

Figure 5.4: An illustration for the response of the stator current to injected high frequency stator

1 0 SRS URP 63
Figure 5.5: The block diagram of the proposed ESC algorithm. ............c.ccoeiveiiiiiiicic e 64
Figure 5.6: Equivalent DTC controlled PMSM With ESC. ........cccccoeiiiiiiiiceee e 65

Figure 5.7: A numerical example of the small-signal model of the nonlinear map |Is| =f (1/13).

Figure 5.8: An overall block diagram of the coupled close-loop ESC and the DTC-controlled IPM
101010 SO TSRS PPR PPN 69

Figure 5.9: Settling time of the ESC algorithm vs. amplitude of the injected pulsating signal.... 70

Figure 5.10: Stator currents THD vs. amplitude of the injected pulsating signal......................... 71
Figure 5.11: The effect of the mMInIMUM AWs........cooviiiiiiiiiiiiii 72
Figure 6.1: XM3 SiC MOSFET power module with half-bridge configuration. ......................... 76
Figure 6.2: XM3 SiC MOSFET datasheet based electro-thermal model. ..............cccoeeviiiiiinnne 77
Figure 6.3: Loss model DIOCK diagram. ..........coeiiiiiiiiiiiicieiee e 78
Figure 6.4: Eon Vvs. lgs plot comparison between the curve-fitting and datasheet. ..............c......... 78

Figure 6.5: Eon (p.u) vs. Tj plot comparison between the curve-fitting and datasheet when T;<85°C.



Figure 6.6: Eon (p.u) vs. Tj plot comparison between the curve-fitting and datasheet where T;>85°C.

..................................................................................................................................... 80
Figure 6.7: Eon (p.u) VS. Rgext plot comparison between the curve-fitting and datasheet. ............. 80
Figure 6.8: Total Eon DIOCK QIaQram. ........cvoiiiiiiieieie e 81
Figure 6.9: Eoff Vs. lgs plot comparison between the curve-fitting and datasheet...............c.......... 81
Figure 6.10: Eo (p.u) vs. Tj plot comparison between the curve-fitting and datasheet. ............... 82
Figure 6.11: Eoff (p.u) VS. Rgext plot comparison between the curve-fitting and datasheet............. 82
Figure 6.12: Total Eoff DIOCK diagram. .........ccvoieiiieiiiiiesieee e 83
Figure 6.13: Ras-on (p.U) vs. Tj plot comparison between the curve-fitting and datasheet.............. 84
Figure 6.14: Ras-on (p.U) Vs. las plot comparison between the curve-fitting and datasheet. ........... 84
Figure 6.15: Total Rds-on DIOCK Qiagram. .........ccveiiiiiiiiineee e 85
Figure 6.16: Diode reverse recovery energy, Err VS. Tj.u s 85
Figure 6.17: Diode reverse recovery energy, Err (P.U) VS. Rgext. v verververereriniiniieiinnieniesesiesienneans 86
Figure 6.18: Total Err bIOCK dIagram. .........c.coviiiiiiiiiciece e 86
Figure 6.19: lgs vs. Vsqa comparison between curve-fitting and datasheet. ............ccccceveieivinnene. 87
Figure 6.20: Equivalent thermal model where the module is mounted on a cold plate................ 87
Figure 6.21: Simple block diagram for the Simulink based loss model. ..............ccccooveviiieiiennnns 88
Figure 6.22: Power loss when Ipeak = 450A and fsw = 20 KHZ........coooiiiiiiiiiiice 89
Figure 6.23: Power loss when Ipeak = 450A and fsw = 16 KHZ........coooiiiiiiiicc 89
Figure 6.24: Power loss when lpeak = 450A and fsw = 12 KHZ....ooooiiiiiiiic 90
Figure 6.25: Power loss when Vpeak = 760V and fsw = 20 KHZ......oooviiviiiiiiiice, 90
Figure 6.26: Power loss when Vpeak = 760V and fsw = 16 KHZ....c.oooviiiiiiiiiiic 90
Figure 6.27: Power loss when Vpeak = 760V and fsw = 12 KHZ....c.oooviiiiiiiiiic 90
Figure 6.28: Loss comparison between Cree inverter and loss model at 20 kHz. ....................... 91



Figure 6.29: Loss comparison between Cree inverter and loss model at 15 kHz. ............c.cco....... 91

Figure 6.30: Loss comparison between Cree inverter and loss model at 10 kHz. ........................ 91
Figure 6.31: Efficiency comparison between Cree inverter and loss model at 20 kHz................. 91
Figure 6.32: Efficiency comparison between Cree inverter and loss model at 15 kHz................ 92
Figure 6.33: Efficiency comparison between Cree inverter and loss model at 10 kHz................ 92

Figure 7.1: Block diagram of the simulation model of the proposed DTC with T-type NPC inverter.

..................................................................................................................................... 95
Figure 7.2: Block diagram of the simulation model of the DTC control IPM with the proposed P

</ O J PSR TU P UPR PRSP 97
Figure 7.3: Block diagram of the simulation model of the DTC control IPM with the proposed

E S . bbbt h bbb e et nae e 98
Figure 7.4: Experimental setup for advanced direct torque control............cccccevvvieiieicciicseenas 99
Figure 7.5: Experimental setup for optimal flux searching algorithm with DTC..................... 100
Figure 8.1: DC-link capacitor voltages when using the conventional DTC. ..........c.cccccvevvvinenee. 102
Figure 8.2: DC-link capacitor voltages when using the proposed DTC. .........cccccccevvveveeviecnenne. 102
Figure 8.3: Torque response when using the conventional DTC..........ccccocceiveiiieveciece e, 103
Figure 8.4: Torque response With proposed DTC........coeiieiiiieiieie e 104
Figure 8.5: Comparison of the dynamicC reSPONSES. .........ccuevuviieiieriiiiece e 104

Figure 8.6: Comparison of the dynamic responses of different value of the large hysteresis band.

................................................................................................................................... 105
Figure 8.7: Three phase stator currents when using the conventional DTC............c..ccccevvieenens 106
Figure 8.8: Three phase stator currents with proposed DTC. .........cccoeiiiiiiiie i 106
Figure 8.9: Speed and torque characteristic with conventional DTC. ..........cccccooveviiiiieiiecninns 107
Figure 8.10: Speed and torque characteristic with proposed DTC. .........ccoeviiiiiieviie e 107
Figure 8.11: Neutral point current, in with convention DTC. .........cccoeiiiiiiiiiicie e 108

Figure 8.12: Neutral point current, in with proposed DTC. ... 109



Figure 8.13:
Figure 8.14:
Figure 8.15:
Figure 8.16:
Figure 8.17:
Figure 8.18:
Figure 8.19:
Figure 8.20:
Figure 8.21:
Figure 8.22:
Figure 8.23:
Figure 8.24:
Figure 8.25:
Figure 8.26:
Figure 8.27:
Figure 8.28:

Figure 8.29:

Figure 8.30:
Figure 8.31:
Figure 8.32:
Figure 8.33:
Figure 8.34:

Figure 8.35:

Conduction loss for conventional and proposed DTC at 1000 RPM. ................... 110
3D map of the inverter loss for the conventional and proposed DTC.................... 111
Efficiency curve for conventional and proposed DTC..........cccccoevveieiieiecsieennenn, 111
DC-link unbalanced condition with torque transient. ..........ccccccvveveiieenecre s 112
DC-link balanced condition with torque transient. ..........c.ccoccevvevieienieene e 113
DC-link balanced condition with speed transient...........c.ccccevevveveeiesieese e 113
Low speed response with conventional DTC..........c.cccoviviiiie i 114
Conventional DTC in flux weakening region. ..........ccocveveieeieeiesieese e 114
Low speed response With proposed DTC.......cccocvevieviiiciieie e 115
Proposed DTC in flux weakening region. ..........cccecvveveiieieerie s 115
Acceleration of the motor with conventional DTC. ........cc.ccoceviiiiiiinincieiees 116
Speed reversal of the motor with conventional DTC. ..........ccccceveviievicie e 116
Acceleration of the motor with proposed DTC. .........cccoveviiie i 117
Speed reversal of the motor with proposed DTC. ........cccoevieiiiie i 117
Steady state torque comparison between conventional and proposed DTC. ......... 118
Flux ripple comparison for both control method............cccccoeeviiiiiiii i, 118
Stator current THD (%) for both conventional and proposed DTC at 0.4 Nm torque.
................................................................................................................................ 119
Torque dynamics for both conventional DTC and proposed DTC. .......c.cccccevvenee 119
Average switching frequency with conventional DTC. .......c.ccccco oo, 120
Average switching frequency with proposed DTC. .......cccccvveiieviiciic e 120
Simulation results for torque, stator current and flux when, Ty = 100-Te.............. 121
Simulation results for torque, stator current and flux when, Ty = 314-Te.............. 122
The effect of the execution rate of the proposed algorithm. .............cccccoveiiieninne 123



Figure 8.36:

Figure 8.37:

The effect of the minimum step the proposed algorithm. ...........cccccovviiiiieinene 123

Experimental results of the DTC drive at steady state, i.e., 150 rad/s mechanical shaft

speed and 1Nm shaft torque and three phase Stator CUITENLS. ........cccccvevveieivere e 124

Figure 8.38:

Figure 8.39:

Figure 8.40:

Figure 8.41:
Figure 8.42:
Figure 8.43:
Figure 8.44:
Figure 8.45:
Figure 8.46:
Figure 8.47:

Figure 8.48:

Figure 8.49:
Figure 8.50:
Figure 8.51:

Figure 8.52:

Figure 8.53:

Figure 8.54:

Experimental results of the DTC drive at steady state, i.e., 150 rad/s mechanical shaft
speed, rotor POSItION AN TOFQUE. ......cceerieiieiierie et 125

Experimental results of the 3-phase stator currents and torque when the proposed

searching algorithm was enabled. ... 126
Experimental results of wsqs, |ws|, and torque when the proposed searching algorithm
WAS ENADIET. ... e 126
Speed profile used in the SIMUIALION. .........c.cooveiiiiii e 127
Three-phase Stator CUITENES. .......ccveieiieiecie et 128
Reference torque vs. estimated tOrqUE. .........coveveriereieneiiseseeee e 128
Stator reference fluX, W™ . . ..o 129
L 1 (0D QR (T =Tot (o] Y2 S USUSSSPSN 129
Optimal flux after activating the P & O and stator current reduction. ................... 130
Optimal flux after activating the ESC and stator current reduction. ...................... 130
Simulation (blue line) vs. experimental (red line) result comparison at T~ = 0.4 Nm.
................................................................................................................................ 131
Flux trajectory from 0 Nm to 0.8 Nm load torque with ESC activated. ................ 132
ESC effect on stator current and flux trajectory at 0.4 Nm torque...............c........ 132
P&O effect on stator current and flux trajectory at 0.4 Nm torque..........c.ccceeveee 133
Experimental results of three-phase stator currents, torque and |ys| at T~ = 0.3 Nm.
................................................................................................................................ 133
Experimental results of three-phase stator currents, torque and |ys| while step change
(ramp within 25 ms) applied from 0.3 Nm t0 0.6 NM. .......ccovviiiiiiiiiiiieis 134
Experimental results of three-phase stator currents, torque and |ys| while step change

applied from 0.3 NM t0 0.7 NM....coiiiiiec e 135



Figure 8.55: Stator currents THD (%) when ESC was deactivated at T" = 0.6 Nm and 50 rad/sec
CONSTANT SPEBU. ...ttt bbbt nb bbb 136

Figure 8.56: Stator currents THD (%) when ESC was activated at T* = 0.6 Nm and 50 rad/sec
CONSEANT SPEBU. ...ttt b e b e 136



CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Electric motors, e.g., both the direct current (DC) motors and alternating current (AC) motors,
have been widely used in our daily life, such as in the refrigerators, vacuum cleaners, air
conditioners, fans, computers, automatic car windows, electric cars, aircrafts and in a very large
portion of industrial process from general purpose speed drives, e.g., pumps and conveyors, to
high-performance servo controls, e.g., robotics and motion control, making the manufacturers
more prolific and the world more sustainable [1-3]. Although last century, the DC motors were
popular since their control were simple to implement and had better dynamic performances,
however AC motors are gaining tractions over last few decades due to their structural advantages,
easy to maintain and comparatively lower cost. Additionally, the advancement of switch mode
converters in the power electronics field and the control theory, AC machines such as permanent
magnet synchronous motor (PMSM) are becoming more widely used motor. The PMSM holds
advantages over other various types of AC machines such as high power density, high reliability
and high efficiency [4].

The performance of the PMSM drive system is largely dependent on the control algorithm
applied for it. Motor control algorithms can be divided generally into two categories, i.e., the scaler
control and the vector control. Due to the non-ideal transient response of the scaler control
approach, the vector control is vastly accepted in the industrial applications. Among vector
controls, the field-oriented control (FOC) and direct torque control (DTC) are well known in the
machine drive field. To eliminate the complex coordinate transformation and the current-voltage

regulator which are the major parts of the FOC system, DTC was first introduced by Takahashi,



Noguchi [5] and Depenbrock [6], and gained attention over the following few decades. The DTC
has been adopted in various industrial applications, due to its advantages, such as fast dynamic
response and robustness to system uncertainties and nonlinearities. However, compared to the
FOC, the DTC may suffer from much higher torque ripple and also higher total harmonic distortion
(THD) in the motor stator currents [6]. To reduce torque ripple, higher switching frequency is
usually required by DTC, which however increases the switching loss and consequently lower the
drive efficiency. Adopting silicon carbide (SiC) devices, which can operate much higher switching
frequency than their silicon (Si) counterparts without compromising efficiency much, it would be
a reasonable solution to achieve higher efficiency, lower torque ripple and less stator current
harmonics [7]. Figure 1.1 shows a typical block diagram for the DTC which includes torque and
flux hysteresis, switching table, voltage/current calculation, flux and torque calculation and a

sector detector.
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Figure 1.1: A block diagram of conventional switching table based DTC.

Various improved DTC methods have been proposed to address the downsides of the

conventional DTC. Improvements have been obtained through the use of enhanced modulation



techniques and more effective DTC algorithms. For example, the duty-cycle based DTCs [8-12]
were presented to reduce the torque ripple, where two [8], [10] or more [12] voltage vectors are
applied over one control cycle. These methods depend on a simple modulator based driving signal
generation to realize constant switching frequency [13], which however leads to much higher
switching losses and ultimately low efficiency. From the algorithm standpoint, to decrease the
torque and flux ripples while holding the merit such as the fast-dynamic response, the direct torque
and flux control (DTFC) [14]-[15], dead-beat control [16], predictive DTC [17]-[18] and the
space-vector-modulated (SVM) DTC [19] have been proposed.

Additionally, to reduce the torque ripple apart from the control point of view, the drive
performance improvement can also be achieved by hardware innovations, e.g., employing the
multilevel inverters (MLIs) instead of the conventional two-level (2-L) inverters, especially for the
medium- or high-voltage high power drives. Higher number of voltage levels can be generated by
adopting the MLIs, which can potentially reduce dv/dt, common mode voltages, torque ripple, and
current THD. Among all MLIs [20-22], the most widely adopted one for medium voltage variable
speed drives is the three-level (3-L) neutral point clamped (NPC) inverter [23-30]. Comparing to
the 2-L inverters, the DTC drives for 3-L NPC inverter systems have much lower torque and flux
ripples since they have higher number of available voltage vectors which helps to increase the
output voltage levels. However, the DC-link voltage balancing is a primary challenge for the 3-L
inverters due to the oscillations of the neutral-point (NP) voltage, which can cause excessive
voltage stress on the power devices and DC-link capacitors [31]. In addition, the DC-link
capacitors and power semiconductor devices will deteriorate over time due to the lower order
harmonics [32] generated from the NP voltage oscillations. A modified SVM-DTC approach was

suggested in [33] where the medium voltage vectors are neglected which generally cause the NP



unbalancing, and the measured DC-link capacitor voltages are employed to select appropriate
small voltage vectors. References [34] and [35] have shown two different modified control
strategies for 3-L DTC drive where DC-link capacitor voltages and/or NP currents are measured
to find the optimal voltage vector with zero neutral point current. In the aforementioned DTC
drives for 3-L converters, sensors are utilized to measure the NP voltage and/or current which is
costly and they need active feedback control which makes the control loop complex. Therefore, it
is necessary to develop a novel DTC approach for the 3-L converter-fed PMSM with inherent DC-

link capacitor voltage balancing capabilities and enhance the reliability of the overall system.

The maximum torque per ampere (MTPA) strategy is often necessary for modern AC drives
that are generally implemented for FOC to improve the efficiency and power density of the system.
The MTPA algorithm is used to generate required electromagnetic torque using the smallest stator
current, such that the motor copper losses can be minimized. The MTPA for FOC can be
comprehended through either offline turning or online optimization. As proposed in [36-38],
optimal d-axis current reference can be represented as a function of torque and motor parameters
through offline characterization or curve fitting or using LUT which needs the machine parameters
information, e.g., stator resistance, inductances, etc. and dependent on the machine model. It is
obvious that the more precise the measured parameters and the loss information, the more effective
those MTPA methods. Therefore, they are sensitive to the parametric variations and need extensive
offline data processing that add additional burden to the controller. To address these issues, a
MTPA method which uses an online optimization based on machine model is proposed in [39]. A
similar MTPA technique is presented in [40] where first the problem were formulated as a
nonlinear optimization problem and then solved by using Lagrange multiplier method in real time.

This method does not need any time consuming off-line tuning effort; however, this is yet sensitive



to the accuracy of parameters. Some other control strategies are mentioned where a small
perturbation is added the d-axis current reference [41]-[42] or current control angle [43] to achieve
MTPA in real-time. These methods are known as signal injection based approaches. It is possible
to identify the MTPA operating points based on the response of the drive system to the
perturbations. These signal injection methods do not need any machine parameters for their
operation. However, the major drawbacks of the injection based method are that if the small
perturbation signals are not selected carefully then it may affect the normal operation by
introducing oscillations and slow convergence rate of the method can affect the dynamic
performance of the drive system. Recently, virtual signal injection based approach has been gained
attention in several papers for FOC [44-46]. These methods do not affect the normal operation of
motors since no actual signal is injected. However, these methods may suffer from the slow

converging rate and poor dynamic response.

As mentioned earlier in this section, compared to the FOC, the DTC approach owns several
advantages, such as fast dynamic response, less numbers of parameters needed in the controller
since it does not need complex coordinate transformation and does not require rotor position
sensing as well. For a certain application of DTC, the fast dynamic response, robustness, and
efficiency of the system can be achieved by achieving the proper flux linkage angle, as claimed in
[47]. 1t has been presented that when the drive operates at constant flux linkage magnitude at all
loads, it may result in poor efficiency at light load. Enhancing the efficiency for DTC schemes can
be achieved in several ways, e.g., LUT based and online optimization approaches. The LUT based
approach is the most commonly used in DTC to determine the references torque and flux [14],
[48], and [49]. In these approaches, the reference flux linkage is stored in a LUT based on the

reference torque command and the speed. Since it needs tremendous offline data measurement and



tuning effort, the LUT based DTC is time consuming and may be affected by the variation of the
machine parameters. To address these issues by realizing MTPA for DTC, a direct calculation
method of reference flux linkage is presented in [50] and [51], which relies on the mathematical
machine model in the d-g reference frame and machine parameters. To eliminate the dependency
of machine parameters in the MTPA method, signal injection based methods are proposed like
perturb and observe (P&O) in [28], [52] and [36] to detect MTPA points online. In [52], an online
reference flux correction method is proposed based on the sequential variation of the actual current
to an optimal point by correcting the reference stator flux linkage using a local search algorithm
to minimize the current. Another method is proposed in [28], where a P&O searching algorithm is
proposed to determine the optimal reference flux. In [36], a random frequency signal is added to
the reference flux to avoid the residual torque harmonic at the injected signal frequency. All these
abovementioned signal injection based approach for MTPA searching are independent to machine
parameters, however, the robustness against the ripple and/or noise in torque and stator current is
not comprehensively analyzed. Therefore, the DTC drives need to be thoroughly investigated to
further improve the efficiency by developing a robust and stable online MTPA operating point
searching algorithm which is totally independent to machine parameters with faster dynamic

performance.

1.2 Research Objectives and Challenges

The goal of the research for this dissertation is to study and design advanced DTC methods for
the drive system using multi-level converters, e.g., the T-type converter without compromising the
dynamic performance comparing to the conventional DTC and minimize the torque and flux
ripples. Additionally, the novel DTC will ensure the DC-link capacitor voltage balancing for the

T-type converter without utilizing any neutral point voltage/current measurement. To improve the



efficiency of the DTC further by reducing the copper loss, novel flux searching algorithms are

presented and validated. The new online flux searching approaches do not need any machine model

information, therefore, it is a model free approach. In addition, the proposed approach is studied

in detail with stability analysis and boundary conditions.

The main objectives of this this dissertation include,

Developing a novel DTC for T-type NPC inverter. The new DTC should have inherent
DC-link capacitor voltage balancing by ensuring that the neutral point current over one
switching cycle is zero. Therefore, the effect of unbalanced DC-link on the torque and flux
ripples can be eliminated.

Developing a new multi-layer voltage vector diagram by introducing virtual voltage vector
concept for DTC. However, the dynamic performance of the proposed DTC needs to be
similar to the conventional DTC which is desirable. The VSV based DTC will have higher
average switching frequency comparing to the conventional DTC which will be helpful to
reduce the torque and stator current ripples further.

Enhancing the efficiency in the DTC drive system by ensuring the MTPA operating
condition. Developing multiple optimal flux searching approaches online and comparing
their performances are two of the important objectives of the dissertation.

Developing an electro-thermal characterization procedure to achieve loss data and compare
different control algorithm in terms of their loss and efficiency. The loss model can be used

as a standard procedure to study the control method and characterize the drive system.

1.3 Dissertation Organization

This dissertation is organized as follows:



Chapter 2 describes the detailed mathematical model of the PMSM and the two commonly
used converter topologies; NPC and T-type NPC converters. The topologies are modeled,
and the circuit diagrams are presented with their merits and demerits. Then the DC-link
capacitor selection procedure is presented. The brief description of the control approaches
for the PMSM are studied and explained along with their control diagrams, i.e., scaler
control and vector control which includes FOC and DTC.

Chapter 3 includes the introduction to the conventional DTC algorithms and stability
analysis of the DTC. The ripple analysis which includes torque and flux ripples are studied
and shown in mathematical forms.

Chapter 4 explores the conventional and proposed DTC for the T-type NPC converter and
compare their performances. The generation of the proposed virtual voltage vectors is
elaborately discussed and their effect on the DC-link capacitor voltage balancing are
analyzed.

Chapter 5 explains the MTPA for IPM motor. Then two optimal flux searching approaches
are presented, i.e., P & O and ESC. The control approach is developed with proper
boundary condition and stability analysis. For the ESC, the selection criterion of the high
frequency signal is also proposed.

In Chapter 6, an electro-thermal characterization procedure is proposed, and the results are
presented to compare the proposed MATLAB/Simulink based loss model and the
experimental data.

Chapter 7 shows the simulation and experimental setups for all of the proposed methods.
Chapter 8 validates the proposed control methods by performing numerous simulation and

experimental studies.



e Chapter 9 provides the conclusions, contributions, and the future research

recommendations for the work proposed in this dissertation.



CHAPTER 2
SYSTEM MODELING OF THE TRACTION DRIVES AND PERMANENT MAGNET
SYNCHRONOUS MOTOR

2.1 Introduction

A permanent magnet synchronous motor (PMSM) is one kind of synchronous motors which
runs at constant speed irrespective of the amount of loading on the motor. This is a distinct
advantage of the PMSM for constant speed motor drive applications. Depending on the application
and operation mode, there are several control approaches for PMSM, e.g., scaler control and vector
control. Scaler control is easy to implement comparing to vector control but has drawbacks with
poor dynamic and steady state performances. To design a control algorithm, the first and foremost
thing to determine is the machine model in mathematical form to understand its dynamic
behaviors. In addition to the motor model, the converters are also important element in the system
which helps to run the motor based on the control signal. That’s why it is important to understand
the converter model as well. In general, for motor drive two-level (2-L) inverter or three-level (3-
L) inverters are used. Although the basic functionality of the converters is same, however, the

switching sequence can be different for different topologies.

Therefore, in this chapter mathematical model of the PMSM is derived first in different
reference frame. Then the 2-L and 3-L converter topologies are analyzed, and their advantages and
disadvantages are discussed. Next the control approaches for the PMSM are presented and briefly
shown it this chapter. Besides the topologies the DC-link capacitance calculation method is also

included.
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2.2 Mathematical Model of Permanent Magnet Synchronous Motor

Before developing the mathematical model of the PMSM it is important to understand that any
AC machines is time-variant, multivariable, nonlinear, and coupling system. Also, from
construction perspective and considering the permanent magnets placement, a PMSM with an
approximately sinusoidal back electromotive force (EMF) can be classified salient-pole PMSM,
e.g., interior PMSMs, and non-salient-pole PMSMs (IPMSM), e.g., surface-mounted PMSMs
(SPMSM). Since the IPMSM has permanent magnet mounted inside the rotor, in high-speed
operation the rotor iron can protect the permanent magnets from the centrifugal force. In contrast
the SPMSMs have the permanent magnets embedded on the surface of the rotor core which is good
in low-speed applications [53-55]. The typical PMSM cross-section is shown in Figure 1.1, where
Figure 1(a) represents the cross-section of SPMSM, and Figure 1(b) is the cross-section of the
IPMSM. It is to be noted that because of the rotor saliency, the d-axis and g-axis inductances are
different in IPMSM. In general, both types of permanent magnet motor have similar operating
principle in terms of using permanent magnet generated toque and reluctance torque for maximum

output torque.
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Figure 2.1: (a) cross-section of SPMSM and (B) cross-section of IPMSM.
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The dynamics of a three-phase IPMSM can be modeled in synchronously rotating dq reference

v R+sL, -wo.L, |i 0
v, o Ly R+sL ||, OV,

where s is a derivative operator, vq¢ and vq are the d- and g-axis stator voltages respectively; o,,

frame as

is the rotor electrical angular speed; L, and L, are the d- and g-axis inductances, respectively; i,
and i, are the d- and g-axis stator currents, respectively; ym is the flux linkage produced by the
permanent magnets, and R is the stator resistance. y, andy, are the d- and g-axis components of

the stator flux linkage vector and can be represented as

B:d } _ |:l//m:il‘d Iy :| 2.2)

From equation (2.2), || can be calculated as

Wl = ) + () =+ Lii ) + (L)’ (23)

The electromagnetic torque, Tem generated by an IPMSM can be denoted in the dq rotor reference

frame as
3 L.
T =5 PLvn + (L =Lk ], (2.4)

where P is the pole-pairs number. Note that for salient pole PMSM, Lq # Lq and for non-salient

pole PMSM, L4 = Lq. Tem can be also calculated in terms of stator flux linkage, |z//S| and load angle,

0, which can be shown as
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Figure 2.2: Stator flux in of stationary and synchronous rotating dq reference fames.

The motor dynamics explained in dq reference frame from (2.1) to (2.5) can be expressed in

stationary reference frame o/ using inverse park transformation technique as shown below,

My "M
Vo] -0, (L -L,) R NREZ

where v, and vy are the a- and f-axis stator voltages respectively; i, and i, are the - and g-axis
stator currents, respectively. v, andy , are the a- and g-axis components of the stator flux linkage

vector. Tem can be also calculated in terms of stator flux linkage,
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Tem :37P(l//aiﬁ _l//ﬂia) (27)

2.3 Generic Three-Phase Two-Level Converters

The conventional three-phase two-level (2-L) inverter is most commonly adopted topology
among voltage source inverters (VSIs) [56] due to its simplicity in nature and low cost comparing
two other multilevel converter topologies. Two-level topology has a smaller number of the power
switch comparing to the three phase multilevel topologies, therefore, has less conduction losses.
Controls for 2-L inverter is also simple to implement since the 2-L inverter doesn’t have neutral
point like 3-L topologies. Although the 2-L seems perfect for the most application, there are also
some limitations which hinders the adaptation of the 2-L inverter topology. In 2-L inverter the
power devices need to handle full DC-link voltage which increase the stress of the devices and
eventually affects the lifetime of the devices. This causes the high dv/dt and huge current ripples.
Having big passive filter is a drawback of the 2-L inverter as well since it has higher THD

comparing to the 3-L inverters.

A typical 2-L inverter is shown in the Figure 2.3. There is total six power switches to form a
2-L inverter where each phase is commuted by only two switches. Sa1 and Sa2 represent the power
device in phase A. C1 and C» represent the DC-link capacitors. Output voltage can be generated
based on different switching sequences in six step inverter which gives the output phase voltage

waveform as +Vqc/2 and -Vqc/2 [57-59].
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Figure 2.3: Two-level inverter topology.

2.4 Generic Three-Phase Three-Level Converters

The 3-L neutral point clamped (NPC) inverters are the part of the multilevel inverters (MLIS)
hierarchy and adopted especially for the medium or high voltage application. The MLIs, e.g., NPC
inverter generates higher number of voltage levels at the output which can potentially reduce the
dv/dt, common mode voltage and enhance the output current quality by lowering the THD.
Therefore, the output filter size will be reduced significantly [23, 24, 26, 60-62]. Although, NPC
has its fair share of advantages over 2-L inverters, due to use of higher number of switching devices
the conduction loss can be higher than the conventional 2-L inverters. To overcome this
disadvantage of the conventional NPC, a modified NPC has been proposed which is known as T-
type NPC. As mentioned earlier NPC suffers from large semiconductor conduction losses since
the output current always flows through two switching devices. On the other hand, the T-type NPC
utilizes only single outer loop switching device to connect to the upper or lower DC bus voltages

which helps to reduce the conduction losses.
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Figure 2.4: Three-level NPC inverter topology.

A typical circuit topology of the NPC inverter is shown in Figure 2.4. Three phases are defined
as a, b, and c respectively. Each phase is formed by four semiconductor devices and two clamping
diodes. The semiconductor devices are dented as Sx1, Sx2, Sx:3, and Sxa4, where x represents the
phases, e.g., x=a, b, c. In Figure 2.4, the semiconductor devices are shown as Sa1, Sa2, Saz3, and

Sa 4 for phase a.

Half-bridge Configuration
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+

J t/c"'/2 :

a

4 a'c/"ylz iy =7

Figure 2.5: Three-level T-type NPC inverter topology.
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A T-type NPC is shown in Figure 2.5. In T-type NPC, four semiconductor switches per phase
are configures in two different configurations. Two among four are configured as half-bridge
configuration and another two are configured as common source configuration. However, the T T-
type NPC does not have any clamping diode, therefore, T-type NPC has less conduction loss. Both
3-L NPC and T-type NPC topologies share the same circuit dynamics, although their structures
are different. Therefore, rest of the section in this chapter focuses on 3-L converter modeling taking
T-type NPC as an example.

A typical 3-L T-type NPC topology is already presented in Figure 2.5, where each phase
consists of four switching positions, i.e., Sa1, Saz2, Sa3 and Sa4, using phase a as an example. The
Sa1 and Sas is in the normal half-bridge (HB) configuration, while the Sa2 and Sa3 are in the
common source (CS) configuration. The output voltage vectors generated by the T-type NPC [63]

can be expressed as,
2 2
V:E(va0+k~vbo+k V) (2.8)
where, Vao, Vbo and Veo are the output voltages generated by the inverter and k is e/?#%, Assuming

constant and balanced DC-link capacitor voltages (Vc1 = V¢2), the inverter phase terminal voltage,

i.e., line-to-neutral voltage, can be expressed as
v, =5 =< (2.9)

where x = a, b, ¢, and vdc = Ve1 +Ve2. The sy is the switching state of the phase x, i.e., P state, sx =1,
where the inverter output terminal is connected to the positive rail of the DC-link; O state, sx = 0,
where the inverter output terminal is connected to the neutral point of the DC-link; and N state, sx

= -1, where the inverter output terminal is connected to the negative rail of the DC-link.
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Table 2.1
Switching States of a 3-L T-type NPC

o Phase Voltage Gate Signals
Switching State sx 9 g
Vx0 Sx,1 Sx,2 Sx,3 Sx,4
P +Vg4c/2 1 1 0 0
0] 0 0 1 1 0
N —Vye/2 0 0 1 1
Vs
NPN.g=mmmmmmmm
#o /
/ /; .
/NPO
w
v, }’l oPP Vs

NPP :“\\ NOO'.

Figure 2.6: The voltage vector diagram for a 3-L T-type inverter.

Fig. 2.6 shows all the space voltage vectors or the real voltage vectors (RVVs, to distinguish
from the virtual space vectors defined later) that a 3-L inverter can generate. Although, the T-type
NPC and the 3-L NPC have different circuit configuration, however, they share the same voltage
vector diagram. Table 2.1 summaries the relationships between the switching states and output
terminal voltages for 3-L T-type NPC converter phase leg [64]. The gate signals of Sx1 and Sx3 is
always complementary to each other, so as the Sx2 and Sx.4. Based on Table 2.1, the switching state,
formed by sx of each phase and the extend form of the switching state, formed by Sx1 and S of

each phase of a RVV, Vi, wherei=0, 1, 2, ..., 19, can be expressed as
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Vi=[s,ss.] 0000 Switching States
o (2.10)
=[Sa1 522 So1 Sz Sy ez | ----Extended Form of Switching States

For all the RVVs, the elements of the extended form of the switching states are either 0 or 1.
Therefore, when one RVV is applied over a control cycle, there are no switching actions. For a 3-
L inverter, all of the RVVs can be divided into four categories based on their amplitude [26], i.e.,
large voltage vectors (V1 ~ Vs), medium voltage vectors (V7 ~ V1), smaller voltage vectors (Vi3 ~

V1g) and zero voltage vectors (Vo and V1).
2.5 DC-link Capacitor Selection

The DC-link capacitor helps to keep the DC-link voltage stable which is very crucial for
operating an inverter properly. Therefore, it is important to properly calculate the capacitance that
is need for a properly functional inverter. However, the DC-link capacitor typically holds a large
amount of volume in the full system. Therefore, to increase the power density, it is important to
select the capacitor carefully but at the same time optimum operation of the inverter is highly
desirable. The minimum allowable DC-link capacitance can be evaluated by [27]

AR,

Max TD

Cd min = VEINVE
| 2V, - AV,

(2.11)

where, 4Pmax IS the maximum change in the power or in the other words, maximum power variation
of the inverter system, Tq is the number of switching cycles that a controller needs to achieve APmax
or other words, response time of the voltage control loop which is typically 5-10 times of a
switching period, Vqc is the DC-link voltage, and 4Vqc is the maximum allowable voltage ripple on

the DC-link.
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In addition to maintaining the allowable ripple voltage in the system, the DC-link capacitors
must be able to provide the required ripple currents of the inverter under any loading condition.

The root mean square (RMS) input current to the inverter is given by

w28 (L s
'ms—\@\/ o MI(4+cos (oj (2.12)

where, Iv is the phase current magnitude, Ml is the modulation index, and ¢ is the power factor

angle. The dc component of the RMS input current of the inverter is
3
|AVG=E|M|\/|ICOS¢ (2.13)

Now, the capacitor RMS current can be calculated as [65]
Icap,RMs =4 I;MS - If\ve (2.14)

2.6 PMSM Control Approaches

PMSM runs at variable speeds with the help of variable frequency drive. In general, PMSM
control schemes can be divided into three categories, open loop control or volt-hertz (V/f) control,
field-oriented control (FOC) and direct torque control (DTC). Here, V/f falls under scaler control,
and rest of two which are FOC, and DTC fall under vector control approach for PMSM.

2.6.1 Scaler V/f Control

Induction machine runs in no-synchronous speed due to slip, in contrast PMSM operates at
synchronous speed and the speed is directly related to the frequency supplied by the controller.
And required voltage level is determined based on V/f ratio such that the ratio is kept constant. The
VIt control is an open loop control was developed for induction motor but later it was implemented
for PMSM as well. For gate signal generation from reference voltages, a voltage modulator is used.

Figure 2.7 shows an example of the V/f control implementation [66].
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Figure 2.7: Scalar V/f control scheme.
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There is no feedback path, therefore, it is considered as open loop control approach. The control
model is derived from steady-state mathematical model of the PMSM machine and in the control
scheme, most of the dynamics are ignored. Hence, the transient behavior is not satisfactory for this
kind of motor control. The electromagnetic torque cannot be controlled directly as well. However,
it is widely accepted due to its low cost, easily implementable and sensor less motion. Additionally,
the steady state performance of the V/f control for PMSM is quite acceptable. The V/f control has

its own field of application, e.g., pumps and fans [67]-[68].

2.6.2 Field Oriented Control (FOC)

The field oriented control (FOC) is a well-established vector control approach for electric AC
machines. FOC was first introduced in 1972 by Blaschke [69]. It is also known as advanced control
approach since it can achieve both amplitude and phase control of the output AC. With the help of
park and inverse park transformation techniques, the current components that are corresponding
to the magnetizing flux and torque in AC machines can be decoupled orthogonally so that the
magnetizing flux can be controlled individually without affecting dynamic response of the torque
and vice versa [70]. In the FOC, flux and torque are not directly proportional to the d- or g- axis
current. Therefore, the FOC is also known as indirect torque control. With the adaptation of speed

sensor, the FOC motor drive can achieve precise speed control with good torque dynamic
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performance. Although the FOC has several advantages over scaler control, however, the FOC is
complicated to implement and additional sensor, e.g., position/speed sensor is required. A

conventional FOC control schematic is shown in Figure 2.8 with closed look approach.
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Figure 2.8: Field oriented control (FOC) block diagram.

2.6.3 Direct Torque Control (DTC)

As a promising alternative to the widely used field oriented control (FOC), the direct torque
control (DTC) directly controls [5, 6, 71] electromagnetic torque and stator flux linkage without
using current control loop, therefore, possessing the merits of fast dynamic response, simple
implementation, and high robustness against internal and external disturbances. The DTC
approach was firstly proposed by Takahashi and Noguchi in 1986 [5] for induction motors (IM),
targeting low power applications. DTC strategy is very different from the FOC, for instance, it
does not need current regulators and the complicated coordinate transformation, e.g., park, clark,
etc., such that the position sensors can be eliminate [72]-[73]. Although the DTC was first proposed
for the induction machines (IM), unlike induction motors, PMSM doesn’t have any slip, hence the
same DTC architecture for cannot be applied to DTC for PMSM [74]. The angle between the stator

flux and the rotor flux linkage also known as the load angle is closely related to the electromagnetic
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torque. Therefore, the torque of the PMSM can be easily controlled by controlling the torque angle.

The control block diagram for DTC is shown in Figure 2.9.
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Figure 2.9: Direct torque control algorithm.

It is a noticeable advantage of DTC that all the control tasks are performed in the stationary
reference frame, therefore, it is inherently sensor less. Hence, DTC is an attractive solution for
many industrial applications. However, it suffers from several major disadvantages such as torque
and flux ripples which results higher ripples in the stator currents. Also it has bad performances in
low speed operations [75]. In this dissertation, the DTC algorithm was selected as a core research

topic and designed an advanced DTC with multi-objective optimization approach.

2.7 Conclusions

This chapter includes the mathematical modeling to the PMSM and the circuit configuration
the 2-L and 3-L converters. Brief comparison between the 2-L and 3-L topologies are also
discussed. The 3-L converter details are presented elaborately since this topology is adopted in this
research mostly. The switching states and voltage vector diagram are also shown in this chapter

for the 3-L converter. Then the control algorithms for PMSM are presented and brief comparison
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between them are mentioned. In this dissertation, advanced DTC is proposed to overcome the

inherent disadvantages of the conventional DTC, e.g., torque ripples, current ripples.
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CHAPTER 3

DTC APPROACHE FOR PMSM

3.1 Introduction

The basic operation principle of the DTC is to apply appropriate voltage vector directly to the
motor through the inverter based on the electromagnetic torque errors and stator flux linkage. In
DTC approach the hysteresis controllers are used to regulate the stator flux linkage and

electromagnetic torque with the non-zero voltage vectors [74].

This chapter discusses a details analysis and review of the conventional DTC schemes for
PMSM. First, the working principle of the conventional DTC is provided Then the stability criteria,
ripple analysis are presented, respectively. Finally, a conclusion is drawn based on the analysis

done in this chapter.

3.2 Conventional DTC Approach

Three most popular control algorithms for AC machines are described in the previous chapter
in section 2.6. The scalar and FOC schemes are the control schemes where the PWM modulator is
necessary for connecting the controller to the hardware. In this method, the AC reference signals
are generated by the control algorithms and then PWM signals are generated to operate the inverter.
In contrast, the voltage vectors, which are basically the switching states of the inverter are
calculated based on the machine’s status, without the help of the current regulator or PWM
modulator. Hench, the conventional DTC technique is noticeable from general PWM technique
and easy to implement. The Figure 3.1 presents a conventional DTC algorithm in block diagram
for PMSM. A conventional DTC scheme has three major parts [76], a) electromagnetic torque and

stator flux linkage estimation, b) hysteresis comparators, and c) a switching table. The
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electromagnetic torque and stator flux are used directly to measure the error between the torque
command and flux command, respectively. Depending on the flux tracking error, the stator flux
hysteresis controller selects active voltage vectors to restricts the flux trajectory within the pre-
determined hysteresis band. Additionally, the torque hysteresis controller selects both active and
null vectors based on torque tracking error to ensure the output torque tracks its command. In each
control cycle, the voltage vector, which is defined by Sa, Sy and S, is selected using the switching

table in the DTC.

~ Sa, Sp, Se
; Switching Table JGate Signals
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Figure 3.1: Direct torque control algorithm block diagram with flux and torque estimator.

The power converter that is used for the conventional DTC is the 2-L three-phase converter.
These power converter or inverters can output a total number of eight voltage space vectors.
Among eight, two are zero voltage vector when the output of the inverter is zero and rest of the
voltage vectors are active vectors. The voltage vector space diagram shown in Figure 3.2 is in af3

stationary reference frame and divided into six sectors and each sector is 60 degrees. The
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magnitude of the stator flux, i.e., |ys|, the corresponding sector number can be calculated from
properly designed flux estimator in af stationary reference frame. Then according to the sector
number calculated and the output of the hysteresis comparator, a proper voltage vector is selected
from the switching table. Since, the voltage vector selection is based on the torque and flux
hysteresis band the dynamic performance of the DTC is better than the FOC. The voltage space
vector diagram for a three phase 2-L inverter is shown in Figure 3.2. As an example of the voltage
vector selection, from the Figure 3.2, assuming the rotor of the motor is rotating counterclockwise,
and the stator flux vector, ws lies in the sector 1. Then, to maintain a circular or hexagon movement
of stator flux, four voltage space vectors are available, named V>(110), V3(010), V5(001) and
Ve(101). The increasing/decreasing of torque and stator flux can be obtained by selecting the
proper voltage vector, i.e., 1) if V2(110) is applied, both |ws| and torque are increased; 2) if V3(010)
is applied, the |ws| is decreased, while torque is increased; 3) if V5(001) is applied, both the |ys| and

torque are decreased; and 4) if V(101) is applied, the |ws| is increased, while torque is decreased.

Sector 4

NPT on Va0t N/

O

Se .

Figure 3.2: Direct torque control algorithm block diagram with flux and torque estimator.
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Table 3.1
Switching Table for Conventional DTC

Sector Number
ws  Tem 1 2 3 4 5 6
+1 V2 V3 Vs Vs Ve Vi
-1 Ve V1 Va2 V3 V4 Vs
+1 V3 Vs Vs Ve V1 V2
-1 Vs Vs V1 \/) V3 A2

According to the previous discussion, the switching table can be generated based on the torque
and flux hysteresis controller and the sector number which is shown in Table 3.1 [71]. The
switching table is constructed in such a way that the torque tracks the command quickly and

accurately and the stator flux is controlled circularly.

3.3 Stability of the DTC

In general, it is assumed that the electromagnetic torque and the load angle, ¢ of the PMSM is

positively correlated. However, this assumption needs to be verified to implement the DTC on

dT, - - -
PMSM [77]. In other words, d;“ > 0 criteria should be satisfied to ensure the stability of the DTC
for PMSM [74] and [78]. The torque equation can be rewritten as,

T, =2

™2 L 4L

q

p¥n IWslsin5+§p[i_Lijh,,sfsin(za) 3.1)
d

Equation (3.1) indicates that the electromagnetic torque is a function of load angle. To ensure
the increase and decrease of the torque Tem by increasing and decreasing ¢ respectively, in the other

words to determine the stability criteria, it is important to find monotonic increasing region for

(3.1)[79], i.e., dTﬂ >0, where dTﬂ can be achieved by
do do
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dT,, 3 _Wal|w| 3.1 1) p
em _Zp o+—P| ——— 20 3.2
2L cosd+> (Lq Ldj|y/s| cos(26) 3.2

To ensured(;r—gm >0, following condition needs to be satisfied,

2 8 2.2
cos(5) < Y TNV TOX Y (3.3)

4y,

L —-L
where y=——"

. For this dissertation salient pole IPM motor is considered, and the machine
d

parameters are presented in Appendix A-1. For a salient pole IPM motor, since L, >L,, x is

always positive and (3.3) can be further written as,

+ w2 +8%w7 +wl +8y°y?
—%<5<—cosl[wm Vm ZWSJ and cosl{‘/jm Vm ZWSJ<5<% (3.4)

dry, dyy,

Since the monotonic increasing region is expected to cover the whole range of load angle from

Tl [79], so
2 2

VitV +82°YC 35)

4y,

which further leads to

yo Yo by, (36)

X Lq - L
which is the boundary condition that must be considered when designing the DTC. This boundary
condition is the stability criteria for the DTC on PMSM which must be satisfied to operate the
motor without failing. It is possible to represent the relationship between the electromagnetic
torque and the stator flux graphically using the machine parameters and the torque equation of the

PMSM in Figure3.3.
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Figure 3.3: The relationship between the electromagnetic torque, Tem and the load angle, ¢ of
the PMSM.

3.4 Ripple Analysis of the DTC Approach

The conventional DTC suffers from electromagnetic torque and stator flux ripples. In this
section, the torque and flux ripples for PMSM drive are analyzed mathematically in terms of flux
space vector and load angle. The torque and flux ripples are analyzed in discrete form in this

section.

Form the Figure 3.4, y [K] is the stator flux magnitude at the k™ step in a-4 stationary reference
frame. 6, = w, [k]T,, where o, [k]is the rotor speed at k™ time. y is the angle between o reference

frame and the applied voltage vector. Now, y [k +1] can be defined as,
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where, Vi, Vs are the applied voltage vector in of stationary reference frame and Ts is the sampling

time. From (3.7),

v [k+1] =lw,[K]cosd, [k]+T,V|cosy

“ (3.8)
= |y, [k +1]i =y, [k]‘2 cos? 6, [k]+ 2|y, [K] T, V;|cos 6, [k]cos y + T2 V| cos? y
v, [k+1]|, = . [k]|sin6, [k]+ T,V [siny 9
=l [k+1] =|w, [K] sin® 6, [K]+ 2l [K]T, Mi[sin 6, [K]sin y +T2 V[ sin?y

Adding (3.7) and (3.8),
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v [k+1] =|w. [K][ +2|y. [K] k]cosy +sin 6, [k]siny ]+ T2 V[
Sl o g - LI B @9
= v [k+1]~|v. [K]|= ik [V[""s[k[‘cfi](‘ k][ i)” il
Flux change can be represented as,
v, [k+1] v, [k] = Ay [K] (3.10)
Therefore,
b, kg = 2L ‘V;[Sk[]l\(cfi ](‘i E'Z][; ]7‘ )+T.MI] (3.11)

From (3.11), it is visible that A

W, [k]‘ is a function of load angle and applied voltage vectors.

In order to achieve the tracking from the flux to its reference, the change of the flux should have

opposite sign with the flux tracking error. The A

w,[K]| cab be expressed as,

A

l//s [k]‘ = g (71V|)
Now, the active flux can be written as,

a =z//m+(|_d —Lq)id

Torque equation is presented in chapter 2 Equation (2.5). Substitute (3.13) into (2.5),

3P .
T, =>— a
em 2|—d |W5|Wd

Taking derivative of (3.14) with respect to time,
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a

dT,

em __

dl, _3P
at 2L,

d
Singx%JrgL_iwsm5X%+§L_F;|WS| W

a
d

v COSJ x (jj—f (3.15)

At k' step, (3.15) can be represented in discrete time as,

3P
ATem [k] = EL—
d

n//j[k]‘sin S[k]xA

v, [K]sins[k]xA

3P a
ws[k]‘JfEL—d v, [k]‘
(3.16)

3P
+__
2 L,

v, [K]

wg[k]‘cosd[k]xAé[k]

From Equation (3.16) it is clear that the stator flux magnitude and the loading condition affect
the flux weights and the load angle directly impact the electromagnetic torque ripples. Now, the

rate of change of torque can be defined as,

Ton [K+1] T, [K] = AT, [K] (3.17)

The torque T, [k]has the form of,

T [K]=5 Ly [K] s [k] sin 5[] (3.18)
Dividing (3.16) by (3.18),
AT, [K] Ak Alpdlk]  as[k]
= 3.19
Y ATy I T T Y .

Substitute (3.10) and (3.17) into (3.19), the load angle increment in discrete form can be written

as,
k+1 “lk+1
AS[K]=tan 5 [k]x SLEI N ALSD V/"E 1] (3.20)
Tem [k] lr//s [k]‘ l//d [k]‘
where, Al [k]‘ is calculated as. In (3.16), Aly, [k]‘ can be calculated from (3.11). AsA |y, [k]‘ is

a function of S[k] andV,, therefore, AT, [k]can be expressed as,
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AT, [K] = f(5[K]. M) (3.21)

It is clear from the above analysis that the torque and stator flux linkage changes are
approximately proportional to the sampling time, Ts. In the conventional DTC each voltage vector
is applied for the entire switching cycle, which is the main reason behind the torque and flux
ripples. In summary if the switching frequency is lower than the sampling time is larger. This is
why it is recommended to use higher switching frequency to reduce torque and flux ripples in DTC

based PMSM.
3.5 Conclusions

This chapter discusses the conventional direct torque control technique for the PMSM and
stability criteria for the DTC. A boundary condition is formulated for the PMSM motor running
using DTC approach to operate properly. The relationship between the electromagnetic torque, Tem
and the load angle, o of the PMSM is also presented in this section. Then the electromagnetic
torque and stator flux ripples are analyzed in discrete form. The torque ripples and the flux ripples
are proportional switching periods. Therefore, the DTC with lower switching period has higher
ripples. Therefore, in this dissertation, advanced DTC is proposed to reduce the ripples in the

conventional DTC.
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CHAPTER 4
ADVANCED DIRECT TORQUE CONTROL FOR THREE-LEVEL T-TYPE NPC

CONVERTER WITH INTRINSIC DC-LINK VOLTAGE BALANCING

4.1 Introduction

In this section, an enhanced novel DTC, using a redefined voltage space vector diagram, is
proposed. An all SiC 3-L T-type NPC converter is adopted to validate the effectiveness of the
proposed advanced DTC method for an interior permanent magnet (IPM) synchronous motor. Due
to the oscillations of the neutral-point (NP) voltage, the DC-link voltage balancing is a primary
challenge for the 3-L inverters. The voltage space vectors used in the proposed DTC only include
the real space vectors and virtual space vectors (VSV) that do not affect the NP voltage, such that
an inherent DC-link voltage balancing can be achieved without using additional DC-link
voltage/current sensors or active feedback controls. In addition, the use of the additional VSVs
and a multi-level hysteresis torque control in the proposed DTC algorithm can effectively reduce
the torque and flux ripples while enhancing the dynamic response which is the major advantage of
the DTC. Comprehensive simulations and experiments are conducted and presented later to

validate the effectiveness of the proposed control scheme.

4.2 Conventional and Proposed Direct Torque Control for Three-Level T-Type Converter

In this section, the conventional and proposed DTC for 3-L T-type inverter is presented. Also,
the effect of the real voltage vectors (RVVs) on the neutral point current and the torque and current
ripples are analyzed. To address the challenges in the conventional DTC for 3-L inverter an
enhanced DTC with the virtual voltage vectors is proposed and the performances are validated

with novel voltage vector diagram.
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4.2.1 Conventional Direct Torque Control Algorithm for 3-L Inverter

An all SiC 3-L T-type topology is presented in Figure 4.1, which is used for the DTC
implementation. The Sa; and Sas are in the normal SiC half-bridge (HB) configuration, while the

Sa2 and Saz are in the SiC common source (CS) configuration.
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Figure 4.1: Schematic of an all SiC T-type inverter.

The voltage space vector diagram is presented in Figure 2.6. Also, the output voltage generated
from 3-L inverter is shown in chapter 3 in detail. The control block diagram for conventional DTC
with 3-L T-type inverter-fed IPMSM is shown in the Figure 4.2 where the 4-level torque hysteresis
controller and 2-level flux hysteresis controller is shown. In conventional DTC for 3-L inverter,
the DC-link capacitor voltages or the neutral point current is measured, and this information is
used to validate the voltage vector selection, therefore, the DC-link capacitor voltages are

balanced. According to (2.3) and (2.4), torque and flux observers can be properly designed. In
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every control iteration in DTC, the estimated torque and flux are compared with the reference
torque and flux. The errors between the estimations and their references are fed to the torque and
flux hysteresis loop to select the appropriate voltage vector from the switching table. Table 4.1 is
the switching table of a conventional DTC for 3-L converter [34]. The 4-level (£2, £1) torque
hysteresis [80] and two-level (x1) flux hysteresis controllers, as shown in Figure 4.2 and Figure

4.3, respectively, are used for the conventional DTC for the 3-L inverter.

[Sa1 Sa2 Sba Sb2 Sc1 Se2]  Gate Signals

1 ]
r

Torque Hysteresis

Vector Diagram
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Figure 4.2: A block diagram of the conventional DTC for 3-L T-type inverter.
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Figure 4.3: Flux hysteresis comparator.
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Figure 4.4: Conventional four level torque hysteresis comparator.

Table 4.1
The Switching Table of the Conventional DTC for 3-L Inverter

Sector Numbers
2 3 4 5 6 7 8 9 10 11 12
+2 V2 Vg Vs Vo V4 Vo Vs Vi Ve Vi Vi Vy
+1 Vis Vs Vis Vis Vie Vie Viz Viz Vis Vis Viz Vis

HZ(Al/)s) H4(ATem)

+ -1 Vig Vis Viz Viz Viu Vi Vis Vis Vis Vise Viz Vir
—2 Ve Ve Vo Vi Vo V2 Vu Vs Vi Vi Vi Vs
+2 Vii Vs Vi Vo V7 Vs Vg Vg Vo Vi Vg V2

1 +1 Vis Vis Vie Vie Viz Viz Vig Vig Viz Viz Viu Vi

-1 Viz Viz Vs Vis Viz Viz Vu Vu Vis Vis Vis Vi
-2 Vs Viu Ve Vi Vi Vz V2 Vg Vi Vg Vi Vyp

As shown in Fig. 4.4, the stator flux is located in sector #1 and reference torque tracking error,
i.e., ATem, IS in the outer hysteresis band, i.e., Ha(ATem) = +2 or —2, there are four available voltage
vectors since the voltage vector numbers are finite unlike the space vector pulse width modulation
technique, i.e., two large vectors V, and Vs and two middle vectors Vg and V11. The increment and
decrement of the torque and stator flux can be ensured by selecting the proper voltage vector, i.e.,
1) if V2 is applied, both |ws| and torque angle, o, are increased; 2) if Vg is applied, |ys| is decreased,
while ¢ is increased; 3) if Vs is applied, both |ws| and o are decreased; and 4) if V11 is applied, |y

is increased, while ¢ is decreased. Similarly, if the stator flux is located in sector #1 while the ATem
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is in the inner hysteresis band, i.e., Ha(ATem) = +1 or —1, Fig. 4.5 shows the effect of all 4 available

voltage vectors. In Figure 4.4 and Figure 4.5, ¥, is denoated as the rotor flux.
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Figure 4.5: The voltage vector selection when ATen IS in outer hysteresis band.
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Figure 4.6: The voltage vector selection when ATem IS in inner hysteresis band.

Neutral point (NP) voltage oscillation is an inherent issue for all 3-L NPC inverters using
conventional DTC, which can lead to distorted output voltages and increased voltage stresses on

the power devices [80] and [81]. Uneven charging or discharging of the capacitors C1 and C» occur
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whenever any of the phase terminals of the 3-L inverter is connected to the NP, i.e., node O in Fig.
1. In the 3-L T-type inverter, both medium and small voltage vectors contribute to the NP current,
in. In practical applications, the average NP current over a switching cycle can be kept as zero to
keep the dc link capacitor voltage balanced. Generally, the small voltage vector can be utilized to
minimize the voltage unbalance at the neutral point since each of them has their identical pair
voltage vector with opposite neutral point current [33]. For example, from Fig. 4.5. assuming that
the estimated flux vector is in sector#1 and small voltage vector V14 is selected; then based on the
polarity of the neutral point voltage and current, either voltage vector ‘PPO’ (in = ic) or ‘OON’ (in
= -i¢) can be applied. Thus, the neutral point voltage can be balanced by choosing the voltage
vector carefully, based on the measured polarities of the neutral point voltage and current.
Therefore, the conventional 3-L converter needs sensor to measure Vci, Ve2 and in, Which increases

the cost of the overall system.

4.2.1.1 Effect of the Real Voltage Vectors on the Neutral Point Voltages

T
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Figure 4.7: Circuit diagram for vectors and their influence on NP voltage.
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For a 3-L T-type NPC converter, the DC-link usually consists of two identical capacitors
sharing the entire DC-link bus voltage. In the P state, the voltage of the phase terminal with respect
to the DC-link neutral point, i.e., Vp, equals to the voltage across the top capacitor. During N state,
the voltage of the phase terminal with respect to the DC-link neutral point, i.e., Vn, equals to the
voltage across the bottom capacitor, but with an opposite sign. For a 3-L converter, the |Vp| and
|Vn| should be identical if the voltages across the two DC-link capacitors are the same, i.e., the top
and bottom capacitors sharing the dc bus voltage equally. Otherwise, the output voltage waveform
will be distorted with increased harmonic components and increased voltage stresses on the power
devices [80] and [82]. Therefore, the DC-link voltage balancing is necessary to reduce the

harmonic and maintain the essential function of the converter.

There are four types of voltage vectors for a T-type NPC converter, with each of them has
different influence on the NP voltage, i.e., the voltage of the NP with respect to the ground. To
analyze the influence of different vectors, as shown in Figure 4.6, Sectors 2 and 3 are used as an
example for illustration. In Figure 4.7, the equivalent circuits for the large vector Vi (PNN),
medium vector V7 (PON) and small voltage vector V13 (POO and ONN) are presented [36]. When
V1 is applied, as shown in Figure 4.7 (a), both top and bottom capacitors are connected in the
circuit, while the NP is not connected to the load. Therefore, the two capacitors are either charged
or discharged by the same current with opposite polarity. Consequently, V1 does not lead to DC-
link voltage unbalancing. When V7 is applied, as shown in Figure 4.7 (b), both the top and bottom
capacitors are connected in the circuit as well. However, the NP is also connected to the load,
which leads to a non-zero NP current. Therefore, the currents flow through the two DC-link
capacitors are different, which can cause DC-link voltage unbalancing. The two possible switching

states for the small vector Vi3 is shown in Figure 4.7 (c) and (d). These two switching states, i.e.,
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POO and ONN, connect different DC-link capacitors to the load through the NP. When i, > 0,
switching state ONN reduces V¢2 and leads to a positive AV, i.e., AVdc = Ve2 — Ver, While POO
reduces Vi1 and leads to a negative AVge. When ia < 0, the result is the opposite. As a conclusion,
the medium voltage vectors affect the NP voltage; the two switching states of a small vector have
opposite influence on the NP voltage. If the voltage vectors are not selected carefully, the DC-link
voltage unbalance can occur and as a result this unbalanced DC-link will affect the torque and

current ripples.

4.2.1.2 Effect of Unbalanced DC Link on Torque Ripple and Stator Current Ripple

In a conventional DTC for 3-L converter, in general only one voltage space vector is applied
throughout an entire sampling period. According to previous discussion, if one of the small or
medium voltage vectors is applied, the unbalanced DC-link voltage will occur, which can lead to
increased ripples in the stator currents. The stator current ripples can cause the torque ripples which
a major issue of the DTC as well [83]. Due to the complexity to derive an explicit model of toque
ripple due to dc link unbalance in a multilevel DTC drive for an IPM motor, in this work, a
numerical analysis was guided to visualize the relationship between the torque ripples and stator
current ripples due to the DC-link capacitor voltages unbalancing. The key parameters of the IPM

motor are presented in in appendix as Table A-1.

Figure 4.8 represents that effect of the AVqc on the torque ripple. In the figure the torque ripple
and AVqc are shown in percentage (%). The study has been conducted in different loading
conditions such as full load torque, 50% and 25% of the full torque. It is clear from the Figure 4.8
that when the DC-link capacitor voltages are unequal the torque ripple would be higher. It is also

worth to mention that the torque ripple reduces at higher speed. Figure 4.9 shows the effect of AV
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on the stator current THD. It is possible to conclude from the figure that when the DC-link
capacitor voltages are not balanced evenly or if there is any presence of bias/offset between two

DC-link capacitor voltages, the stator current THD would be higher.
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Figure 4.8: Relationship among torque ripple (%), AVqc and speed (RPM).
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Figure 4.9: Relationship among stator current THD (%), AVqc, and speed (RPM).
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4.2.2 Proposed Direct Torque Control for 3-L Inverter

The DC-link unbalancing issue in the conventional DTC for a 3-L converter can be mitigated
by sensing the two capacitors’ voltages and/or the NP current to determine the proper voltage
vector, which however can increase the system cost and the controller complexity. Now, for a 3-
L NPC converter, NP current, in is the main reason behind the DC-link balancing or unbalancing.
Ideally, the average neutral point current, in, should be kept zero within a switching cycle, Ts to
keep the capacitor voltages balanced [81]. In order to achieve the zero average neutral point
current, the virtual voltage space vectors concept can be adopted, which is first introduced in [84].
In this dissertation, the VSV concept is integrated with the DTC scheme, and VSVs are generated
by using the combinations of real voltage vectors (RVVs). The objective of proposed DTC is to
achieve an inherent DC-link voltage balancing without using the additional dc link voltage and
current sensors. In the proposed DTC method for IPM motor, only the voltage vectors, including
original large voltage vector and the VSVs, that do not affect the NP voltage are used. In addition,
due to the use of additional VSVs in the DTC, the ripples in the stator current and torque can be

reduced significantly.

4.2.2.1 Proposed Space Vectors Generation and Space Vector Diagram

Effect of the real voltage vectors on the neutral point voltages are discussed in Section 4.2.1.1.
According to the analysis, among all the RVVs, the large voltage vectors (V1 ~ Ve) do not affect
the NP voltage in other words no neutral point current flows, while both medium vectors (V7 ~
V12) and small vectors (V13 ~ Vig) can lead to the oscillation of the NP voltage. This conclusion is
illustrated in Figure 4.10 (a), where it is also seen two regular hexagons formed by different voltage

vectors, i.e., (1) large voltage vectors (V1 ~ Vg) form the outer hexagon and the medium vectors
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(V7 ~ V12) and (2) small vectors (Vi3 ~ Vig) form the inner hexagon. In Figure 4.10, the voltage
vectors end with red dots are the RVVs which is also the large voltage vectors that do not affect
the NP voltage and NP current, while the voltage vectors end with yellow stars are the RVVs which

are medium and small voltage vectors, affecting the NP voltage and NP current.

Vector has impactto . Vector has no impact to o0
NP voltage NP voltage

Real Space Vector  ——» Virtual Space Vector —_—

Figure 4.10: The proposed space vector diagram.

Figure 4.10 (b) is the proposed voltage space vector diagram. On the outer hexagon, the
original medium RVV (V7 ~ V1) are all replaced by the VSVs, while the large RVVs remain the

same. The VSVs replacing the original RVVs are still using the same vector numbers but
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differentiated by a different color in Figure 4.10 (b). On the inner hexagon, the original small RVV
(V13 ~ V1s) are all substituted by the VSVs. In addition, similar to the medium voltage vectors with
their tips on the middle of the sides of the outer hexagon, six additional VSVs (V33 ~ Vas) were
added, and their tips are on the middle of the sides of the inner hexagon. Likewise, to reduce the
torque and flux ripple, a middle hexagon is added, which is formed by 12 new VSVs, i.e., V2o ~
V3a1. The tips of VSVs V2o ~ Va5 located on the middle of the sides of the middle hexagon, while
the tips of VSVs Va6 ~ Va1 located on the vertices of the middle hexagon. The details of each

hexagon are illustrated in Figure 4.10 (c)-(e).
All the 36 new non-zero voltage vectors in Figure 4.10 (b) are synthesized as follows,

1. The large voltage vectors, i.e., V1 to Ve, are preserved same as the original since they do not
affect the NP current.
2. The VSVs V7 to V12 are synthesized by applying each of the two nearest large voltage vectors

for Ts/2. Using V7 as an example

v =V1[0]+V2[0] _ [PNN]+[PPN]
' 2 2
_[1+1 1+10+10+10+0 0+0}
12 2 2 2 2 2

=[11050500]

(4.1)

For the new V7, each of the Vi with switching state PNN and V. with switching state PPN is
applied for half of the sampling period, i.e., Ts/2. This new voltage vector is equivalent to middle
RVV but does not contribute any NP current. In addition, it is obvious to observe from (4.1) that
the elements in the extended form of the switching state for the VSV may be fractional number,

which is different from RVV, where all the elements are either 1 or 0.
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3. For the VSVs Vi3 to Vs, using Vi3 as an example,

Vlg:%(vls[ia]Jrvm[—ia]):[P © O]_;[O N N]

~|1+0 1+1 0+0 1+0 0+0 1+0
2 2 2 2 2 2

(4.2)

}:[0.5 1 0 05 0 03]

where V13[ia] is the original small RVV with switching state POO, which leads to an NP current
ia; V13[-ia] has switching state ONN, which leads to an NP current -ia. According to (4.2), if each
vector is applied for half of the sampling period which is denoted as Ts/2, the average NP current
over a sampling period Ts should be zero, such that when this synthesized VSV is applied, the NP

voltage would not be affected.

4. The VSVs, Vo to Vs, are generated by the nearest two small RVVs and the middle RVV, so
that the NP current is zero. For instance, Vo is synthesized as,

1 . 1 . 1 .
Vzo = §V13 [Ia]+§vl4 [Ic]+§v7 [Ib]

[O N NJ+[P P O]+[P O N]

3
_ 0+1+1 1+1+1 O+1+0 O0O+1+1 4.3)
3 3 3 3
0+0+0 0+1+0}
3 3

=[0.6667 1 0.3333 0.6667 0 0.3333]

5. The VSVs, Va6 to Va3 are synthesized by tacking 2/3 of their corresponding large voltage vectors

and 1/3 of the zero-voltage vectors. For instance, Vs is calculated by,
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v2—2v1[0]+%v19[0]:§[P N N]+%[N N N]

° 3
B (2><1)+0 (2><1)+O (2><O)+0 (2><O)+0
{ 3 3 3 3 (4.4)
(2><O)+O (2><O)+0
3 3 }

=[0.6667 0.6667 0 0 0 0]

In (4.4), V1 and V19 are used, which don’t affect NP current, to generate Vzs. Therefore, V26 does

not affect have any effect on the NP current.

6. The VSVs, Va3 to Vag are generated using the two nearest small VSVs. As an example, Va3 is

calculated as,

1 05+05 1+1 0+05 05+1 0+0 0.5+05
Vi = E(VlS [0] +Vi, [0]) - ‘: 2 2 2 2 2 2 } (4.5)
=[05 1 025 0.75 0 05]

4.2.2.2 Proposed Multilevel Torque Hysteresis Controller

A multilevel torque hysteresis band is needed for the proposed novel DTC since the proposed
voltage vector diagram has three layers of voltage hexagons, hence a six-level torque hysteresis
controller as shown in Figure 4.11 is proposed and applied to the proposed advanced DTC. The
+HBr represents the outer torque hysteresis band, while the £a'HBr and £-HB+ are the inner and
middle torque hysteresis bands, respectively. The values for the o and f coefficients are tuned
offline to trade the dynamic response against the steady state torque tracking error. When the
torque tracking error falls within the inner band, i.e., the output of the torque hysteresis Hs(ATem)
= %1, the voltage vector to be applied in the next control cycle is chosen from the vectors on the

inner voltage hexagon, i.e., Viz ~ Vig and Va3 ~ V3g, which has the lowest impact to the torque.
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When the torque tracking error falls within the middle band, i.e., Hs(ATem) = £2, the voltage vector
to be applied in the next control cycle is chosen from the vectors on the middle voltage hexagon,
i.e., Voo ~ Vas and Vas ~ Va1, which has higher impact to the torque than the small voltage vectors
due to the higher voltage magnitude. For other conditions, the outer voltage hexagon voltage
vectors are applied. The proposed switching sequences or the voltage vectors depending on the

torque and flux hysteresis loop is shown in Table 4.2.

Ho(A Zem) A *3
+2
—B-HBr —o-HBr ,_|*1 +HB
A\ 5
LN ATem
—-HBr -1l +o-HBy +B-HBr
2
-3

Figure 4.11: Modified 6-L torque comparator.

Table 4.2
The Switching Table of the Proposed DTC for 3-L Inverter

Sector
2 3 4 5 6 7 8 9 10 11 12
+3 Va2 Vs Vs Vg V4 Vo Vs Vi Ve Viz Vi V7
+2 Vaz Va1 V2g V22 V29 Va3 Vi Vo Vs Vs Vs Voo
+1 Vis Vs Vis Vs Vig Vzs Viz Viz Vig Vig Viz Vs

H(AYs) He(ATem)

+ -1 Vis Vis Vis Vi3 Vg Vs Vis Vs Ve Vis Vir Va7
—2 Va1 Va5 Vo Voo Vo2r Vo Vag Va2 Vo9 Va3 Vi Vo

-3 Vi Ve Viz Vi Vz V2 Vs Vi Vg Vi Vo Vs

+3 Ve Vi Vo Vi Vo Vs Vi Ve Vo Vi V7 V:

+2 Vas Va2 Vo9 Vo3 V3o Vas Va1 Vas Vs Voo Vor Vo

. +1 Vis Vss Vie Vi Viz Viz Vis Vig Vis Vi3 Vg Vi

-1 Viz V37 Vig Vi Viz Vizz Vi Vas Vis Vis Vig Vaze
-2 V3o Vo Va1 Vs Ve Voo Vor Vo Vg V2o Vi Vs
-3 Vs Viu Ve Viz Vi Vz V2 Vs Vi Vo Vi Vyp

49



4.2.2.3 Generate Gate Signals for the VSVs Using a Modulator

An external modulator [85]-[86] is used to generate the gate signals for the VSVs to be used
in the proposed DTC controller. This modulator compares the elements in the extend form of the
switching states of voltage vectors, which are similar to the duty ratios, selected by the DTC
algorithm to a carrier waveform having a fixed switching frequency. As an example, Figure 4.12

shows gate signal generation for the VSV Vas, whose extended form of switching state is [Sa,1 Sa2

Sb.1 Sb2 Sc.1 Sc,2] =[2/3101/3 1/3 2/3].

Sa. 1

Phase A

Sa.?

Sb,l

Phalse’ B

St

Figure 4.12: Gate signal generation of voltage vector Vas.

[Sa.1 Sa2 Sb.1 Sb2 Sc.1 Sec2] Gate Signals
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Figure 4.13: Overall block diagram of the proposed DTC.
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4.2.2.4 Overview of the Proposed DTC

The block diagram of the proposed DTC approach is presented in the Figure 4.13, which still
includes the hysteresis controllers for the stator flux linkage and the electromagnetic torque and
their corresponding estimators. The flux hysteresis controller is the conventional 2-L hysteresis
with the output as H2(Ays), as shown in Figure 4.2, while the torque hysteresis controller is the
proposed 6-L hystersis, where the output is denoted as He(ATem) and shown in Figure 4.11. The
H2(Ays) and He(ATem) are used to identify the optimal and proper voltage space vector to be
applied in the next control cycle from the Table 4.2, which is the siwtching table for the proposed
DTC. Once the optimal voltage space vector is selected, its extended form of switching state is
sent to an external modulator which is shown in Figure 4.12 to generate all the gate signals for a
T-type inverter. Due to the use of one or more voltage vectors over a control iteration, the
equivalent switching frequency is higher than the conventional DTC, which helps reduce the
current and torque ripples. Compared to the SVM-DTC, since the proposed DTC still uses the

discrete voltage vectors, which preserve the major merits such as the fast-dynamic performance.

4.3 Conclusions

In this chapter, an enhanced DTC scheme was proposed for 3-L T-type converter with inherent
dc link voltage balancing capability. As mentioned earlier in this chapter that the neutral point
current flow is the reason behind the DC-link capacitor charging and discharging. Now if over one
switching cycle the average of the neutral point current is not zero then the DC-link capacitor
voltages are not balanced. This affects the other important variants in the system such as torque
and stator current ripples. To eliminate the DC-link unbalancing issue and to reduce the torque

ripples and stator current ripples, the novel DTC with virtual voltage vectors is propositioned. Due
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to the use of the additional VSVs, compared with the conventional DTC, the proposed DTC can
effectively have higher average switching frequency which also helps to reduce the torque and
stator current ripples. The dynamic performance is similar to the conventional DTC since the

proposed novel DTC used discrete number of voltage vectors.
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CHAPTER 5
SIGNAL INJECTION BASED OPTIMAL REFERENCE FLUX SEARCHING

APPROACHES FOR DIRECT TORQUE CONTROL
5.1 Introduction

As mentioned in the previous chapter, the DTC has two reference commands, i.e., torque and
flux command. By definition the torque needs to be commanded externally for DTC algorithm.
However, to improve the efficiency of the DTC it is important to make sue the DTC is running in
optimum flux command which is also known as the maximum torque per ampere (MTPA)
condition. The MTPA approach is not only needed for the efficiency improvement but it also
improves the power density of modern AC drives. The fundamental objective of the MTPA
algorithm is to generate required electromagnetic torque using the smallest stator current possible

for a particular operating condition, such that the motor copper losses can be significantly reduced.

The maximum torque per ampere (MTPA) strategy is often necessary for an FOC based IPM
drive system to improve the efficiency and power density [87]. The basic idea to get MTPA point
for FOC is to nullify the stator flux component along d-axis [88]. This can be achieved by making
d- axis stator current component to zero. For FOC method, different MTPA approaches can be
found in several papers. In [89], a sinusoidal perturbation signal is used to detect the MTPA point
for field oriented control. In [90], MTPA is achieved by calculating reference d- and g- axis current
for a constant torque region. MTPA operation also can be obtained by implementing synchronous
reference frame by controlling the reference flux amplitude according to [91]. In [92], MTPA is
implemented using signal injection method like [90], [93], [94], [45] and [44] with modification

by implementing extremum seeking control for synchronous permanent magnet motors. The
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synchronous reference frame based approach for vector control has some disadvantage due to
machine parameters uncertainty and nonlinearity [36]. There is a virtual signal injection method
[95], [96] to track MTPA points, robust to flux observer error and motor parameters variation in
MTPA points. Though this control scheme does not cause any iron loss as it is based on virtual
signal injection, however it is a method with slow converging rate and poor dynamic response. On
the other hand, not much of work has been done for MTPA in direct torque control in IPM motors.
DTC has several advantages in terms of control. DTC does not need any current loop and does not
need any rotor positions. The optimal flux searching approach can also be implemented in DTC
of IPM motors. Generally, existing optimal ys  selection methods can be classified into two
categories, i.e., the look-up table (LUT) based approach and the direct calculation method [90],
[52] and [49]. In the first category, time consuming offline tuning is required to find out the optimal
flux reference for each operating point and then these optimal references will be stored ina LUT
to be utilized in the controller. Most of the MTPA approach use LUT based reference flux
searching approach because of the complexity between the torque and stator flux linkage relation
in direct calculation method [52]. The direct calculation method also relies on the machine model,
which usually assumes that the motor parameters are constant, which however is not always valid,
since IPM, motor parameters are affected by the stator currents, magnetic saturation, cross
coupling effect and temperature. Therefore, both methods have obvious disadvantages, e.g., needs
tremendous tuning effort and/or vulnerable to the variations of machine parameters. To reduce the
dependency on motor parameters for MTPA approach, a flux searching approach has been
proposed for DTC in [52]. The approach does not have any dependency of machine parameters;
however, its accuracy is affected by voltage and current harmonics and torque variations. In [36],

a signal injection based MTPA point tracking algorithm is proposed which is based on extremum
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seeking control (ESC) [97] and [98]. The MTPA tracking method used in [36], is based on a
random signal injection with variable frequency instead of using fixed frequency to avoid the
residual torque harmonic at the injected signal frequency. Due to random signal injection and
variable frequency, additional copper/iron losses will occur. Moreover, the MTPA control quality

would degrade because of the errors in flux observer.

In this chapter, first a brief analysis, mathematical and graphical representation are discussed.
Then the signal injection based Perturb and Observe (P&O) method is proposed. To eliminate the
drawbacks of the P&O further, an extremum seeking control algorithm is proposed for optimal

flux searching for DTC.

5.2 Maximum Torque Per Ampere (MTPA) for IPM Motor

It is important to understand the relationship between the optimal flux reference and the MTPA
operating points before proposing a better flux searching algorithm than the current state of the art.
The dynamics of the machine model is already presented in Chapter 2. From (2.3) and (2.4), both
the magnitude of the stator current, i.e., |ls|, and |ys| can be expressed as a function of ig, i.e., f(iq)

and g(ia), respectively.

- = f(iy) (5.1)

. 4 em .
|l//s|= (lr//m+Ld|d )2+_ . - :g(ld) (52)
9

Combining the two equations (2.4) and (5.1) to eliminate iqg will result in a relationship between

|ls| and |ws|, which however cannot be expressed explicitly due to its highly nonlinear behavior.
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Therefore, in this chapter a numerical analysis is performed to study the relationship between |ls|
and |ws|. Figure 5.1 shows the nonlinear relationship between the |Is| and |ws|, considering an IPM
motor with major parameters shown in Table A-1 in appendix section. For all possible, ig, €.9., id
€[-10, 10] A. At each specific command torque, the figure of |lIs| vs. |ws| is a convex and a unique
optimal ys" exists which leads to the minimum |ls, e.g., the red circles shown in Figure 5.1. If this
optimal ys" point can be identified online, the corresponding torque Temo can be achieved with the
minimum stator current, |ls|. This concept is identical to the basic idea of MTPA, which however
describes the relationship between |Is] and Tem. The relationship between iq and iq for MTPA

trajectory [90] and [28] can be expressed as

: % v "
— m _ m (53)
ly 2(|—q_Ld) \/4(L —Ld)2 +1g

q

Using (5.2) and (5.3), it is possible to plot the profile of |lIs| vs. |ws| under MTPA condition,
which is represented by the black vertical segment in Figure 5.1. It worth to be noted that this
MTPA trajectory crosses every optimal reference flux, ys*, which indicates that these optimal
reference flux, ws* are equivalent to the MTPA operating points. Therefore, if the IPM DTC drive

operates at these optimal ws*, the MTPA operation condition can be achieved successfully.
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Figure 5.1: The profiles of || vs. |ys| at different torque operating points.

5.3 Perturb and Observe Method for Two-Level Inverter-fed DTC

In this section, a perturbation and observation (P&QO) control, which is also known as the hill-
climb search method [99] is proposed to find the optimal reference stator flux linkage, s~ online.
Any prior knowledge of the drive system is not needed for the proposed method, and it is totally
independent of the machine parameters. Therefore, any offline tuning procedure is unnecessary,
and this method will be robust against parametric variations of the IPM motor. The proposed P&O
method has been widely used in maximum power point tracking (MPPT) for renewable energy

conversions [9].
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Figure 5.2: The flow chart of the proposed optimal s searching algorithm.

A flow chart of the proposed online optimal ys" searching algorithm [28] is presented in Figure
5.2. During the search process, the reference s is continuously adjusted by a constant increment
or decrement of A in each step, i.e., the period of the search algorithm, which is different from the
sampling period of the main DTC algorithm. The magnitude of the injected A will lead to a
variation of the magnitude of the stator current, Is. As shown in Figure 5.2, when the stator flux
reference is smaller than its optimal value which is left hand side of the minimum point of the
curve shown in Figure 5.1, the increase of |ys| will lead to the decrease of |Is|; when the stator flux
reference is larger than its optimal value which is the right side of the minimum point of the curve

shown in Figure 5.1, the increase of |ws| will lead to the increase of |Is|. Therefore, by evaluating
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the difference between two consecutive current samples Is[n] and Is[»—1], i.e., |Is|[n] — |ls|[#—1],
and |ws|[n] — |ws|[n—1], the proposed approach’s flow chart shown in Figure 5.2 will be able to

identify the reference stator flux to be used for the next step online.
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Figure 5.3An overall block diagram of the DTC drive with the proposed online optimal ys"
searching algorithm.

The overall block diagram of the DTC integrated with proposed optimal s~ searching
algorithm is illustrated in Figure 5.3. In addition to the online optimal s searching algorithm, a
magnitude calculator, which is designed to determine the |ls|, and a moving average based low pass

filter (LPF) are required.

5.4 Extremum Seeking Control Algorithm (ESC)

In this section, to discourse the issues with existing signal injection-based flux searching

approaches, an ESC algorithm is proposed to find the optimal stator flux reference in real-time
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more efficiently and quickly. The ESC is a non-model based real-time optimization approach [97]
from adaptive control algorithm family, which mostly deals with the system, where the reference
to output map cannot be expressed unequivocally but an extremum does exist. The ESC approach
was firstly presented in early 1920s in Leblance’s work to find the resonance peak of an
electromechanical system [100]. The nonlinear nature of this kind of adaptive controller was
shown in [90], [101]. It is an alternative approach to the offline techniques and other signal
injection-based techniques that depends on the predetermined information and/or machine model
parameters. The basic idea of ESC for DTC is to inject a high frequency sinusoidal signal with a
small magnitude in the flux control loop and the system response can be extracted from the stator
current which has the information of the effect of signal injection in flux control loop and that can
be exploited to identify the optimal flux reference. There are various implementation methods for
the ESC, however maintaining system stability is difficult. In this chapter, the proposed novel ESC

algorithm can ensure the effectiveness of optimal reference flux search while maintaining stability.

5.4.1 Extremum Seeking Control Algorithm for Advanced DTC

In DTC algorithm, the torque reference either can be a directly commanded value or obtained
from the output of a speed regulator. The w5, which is the reference of the stator flux at a certain
operating condition, i.e., a specific combination of motor speed, torque, and DC bus voltage, can
be obtained using optimization strategies which are similar to the MTPA for FOC. However, the
existing optimal s~ selection methods, i.e., LUT-based and the direct calculation methods, have
obvious disadvantages, e.g., require tremendous tuning effort and/or vulnerable to the variations
of machine parameters. Therefore, a novel extremum seeking control algorithm is proposed for

direct torque control approach.
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5.4.2 Boundary condition for Extremum Seeking Control Algorithm

From (2.2) from chapter 2, d, q axis stator currents, iq and iq respectively can be rewritten as,

i Y% ¥ and iq :% (5.4)

Iy, =
d L
d q

Substituting (5.4) into (2.4), the equation for the electromagnetic torque can further written as,

3 |y 1 1
T =2p| &y 4 (——— 5.5
m =5 Lj 78 (Lq Ld)wdwq} (5.5)

In (5.5), d and q axis flux linkage can be articulated in the polar form as, w4 = ws-c0sd and yq
= ys-Sind, where ¢ is the load angle, which is the angle between the stator and rotor flux linkages.

Now, the torque equation (5.5) becomes,

3

m__

PV ins+3p| L - L |2 sin(20) (5.6)
L, 4 L L

q

Te

Equation (5.6) specifies that the electromagnetic torque is a function of load angle. To ensure
the increase and decrease of the torque Tem by increasing and decreasing o respectively, it is

important to find monotonic increasing region for (5.6) [79], i.e., d;-;“ >0, where ddT—;“ can be

derived as

Ao _3p¥als oe5 3p[ L_L w? cos(26) (5.7)
ds 2 L, 2 |, L

To ensured;-—;m >0, following condition needs to be met,

2 2.2
COS(5)<wm+\/wm+8ﬂc Vs

(5.8)
dyy,
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- Ld

L, .
where y =-— . For a salient pole IPM motor, since L, > L,, x is always positive and (5.8)

d

can be further presented as,

+ w2 +8°y?
%<5<Cosl[l//m l//m Z VISJ

dyw, 5.9)
+Jp? +8 1%y ? |
Cosl[l/lm l/lm Z l//s J<5<Z
dry, 2

Since the monotonic increasing region is expected to cover the whole range of load angle from

~Z to Z [79], therefore,
2 2

VitV t82WC

(5.10)
dyy,

which further leads to

o L

R (5.11)
X Lq - Ld

which is the boundary condition that must be considered when the reference stator flux is chosen

for DTC.
5.4.3 The Proposed ESC and the Related Signal Processing

The ESC is a non-model based real-time optimization approach for dynamic problems where
only limited knowledge of a system is available, such as a system has a nonlinear equilibrium map,
which has local minimum or maximum. Several books on ESC were published in 1950s-1960s

[90]. The nonlinear nature of this kind of adaptive controller was shown in [101].
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A novel ESC algorithm is proposed for the IPM motor to find the optimal reference flux, i.e.,
wop , in real-time in this section. This flux searching approach does not require prior knowledge of
the motor drive system which is a great advantage for a searching algorithm. In the searching
process, a high frequency pulsating signal, i.e., ysn” = Asin(wct), where A is the amplitude and
is pulsating frequency, is injected and superposed onto the original stator flux reference wso'.
According to Figure 5.4, when s ," signal is injected, high frequency response can be found in the

stator current, which can be denoted as

I, ~ +r:r+A.(;L.sin(wct) (5.12)

V/S

v

csccscscssshbeccccccccccccccccccsncscccscssndennne

N

w.,=Asin(w,L)

Figure 5.4: An illustration for the response of the stator current to injected high frequency
stator flux.
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where T, stands for the steady state response to wso” and I is the high frequency response to ysp”.

As exhibited in Figure 5.4, the stator current may have different responses to the injected high
frequency signal, wsn", which depends on the operating point of the IPM motor. When IPM
operates on the left hand side of the MTPA operating point, dls/dys is negative, while when IPM
operates on the right hand side of the MTPA operating point, dls/dys is positive. If IPM operates
exactly at MTPA operating point, theoretically dls/dys is 0. Therefore, with the injected high
frequency signal, wsn", based on the information of dls/dys, which can be extracted from Is, ESC

can be designed to enforce the IPM to operate at the MTPA operating points.

The block diagram of the proposed novel ESC is presented in Figure 5.5. The magnitude of
stator current can be calculated based on the measured phase currents ia, ib and ic. Then, using an

HPF, the high frequency response term i in (5.12), which contains the information of dls/dys, can

be extracted. To extract the information of dls/dys, a demodulator is designed using wsp” since,

dis/dys in I, is modulated by the injected high frequency sinusoidal signal and represented as,

2 2
Iyl =A dl -sinz(a;ct):iﬂ—i dl, sin(2a,t) (5.13)
| dy, 2 dy, 2 dy,
Initial Flux Vo
Reference
dl (4] .
, 3 W,
ngh-pass Low-pass PI yls,comp + -
filter filter
—> 1t
l//:,h = A Sin (a)ct) l//:,comp

Figure 5.5: The block diagram of the proposed ESC algorithm.
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As expressed in (5.13), I, -y, contains of a dc term, which is proportional to dls/dys, and a

high frequency term. Then using a low-pass filter, the information of dls/dys can be extracted. To
ensure the optimal operating, in this work, a proportional integral (P1) controller is designed to

administer dls/dys to be zero.

. k. dl
l//s,comp :(kp +€Ijﬁ (514)

where, kp and ki are the PI gains. The output of the Pl stage, i.e., i, is used as a compensation
term as part of the stator flux reference, i.e.,
We=Weo+Wecom + Wen (5.15)

5.4.4 Stability Analysis of ESC based Optimal Reference Flux Searching

1000
® 500
WV > §I 0 ]S 2
RrESssesenesseons ; \' """"""" ) ® 50
5 . :\ J: * : 100(()' 02 0.03 0.04 0.05
P Asin( )Yy v,
: V4 B Bt e e e e
E s ,comp :
k . k. & @, Y 7 High-pass
: ) Filter :
: S il :
5 sin(,t)

ESC Scheme

Figure 5.6: Equivalent DTC controlled PMSM with ESC.

Since the proposed ESC determines the optimal reference flux for the DTC of the PMSM, the
stability analysis of the proposed ESC is critical for the appropriate system operation. The stability

analysis for the ESC and/or other similar approach for reference flux searching is usually
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performed in the existing literature. However, from the system perspective, an IPM motor is
controlled by DTC, and the proposed ESC generate the reference flux for the DTC, leading to a
coupled ESC-DTC-IPM system. Therefore, the stability analysis for ESC algorithm itself is not

adequate. In this section, a stability analysis is performed for close-loop ESC-DTC-IPM system.

Figure 5.6 shows the equivalent block diagram of a DTC controlled IPM system structure,
where the reference flux ws” in the DTC is generated by the proposed ESC scheme. As the dynamic
response of the DTC controlled IPM system is much faster than that of the ESC scheme, the flux,
torque, and stator current can be considered as constant quantities when designing the ESC.
Therefore, the equivalent plant controlled by ESC could be regarded as a static map [102], [103]

from flux s to the amplitude of the stator current|i |, i.e.,|I,|= K (y,), and the typical map is

given in Figure 5.1. The objective of the ESC scheme is to find the optimal reference flux leading
to the minimized stator current. As the map from the flux to the amplitude of the stator current is
nonlinear, a small signal model is used here to analyze the stability of the system, which could be

expressed as

ol
Al =—= Ay, (5.16-a)
8l/ls ls=lg, ys=y
= _ ol m g-I -
G, (T,,i7,)=—= —3P |- =—=G, (I 5.16-b
W(SV/) al//m:r 21 h—m W(d) ( )

where |S and ;. are the values for Is and s at a given equilibrium point, respectively; Als and Ays

are the variations of Is and s, respectively. Gy, (I_S , !/75) represents the small signal gain, which is

a constant and determined by |, and . at the equilibrium point. According to (5.1) and (5.2),
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since both Is and s can be written as a function of ig, G, (|_S,l/75) can be converted to a function

of ig, as shown in (5.16-b), where | is the value of iq at the equilibrium point. The expressions of
g, I, h, and m are presented in the Appendix A-1. As a numerical example, Figure 5.7 shows the

small signal model from, to 1_,ie., G, (I_S , 1/75) , under different torque and flux combinations.

When G,,, =0, it represents the condition for the optimal reference flux and the trajectory of the

corresponding optimal reference flux is shown in Figure 5.7 indicated by the red line.

1800
1000 < Optimum flux 1600
500 400
200
S ~
CHE :

e 200
-1000 JJ -400

1
0.05 -600

0.5
Torque (Nm) -800
0.03
0 0.025 0

Figure 5.7: A numerical example of the small-signal model of the nonlinear map
|IS| = f (WS) :
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According to (5.16-a), the injected small signal Asin(w,t) Will be amplified by Gv,times ata
given stator flux y_. This amplified high frequency signal can be obtained by using a high pass

filter (HPF) as

n=A-G, sin(at+4) (5.17)

where ¢ is the phase shift is contributed by the HPF at the frequency wc. To recoverG,,, from 7, a

demodulation process is used, and the high frequency signal is demodulated to
7y =A-G, -sin(at+g¢)sin(a.t)

1 1 (5.18)
:EA'GW -cos¢—EA-Gy, -cos(2a.t+¢)

With an appropriately designed low-pass filter a/(s+ «), the low frequency component in y, which

can be written as ¢, will be amplified by the PI controller (kps+ki)/s, where ki = akp. Assuming wop”

is the optimal reference flux, the flux tracking error, defined asy/, = W;p —l//:,(, —l//;mp , satisfies,

d'// dl//:omp ( de j 1
e — _ =—| k. —+ke |=—=ak A-G -cos 5.19
dt dt v 2 e ? (5.19)

It should be noted that the small signal model G, satisfies

G,>0, w >y,
G, =0, v,=v, (5.20)
Gq/ < O’ Ws < W;p

Define an energy function as v = %y/: [104], the derivative of the energy function can be written

as,

dv. dy,
at Ve at

% * * 1
= _(l//op —V¥so _‘/Icomp)zki 'Gy/ 'COS¢ (521)
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It should be noticed that the a1_/ay,_ has the opposite sign with ,,_. Based on the Lyapunov

theory, the system is stable if dV/dt < 0, which means that the PI controller should satisfy ki > 0 if
¢ >90° orki<0if 0 <¢<90° It should be also noticed that the dynamic response of the HPF is

ignored in the previous analysis; however, it will also affect the system stability. A properly
designed HPF G, () should satisfy||G, | <1, which means the gain of the HPF filter is less or

equal to 1 in over the entire frequency spectrum. Then the overall system can be represented using

G
Figure 5.8. Based on the small-gain theorem [104], the system is stable if kai?h <1.

-1
Therefore, the upper limit of [k| should be|G, <

S o0
G,

kps +k, a High—pass
§ S+a Filter

Figure 5.8: An overall block diagram of the coupled close-loop ESC and the DTC-controlled
IPM motor.

5.5 The Selection of the High Frequency Signal for ESC

The amplitude of the high frequency signal has a noteworthy impact on the settling time of the
ESC algorithm, which is related to the convergence rate of the algorithm, and stator currents THD,
which is related to the torque ripple. To evaluate the effect of Aws on the settling time and current
THD, various Ays from 1% to 5% of stator flux are used. The maximum value for THD, i.e.,

41.92% and settling time, i.e., 0.035 s are considered as the base value for PU value calculation.
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Figure 5.9, shows the relationship between the normalized settling time of ESC, i.e., {, shown in
PU values vs. the amplitude of the injected signal, while Figure 5.10, shows the normalized current
THD shown in PU value vs. the amplitude of the injected signal. It is clear that THD value is
proportional to the amplitude of the injected signal whereas settling time of the ESC is inversely
proportional to the amplitude of the injected signal. Therefore, it is possible to select an optimal
amplitude for the injected signal based on the information given in Figure 5.9 and Figure 5.10. For
instance, if Ays is 4% of the s, the settling time to reach the steady state would be only 0.012 s
but the current THD would be 32%. If Ays is 0.5% of the s, settling time would be 0.035 s that is
longer than before, however the THD would be only 7.92%. It is a tradeoff between the THD and

settling time.
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Figure 5.9: Settling time of the ESC algorithm vs. amplitude of the injected pulsating signal.

In this section, to find the optimal value of Ayws, a cost function which is denoted as Z is

proposed
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Z = AxTHD,, + 11x < py, (5.22)
where / and u are the weight factors. Z should be minimized by selecting the proper Ays. The data
points for  (PU) and THD (PU) from Figure 5.9 and Figure 5.10 are considered and Z is computed
based on (5.22). In this paper, both 4 and u are set to be 0.5, which means equal weights for the
settling time and THD. The resulting optimal amplitude of the injected signal should be around
1% of the stator flux. Figure 5.11 shows the effect of the Aws, which is the amplitude of the injected
HFS for the extremum seeking control algorithm. ESC is validated by simulating with different

Ays and showed in Figure 5.11.
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Figure 5.10: Stator currents THD vs. amplitude of the injected pulsating signal.
Based on the previous analysis, the design procedure of the ESC could be summarized as,
1. Selection of the injected high frequency signal Asin(w,t) , A should be small but having

high enough signal to noise ratio;
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2. Designing the HPF according to the frequency of the injected signal;
3. Designing the LPF and the cutoff frequency should be much lower than the frequency of

the injected signal;

G| K.
Gw?h and k,=—".

4. Determining the Pl gains: Kk, should satisfy |k,| <
o

0

0.038 T T T T T T T T T
0.036 - |
‘-_\-f i '1:':‘ L §
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0.032 - |
=
s ) ’ Ay =05% 1
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0.028 H \ — Ay =1% Y, |
— AY=15% ¢
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0.024 ' x | | . | 1 | 1
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Figure 5.11: The effect of the minimum As.

5.6 Conclusions

The P & O [28] and the ESC [30] both signal injection based optimal reference flux searching
approach are analyzed and discussed in this chapter. In the P&O, a fixed step size is adopted to
find the optimal operating point. However, the fixed step size will lead to oscillation in the steady
state if a large step size has been used, or slow transient response if a small step size is adopted. In

contrast, an effective extremum seeking control algorithm is then introduced to determine the
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optimal reference flux linkage online, leading to a MTPA-like approach for DTC of IPM motors.
Stability analysis has been conducted to provide a guidance in the parameters design. The proposed
method can significantly reduce the time consuming tuning effort and is robust to motor

parameters variations. The searching step size of ESC is adaptive as the PI controller will
automatically adjust the step size based on the searching error between y/;p and ¥ . In other

words, the PI controller will generate a large step size when the searching error is large to fast the

dynamic response and reduce the step size in the steady state to reduce the torque and flux ripples.
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CHAPTER 6
ELECTRO-THERMAL CHARECTERIZATION PROCEDURE AND LOSS

MODELING FOR SiC BASED INVERTER

6.1 Introduction

Due to the demand of high power density and increased switching frequency with low
switching loss, the SiC device has superiority to the conventional Si power devices [105], [106]
and [107]. In power converter application, the metal-oxide semiconductor field-effect transistor
(MOSFET) and Schottky diode are the best options from the SiC power device family in the
current state of the art. Depending on the applications, e.g., automotive, space where the volume
and the space of the converter is crucial, higher switching frequency (>20 kHz) can help to reduce
the size of the passive components such as filters (inductors and capacitors) [108]. Nevertheless,
the switching loss will be higher with the implementation of the higher switching frequency.
Therefore, analyze the selection of the proper switching frequency is essential for a particular
operating condition.

Now, the switching loss minimization can be done in several ways such as reducing switching
frequency which contradict the purpose of SiC adaptation. Another way to reduce the switching
loss to reduce the gate resistances [25], [109], [110] and [111]. Conversely, this will lead to
electromagnetic interface (EMI) and higher dv/dt, di/dt in the SiC power devices comparing to the
Si devices [112]. The higher dv/dt at turn-on of the device can form crosstalk caused by the Miller
capacitance [113]. The higher di/dt at turn-off of the device can form the voltage overshoot caused
by the stray inductances. Therefore, the transient behavior needs to be optimized carefully to
optimize the switching loss and make sue the EMI is within the acceptable limit. The conduction

losses of the SiC devices is easy to understand. The drain-source resistance (Rgs-on) Which is

74



dependent on the temperature and the drain source current (lgs) can be used to calculate the
conduction loss of the device. Additionally, the diode in the SiC device will also contribute to the
conduction power loss which needs to be consider developing a detail loss model [114].

There are two popular los modeling methods for SiC power MOSFETS which are based on
physical modeling and behavioral modeling [115]. In the physical model-based approach, the loss
model is based on simulating the thermal behavior by solving the physical equation. This method
is accurate, but the parameter has physical meanings, however, it is complex model, and the
parameters are difficult to achieve. The other model mentioned as the behavioral model is based
on mathematical fitting where generally the complex physical mechanisms of the device are not
considered. Therefore, the behavioral model is flawed by inaccuracy [116], [117] and [118].

In Chapter 4 and Chapter 5, the novel control algorithm was proposed to enhance the efficiency
and reduce the loss in the motor drive. However, to validate the claim, in this chapter an electro-
thermal characterization procedure is developed and analyzed for SiC based inverter. A detail loss

model is developed in this chapter considering both physical and behavioral model.

6.2 Proposed Electro-thermal Characterization Procedure

In this section a detail loss model is discussed based on the electro-thermal characterization
procedure where first the datasheet-based procedure of the MOSFET device is shown and then the
experiment-based model is proposed. For both cases, a XM3 a half-bridge power module,
CAB450M12XM3 from Cree Wolfpseed is considered.

Figure 6.1 shows the half-bridge module, and the major parameters are shown in the appendix,
Table A-2. The dimensions of the power module are 80 mm x 53 mm x 19 mm. It is a low
inductance power module which is mentioned in the datasheet as 6.7 nH [119]. Therefore, can be

applied to motor drive and traction drives [120].
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NTC2

NTCH

Figure 6.1: XM3 SiC MOSFET power module with half-bridge configuration.

6.2.1 Loss Model Generation from Curve-fitting

Semiconductor power losses can be classified into two categories such as static loss and
dynamic loss. The static loss is defined as the conduction loss and the dynamic loss consists of
turn -on and turn-off loss. Among them SiC MOSFET switching, and conduction loss has major
contribution is power loss comparing the diode loss.

In this section, the curve fitting based loss model has been proposed where the thermal effect
is also considered. Figure 6.2 shows the flow chart of the model where there are two major parts,
power loss modeling and thermal modeling. Both are connected in a closed loop so that the model
can demonstrate the realistic behavior of the actual system. The closed loop electro-thermal model
starts with the dataset from the simulation which are Vs, lgs, junction temperature, Tj and the gate
signal. From there the MOSFET and diode conduction loss is calculated based on the curve fitting
mathematical equation and fed this information to the thermal model of the system. The thermal

characteristic of the system is based on the power loss. Therefore, when the Tj is in steady state
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then the power loss value should be taken into consideration since it takes couple of fundamental

cycle for the Tj to go to steady state condition.
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Figure 6.2: XM3 SiC MOSFET datasheet based electro-thermal model.

Figure 6.3 shows the loss model block diagram. The MOSFET and diode losses are the
function of lgs, Tj, switching frequency (fsw), dead time (Tqead) and the external gate resistance

(Rgext). The thermal mode is also a part of the loss model which includes coolant temp, Tcoolant,
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junction to case resistance, Rj—case, Case to cold plate temperature, Rease—coid piate, and cold plate to

"C{Uid temperatu re, Rcoldpla[e—)coolant.

MOSFET and Diode loss modeling
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B loss

Thermal modeling
Tj: Tcoo/unl+ P, ]().,\'.Y(R J— case +Rcu.w—> cold plate +R cold plate— coo/unl)

Figure 6.3: Loss model block diagram.
6.2.1.1 MOSFET Switching Loss

MOSFET switching loss calculation starts with the calculating the turn-on loss from the XM3
datasheet [120]. The curve fitting tool from the MATLAB/Simulink is used to regenerate the plot
from the actual figure. The turn-on loss using the lgs is calculated from (6.1). Figure 6.4 shows the

comparison between the datasheet vs. curve-fitting results for Eon from lgs for 800V DC bus.

E, (mJ) =0.0196711%¢ 11,268 (6.1)

=== Curve-fittitng |
==+ = Datasheet |

1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800 900 1000
Drain Sorce Current, lds (A)

Figure 6.4: Eon Vs. lgs plot comparison between the curve-fitting and datasheet.
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The turn-on energy of the switching device is also depending on the junction temperature.
Because of the high non-linearity of the curve the Eon vs. Tj is divide into two parts and represented
in per unit (p.u) form. Therefore, when the T; is less than 85°C, the Eon equation can be denoted

as,

E,,(p.u) =1.249x10°°T 2 —0.001493T, +1.032 (6.2)

1.035

1.03 - = Curve-fitting
* Datasheet

0.995 -

0.99 |-

x x =

10 20 30 40 50 60 70 80 90

0.985
0

Junction Temperature, Ti (°C)

Figure 6.5: Eon (p.u) vs. Tj plot comparison between the curve-fitting and datasheet when
Tj<85°C.

Figure 6.5 shows the comparison between the datasheet vs. curve-fitting results for Eon from
T; when the T;<85°C. Now, when the Tj is greater than 85°C, the Eon equation can be achieved from
curve -fitting as shown in (6.3). Figure 6.6 shows the comparison between the datasheet vs. curve-

fitting results for Eon from Tj when the T;>85°C.

E,,(pu) =1.952x107°T** +1.833 (6.3)

The turn-on energy is also dependent on the external gate resistance of the power device which
is also considered in this loss model. The Eon VS. Rgext IS also measured in p.u in this method since

the values provided in datasheet is not for the operating condition considered here.
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Figure 6.6: Eon (p.u) vs. Tj plot comparison between the curve-fitting and datasheet where
T;>85°C.

The Rgext VS. Eon relation is shown in the Equation (6.4) and compared with the datasheet value

is shown in the Figure 6.7.

E,,(p.u) =0.2762R.,, +0.9915 (6.4)

gext

4 T T T T

Curve-fitting X
X Datasheet

0.5 I I | I
0 2 4 6 8 10 12

External Gate Resistance, R ()
gext

Figure 6.7: Eon (p.U) VS. Rgext plot comparison between the curve-fitting and datasheet.

The total turn-on energy can be shown as Figure 6.8 below,
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(mJ)=0.019671."° +1.268 Eon

Equation (6.1)
E (pu)=1249x 10° sz _ 0.001493Tj +1.032 EO,,(p.U) E()n( fotal)
»( < —>

1y
ds E

“on

7.
—1 Equation (6.2) and Equation (6.3)
E, (pu)=1.952x10"T" +1.833
Reew | E, (pu)=02762R,, +0.9915 E(p.u)
Equation (6.4)

Figure 6.8: Total Eon block diagram.

The turn-off energy Eo calculation is similar to the Eon calculation. The Eqff is also a function
of lgs, Tj and Rgext. The turn-ff loss using the lgs is calculated from (6.5). Figure 6.9 shows the
comparison between the datasheet vs. curve-fitting results for Eqf from Igs for 800V DC bus.

E,, (MJ)=1.65x10"12 +0.027081 , —1.245 (6.5)

""""""""""""""""""""""""""""""""""""""

e Curve-fitting
__+ Datasheet

40 -

Euff (m))

5 L L . I L I I I I |
100 200 300 400 500 600 700 800 900 1000

Drain Source Current, IdS (A)
Figure 6.9: Eof Vvs. las plot comparison between the curve-fitting and datasheet.
The relationship between Eosf and the Tj is shown in Equation (6.6) in p.u form. And the Figure

6.10 shows the comparison between the Eof and Tj in graphical form.

E,,(p.u) =10.0003095T %" +0.9796 (6.6)
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Figure 6.10: Eoff (p.u) vs. Tj plot comparison between the curve-fitting and datasheet.

The relationship between Eoff and the Rgext iS shown in Equation (6.7) in p.u form. And the
Figure 6.11 shows the comparison between the Eoff and Rgext in graphical form.

E,, (p.u) = 0.2608R__,. +0.9919 (6.7)

gext

4.5 T T T T

4 === Curve-fitting
% Datasheet

0 2 4 6 8 10 12
External Gate Resistance, Rw(t ()

Figure 6.11: Eof (p.u) VS. Rgext plot comparison between the curve-fitting and datasheet.

The total turn-off energy can be expressed as a block diagram as shown in Figure 6.12 below,
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Equation (6.6)
Reex E,;(pa)=0.2608R,,, +0.9919 Eop(p.u)

Equation (6.7)

Figure 6.12: Total Eoff block diagram.

After calculating the total Eon and Eot for MOSFET, it is multiplied by the switching period by
detecting switching transition in the simulation. Thus, the switching loss for the MOSFET can be

achieved from the simulation.
6.2.1.2 MOSFET Conduction Loss

The MOSFET conduction loss is calculated using the curve-fitting equations. The drain source
on state resistance Ras-on IS calculated for different T; and for different drain to source current, Igs.
Then the calculated p.u value for Ras-on is multiplied with the typical Ras-on Value of the XM3 half-
bridge module. The typica value of the Rads-on is selected for the calculation and loss modeling is 4
mQ.

First, Rason Can be expressed using curve-fitting for different T; as Equation (6.8) and
comparison between curve-fitting of the Ras-on and the datasheet values is shown in Figure 6.13.
From the Figure 6.13, it is clear that the extracted values from the datasheet and the values from
the curve-fitting Equation (6.8) are very close to each other. Therefore, the loss model made from

these curve-fitting equations would be accurate.

Ric_on (PU) = —5.894><10’1°Tj4 +1.258><1O’1°Tj3 + 2.665><1O’1°Tj2 —0.0008914T; +1 (6.8)
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Figure 6.13: Rason (p.U) vs. Tj plot comparison between the curve-fitting and datasheet.

Now the Ras-on (p.u) at 25°C is calculated by varying the lqs and is shown in Equation 6.9. The

Figure 6.14 shows the curve fitting equation matched with the datasheet values.

Rys_on (P:U) =3.277 <10°1;7°* + 0.9454 (6.9)

1.08

1.06

1.04 |-

1.02

098 |

Normalized On-resistance, Rdwn (p-u)

0.96 |

0.94 | . I I I I 1 I I
0 100 200 300 400 500 600 700 800 900 1000

Drain Source Current, ld< (A)

Figure 6.14: Ras-on (p.u) vs. lgs plot comparison between the curve-fitting and datasheet.

The block diagram of the Rgs-on can be shown in Figure 6.15 where, the typical Rgs-on Value is
multiplied with the two other Rgs-on (p.u) value from curve-fitting. Then the total conduction loss

is calculated by squaring the l¢s and multiplied with the total Rgs-on.
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1j R, ,,(pu)=-5894x10""T' +1.258x10 T’ +2.665x10 °T} —0.00089147, +1 |Ris.on(P-1)
Equation (6.8) ’ '

Las R,_,,(pu)=3.277x107° )2 +0.9454
Equation (6.9)

R(]s—on(tOtal )

Riwon (typlcal)

Figure 6.15: Total Rgs-on block diagram.
6.2.1.3 Diode Switching Loss

The Diode switching loss also has contribution to the total power loss of the system. In this
section the diode switching loss calculation is shown using the curve-fitting and also compared
with the datasheet curves. At first the diode reverse recovery energy, E.r is calculated for different
Tj at 800V from the Equation 6.10 and then compared this with the datasheet in Figure 6.16.

E, =—2.078x107T/ +7.28x107T’-2.381x10°T} +0.005253T, +0.1254  (6.10)

3

e Curve-fitting
- Datasheet |

(]
T

0.5

0

. . . . . . ‘ | !
0 20 40 60 80 100 120 140 160 180 200
Junction Temperature, Ti (°C)

Figure 6.16: Diode reverse recovery energy, Err vs. Tj.

The Er is also a function of external gate resistance. Therefore, the E,r (p.u) is calculated based on

the Rgext Value and show in Equation (6.11). The Figure 6.17 shows the Err (p.u) VS. Rgext. Then the
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total diode reverse recovery loss, Ei (total) is calculated as shown in the block diagram below in

Figure 6.18.
2
E.(pu)= —0.0007371R§ext + 0.02261Rgext - 0.244Rgext +1.238 (6.11)
1.4 T
127 itr—rCurrvc;ﬁllVing
| * Datasheet
1 t
é_ 0.8 |
0.6 |
0.4}
0.2 I
0 2 4 6 8 10 12
External Gate Resistance, Ruﬂl ()
Figure 6.17: Diode reverse recovery energy, Err (p.U) VS. Rgext.
1y E, =-2.078x10"°T} +7.28x107 T’ —2.381x107°T" +0.0052537, +0.1254 Ly
> Equation (6.10) L, (total)
Rye E, (pu)=-0.0007371R},, +0.02261R;, —0.244R,,  +1238
Equation (6.11) E.(p.u)

Figure 6.18: Total E, block diagram.

6.2.1.4 Diode Conduction Loss

The diode conduction loss occurs in between switching transition of two active switching
MOSFET which is known as the dead time. In this section the calculation of the diode conduction
loss is shown for different junction temperature.

The Equation (6.12) shows the curve-fitting equation for calculating the source drain voltage,
Vsd across the diode. These voltages are used to calculate the diode conduction loss during dead

time as shown in Figure 6.19.
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V,, =0.18421%47 4 2.432@25 C

V,, =0.1711%%%® 4+ 2 281@100 C

V,, =0.163215% +2.24@125 C (6.12)
V,, =0.15591%4% 1+ 2.201@150 C

V,, =0.13751%%7 + 2,198 @175 C
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Figure 6.19: lgs vs. Vsqa comparison between curve-fitting and datasheet.

6.2.1.5 Thermal Impledance Network

P loss
Power Module Die Die Teuse 0 Rivscase
Thermal Paste RC(ISL’-’CO](/ plate

T. R(‘oh/ plate—coolant
Cold Plate Inlet Outlet L coolant | |

Figure 6.20: Equivalent thermal model where the module is mounted on a cold plate.

A thermal impedance network is modeled from the MOSFET junction to the coolant liquid in

the cold plate as shown in Figure 6.20. The total power loss is flowing through a series total
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impedance network from the junction to liquid coolant can be denoted as Rj_,coolant and shown in

analytical form as,

Tj - Tcoolant
R i _coolant (6.13)

j—coolant — P
loss

Based on Equation (6.13), it is possible to simply calculate the maximum possible power
transfer achievable from the module junction to the liquid using a simplified thermal impedance

modeled shown in Figure 6.20.
6.3 Results from the Proposed Electrothermal Characterization model

For validating the proposed electro-thermal model for SiC-based converter, in this section a
MATLAB/Simulink based simulation model is developed and used. The working characteristics
of the device in the saturation region is also considered. And to further validation the result from
the proposed loss model is compared with a reference inverter design using XM3 power module

in [119].

Vi Feedback <
"L feedback

-
Vi reference

Controller Converter

YVYY

,/xu' T(luml J ds [(ls

MOSFET and Diode loss modeling
P /0.3'.\':,f .(]z‘lsa ]}",f.;'\i" Ifeud: Rg&\'r)

D
F loss

Thermal modeling
1 /= 1 Vz'(m]un/_f_ 1)]().\'A'(1{_]'—> case +1{m.w—> cold plate +Rz'0/¢l plate— c'm)lun/)

Figure 6.21: Simple block diagram for the Simulink based loss model.

Figure 6.21 represents the simple block diagram of the MATLAB/Simulink-based loss model

where the information from all the curve-fitting polynomial equations is used and the information
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from the system is adopted. Two operating conditions are considered, 200kW power and 300kW
power. At 200kW power level, the parameters that considered are shown in Table A-3 in
Appendix. For 200kW power level there are two modes of operation with SVPWM control
strategy, high current (lpeax = 450A) when the modulation index (MI) is 0.64 and high voltage

(Vpeak = 760) when the M1 is 0.95. First the simulation is done in high current mode.

Switching frequency: 20kHz Switching frequency: 16kHz

15 ___ PF=082 PF=0.82
: 4 L6 151.6°C
1.4r 1.4F
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X X
o 1r S '2 =R o 1F = o o |
% 2 2 z z 2 A 3
= = g =) = o X o
508 Z & =) £ 0.8 o = S
2 =] = 5 2 e P L
S o 2 5 3 Iy 2 5
= 0.6f 2 £ 3 =06 5 -2 5
i3 i) 2 £ = 8
0.4F o 04F B = -
0.2f 0.2
0 T cootan= 105°C Tootani= 85°C Teoolan= 13°C 0

T2 10°C Ty B5°C  Wippe=75"C

MOSFET switching [N MOSFET conduction IEG__

MOSFET switching [ INEG___ MOSFET conduction [
Diode 7; I Diode [ 7; I
Figure 6.22: Power loss when lpeak = Figure 6.23: Power loss when lpeak =
450A and fsw = 20 kHz. 450A and fsw = 16 kHz.

Figure 6.22 shows the power loss of a two-level inverter consisting three XM3 half-bridge
module when the switching frequency is 20 kHz. Three simulation were done with three different
coolant temperature as Tcoolant = 105°C, Teoolant = 85°C, and Teoolant = 75°C. For all the case in
Figure 6.22, the MOSFET conduction loss is dominating. The efficiency is also presented in the
bar graph. Figure 6.23 is also showing bar graph of the losses and the junction temperature with

16 kHz fsw. In this figure the MOSFET conduction loss is also dominating, and the next biggest

source of losses are coming from the MOSFET switching.
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Switching frequency: 12kHz
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Figure 6.24: Power loss when lpeak =
450A and fsw = 12 kHz.
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Figure 6.25: Power loss when Vpeak =
760V and fsw = 20 kHz.
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Figure 6.26: Power loss when Vpeak =
760V and fsw = 16 kHz.
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Figure 6.27: Power loss when Vpeak =
760V and fsw = 12 kHz.

The simulation result in high current mode with 12 kHz switching frequency is shown in Figure

6.24. Then from Figure 6.25 to Figure 6.27, the high voltage mode results are shown with 20 kHz,

16 kHz, and 12 kHz respectively. In all the loss data figures, it is clear that with lowest coolant

temperature, the loss will reduce, and the efficiency will increase simultaneously which is obvious.
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Next, the second operating condition were consider where the loss model was simulated for
300 kKW power with exactly same parameters as the Cree 300 kW inverter in [119] to further
validate the accuracy of the proposed loss model. The frequency levels were 20 kHz, 15 kHz, and

10 kHz. Other fundamental parameters were listed in Table A-4 in Appendix.
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Output Current (A) Output Current (A)
Figure 6.28: Loss comparison between Cree Figure 6.30; Loss comparison between Cree
inverter and loss model at 20 kHz. inverter and loss model at 10 kHz.
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Figure 6.29: Loss comparison between Cree Figure 6.31: Efficiency comparison between
inverter and loss model at 15 kHz. Cree inverter and loss model at 20 kHz.

From Figure 6.28 to Figure 6.30 show the module loss comparison between the commercially
available Cree 300 kW inverter and the proposed loss model with same parameters. And from

Figure 6.31 to Figure 6.33, the output power vs. efficiency plot is shown for both Cree inverter
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and proposed loss model. In output power vs. efficiency comparison section, green line in all the
figures indicates the Simulink loss model. From those figures it can be observed that the Simulink
loss model results show higher power losses than the Cree data. The error in grabbing the data and
curve fitting is the reason behind it. In the low junction temp. (T;<85°C) region, the MOSFET turn-
on loss is not linear with respect to Tj and the fitting curve shows higher approximation error. In

the high output power/high junction temp. region, all the simulation results are close to the Cree

data.
" ‘ s ’\\ L e ot ]
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Figure 6.32: Efficiency comparison between Figure 6.33: Efficiency comparison between
Cree inverter and loss model at 15 kHz. Cree inverter and loss model at 10 kHz.

6.4 Conclusions

To summarize the above loss modeling, it is clear from the figure presented in this chapter that
in all the cases the conduction loss has the dominating contribution in the overall loss in the system.
Therefore, it is important to minimize the conduction loss in order to enhance the efficiency. The
ESC and the advanced DTC presented in chapter 5 and chapter 4 respectively, offer the way of
minimizing the losses so that the efficiency can be increased. These are the reason to understand

the losses of the system carefully and study it thoroughly. In this chapter the Simulink based loss
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model is developed and the polynomial equations are developed based on curve-fitting for the

MOSFET and/or Diode conduction and switching losses.
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CHAPTER 7
SIMULATION AND EXPERIMENTAL SETUP

All the simulation studies and results conducted in this dissertation are done in
MATLAB/Simulink platform and corresponding experimental studies are also presented to
validate the effectiveness of the proposed and conventional methods. There are three Simulink
models, (1) a Simulink model to validate the proposed advanced DTC for T-type NPC-fed IPM
motor, (2) a Simulink model to validate the proposed P & O for searching the optimal flux for the
DTC, and (3) a Simulink model to validate the proposed ESC for searching the optimal flux for
the DTC. Additionally, there are two test setups for experimental validation which are (1) a 200
W IPMSM test stand with a three-level inverter for advanced DTC approach, and (2) a 200 W

IPMSM test stand with a two-level inverter for optimal flux searching algorithm.

7.1 Simulation Model for Advanced Direct Torque Control for IPMSM

The simulation model of the advanced direct torque control for an IPMSM is shown in the
Figure 7.1. The machine parameters were measured and presented in Table A-1 in Appendix
section. The initial rotor position was also measured to find the offset between the encoder/resolver
position and the actual rotor position. This is a direct torque control approach, therefore, the IPM
motor is operated by directly commanding the torque reference. Based on the torque and flux
hysteresis command the proposer voltage vector is selected depending on the sector of operation.
The other elements in the overall control system of the DTC are, park transformation, torque, flux,
and sector estimation, and a T-type NPC three-level inverter. There is also a modulator in the
system to generate the gate signal from the proposed voltage vectors which is shown in the Figure

7.1.
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Figure 7.1: Block diagram of the simulation model of the proposed DTC with T-type NPC
inverter.



7.2 Simulation Model for the Proposed Perturb and Observe (P & O)

The simulation model of the proposed perturb and observe method for optimal flux searching
for an IPMSM is shown in the Figure 7.2. The machine parameters were measured and presented
in Table A-1 in Appendix section. The initial rotor position was also measured to find the offset
between the encoder/resolver position and the actual rotor position. This is a signal injection based
optimal flux searching approach, therefore, in this method a small value of the flux is injected into
the system and based on the response from the stator current magnitude the MTPA point is
obtained. In the P & O a low pass filter is used to eliminate the high frequency components. The

key point in here is to find the position of the current operating state.

7.3 Simulation Model for the Proposed ESC

The simulation model of the ESC method for optimal flux searching for an IPMSM is shown
in the Figure 7.3. The machine parameters were measured and presented in Table A-1 in Appendix
section. The initial rotor position was also measured to find the offset between the encoder/resolver
position and the actual rotor position. This is a high frequency signal injection based optimal flux
searching approach, therefore, in this method a small value of the flux with a high frequency is
injected into the system and based on the response from the stator current magnitude the MTPA
point is obtained. In the ESC a high-pass filter is used first to get the high frequency term from the
stator current and then a low-pass filter is used to obtain the DC component which holds the
information of the MTPA point. There are some other elements in the ESC system, i.e.,

demodulation, PI controller and high frequency signal itself.
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Figure 7.2: Block diagram of the simulation model of the DTC control IPM with the

proposed P & O.
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7.4 Test Setup for the Proposed Advanced Direct Torque Control

To further validate the effectiveness of the proposed advanced DTC experimental studies were
performed. The experiment was carried out on the prototype of an all SiC three-level T-type
inverter. The 3-L T-type VSC was designed in the lab using discrete SiC MOSFETSs from CREE
(C2M0160120D) [121]. A 250 W IPM motor was used in the experiment with major parameters
shown in Table A-1 in the appendix section. The overall DTC algorithm is implemented on
MicrolabBox dSPACE real time control system. The overall experimental setup is shown in Figure
7.4, which consists of an IPM motor controlled by a 3-L T-type inverter, and a DC motor is
controlled by a H-bridge converter. The DC motor can work as either a prime mover to maintain
constant speed on the IPM motor or a load machine. Both motors share the same DC bus. The DC
bus voltage was maintained 42 V by a DC power supply which is also shown in the Figure. The

sampling frequency of the DTC is 50 kHz at variable motor shaft speed.

DC Motor

MicrolabBox  — .
dSPACE

Figure 7.4: Experimental setup for advanced direct torque control.
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7.5 Test Setup for the Proposed Signal Injection Base Flux Searching Algorithm

To further validate the effectiveness of the proposed flux searching algorithm (P&O and ESC)
and the resulting DTC, experimental studies are performed on a bench top IPM drive setup. The
overall experimental setup is shown in Figure 7.5. The setup consists of a two-level inverter, an
IPM motor, a DC motor and dSPACE 1103 controller platform. Additionally, the proposed ESC
based DTC scheme, the DC motor controller is also realized in the dSPACE platform. The DC
motor was connected to the H-bridge converter which is also shown in the Figure 7.5. The
sampling frequency of the DTC algorithm is 55 kHz. The references for the control can be easily

controlled from the dSAPCE proprietary software ControlDesk in real time.

Torque }
Transducer
Reading

dSPACE ™ , dSPACE
1103 and I/ = = Controldesk
Os == === |
T |—— DC Power
Supply

Expansion §

Figure 7.5: Experimental setup for optimal flux searching algorithm with DTC.
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CHAPTER 8

SIMULATION AND EXPERIMENTAL VALIDATION

8.1 Introduction

In this chapter, various simulation and experimental results are presented to verify the
effectiveness of the methods developed and the associated algorithms for the motor drive.

Additionally, the challenges faced in the simulations and experiments are also discussed.

8.2 Simulation Studies for Advanced Direct Torque Control with Virtual Voltage Vector for

IPMSM

8.2.1 DC-link Cpapacitor Voltage

Figure 8.1 shows the DC-link capacitor voltages, i.e., Vc1 and Ve, when using the conventional
DTC for 3-L T-type NPC converter with additional DC-link voltage balancing control, which
requires the measurements of the two capacitor voltages using voltage sensors. At first, the torque
reference is increased from 0.3Nm to 0.7Nm and then step changed to -0.3Nm to see the effect of
the transient on the DC-link capacitor voltage balancing. As show in Figure 8.1, the ripples of the
DC-link capacitor voltages are higher when the torque reference is larger. However, the dc
capacitor voltages deviated when torque changed its direction with Vc1 dropped to zero, while Ve,
was equal to the dc bus voltage. In this condition, the 3-L inverter operated as a 2- Level inverter,
which however may overstress the power devices and bottom capacitors in practical applications
if they are selected based on half of the dc bus voltage. Figure 8.2 shows the capacitor voltages
when using the proposed DTC with VSVs under the same torque reference profile. The voltage

ripples were noticeably reduced, and system remained stable even when torque changed its
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direction. The transient of the torque reference does not affect the DC-link capacitor voltages when

the proposed VSV based DTC is applied.

50 T T T T T

N
(o)

)
o

Capacitor Voltages (V)
= 3

Torque transient from
0F 0.3 Nm to 0.7 Nm

Torque transient from T
0.7 Nm to -0.3 Nm

1 1 1

0.2 03 04 0.5 0.6 0.7 0.8
Time (s)

Figure 8.1: DC-link capacitor voltages when using the conventional DTC.
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Figure 8.2: DC-link capacitor voltages when using the proposed DTC.
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8.2.2 Torque Response

Figure 8.3 shows the torque response of the IPM motor when the conventional DTC algorithm
is applied. At first the torque reference was kept constant at 0.3Nm, then first step change was
applied from 0.3Nm to 0.7Nm and at the end another step change was applied from 0.7Nm to -
0.3Nm. From the previous Figure 8.1, it was show that the when the torque changes its direction
the DC-link capacitor voltages can diverged and that affects the torque ripple which is shown in
the Figure 8.3. On the other hand, when the same torque profile was applied to the proposed DTC
the torque ripple was significantly reduced and the at the same time the capacitor voltages were
balanced. The torque response from the proposed DTC is shown in Figure 8.4. When the DC-link
is balanced, the torque ripples are 0.06Nm and 0.055Nm for conventional and proposed approach,
respectively. Additionally, when the DC-link is unbalanced, the conventional DTC has 0.1Nm

torque ripple whereas the proposed DTC has balanced DC-link and torque ripple reduced more to

0.054Nm.
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Figure 8.3: Torque response when using the conventional DTC.
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Figure 8.4: Torque response with proposed DTC.
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Figure 8.5: Comparison of the dynamic responses.
The transient performance was also evaluated for both the conventional and proposed DTC as

shown in Figure 8.5. The DC-link capacitor voltages were clamped at constant using dc voltage
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sources, such that this simulation study can expose the dynamic performance for both method
without the dc link unbalancing issue. The proposed DTC used the same hysteresis band as the
conventional DTC. Therefore, in the beginning, both methods had the same slew rate of the torque
increment. Then proposed DTC had higher slew rate of the torque increment due to the insertion
of middle voltage hexagon, while the conventional DTC was using the vectors on the inner voltage
hexagon. At the steady state, both methods had the similar torque ripple since there is no DC-link
voltage unbalancing issue. Now the torque transient response can be tuned by tuning the large
hysteresis band. The torque transient response is shown with different value of the large hysteresis

band in Figure 8.6.

0 . 8 T T T
Torque transient from
0.3 Nm to 0.7 Nm

0.7

o
(@)
T

Torque (Nm)
=
N

=
»
T

Large Hysteresis band= 10% Rated Torque
Large Hysteresis band= 20% Rated Torque
Large Hysteresis band= 30% Rated Torque
Torque Reference

0.3 VW

0.2 .
0.2995 0.3 0.3005 0.301 0.3015
Time (s)

1

Figure 8.6: Comparison of the dynamic responses of different value of the large hysteresis band.

8.2.3 Stator Current Respsonse

Figure 8.7 shows the corresponding stator currents while the IPM motor was following the

same torque profile as Figure 8.4. The THD was 6 % when the DC-link was balanced and 11%
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with unbalanced dc link. In contrast, Figure 8.8 shows the phase current THD for the proposed

DTC, which is lower comparing to the conventional DTC.
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Figure 8.7: Three phase stator currents when using the conventional DTC.
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Figure 8.8: Three phase stator currents with proposed DTC.
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8.2.4 Speed-Torgue Charecteristic
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Figure 8.9: Speed and torque characteristic with conventional DTC.
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Figure 8.10: Speed and torque characteristic with proposed DTC.

The conventional and the proposed DTC both methods were validated for variable speed

profiles. Figure 8.9 and Figure 8.10 represent reference toque and torque estimator output under a
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variable speed profile. As shown in Figure 8.9, at higher speed and speed reversal, due to DC-link
capacitor voltage offset, the conventional method suffers from high torque ripples. On the other
hand, the proposed DTC method has lower torque ripple since the DC-link capacitor voltages are

balanced which can be seen from Figure 8.10.

8.2.5 Neutral Point Current
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Figure 8.11: Neutral point current, in with convention DTC.

In the simulation the neutral point current was measured to validate the effectiveness of the
proposed DTC and compare with the conventional DTC approach. Neutral point current is the
main reason behind the DC-link capacitor unbalance issue. If the neutral point current is flowing
through the systema and the average of the neutral point current is not zero over one switching
period, then that will cause the capacitor voltage unbalancing. In the conventional method the
neutral point current is not zero over one switching cycle shown in Figure 8.11 and in contrast the
proposed method can balance the neutral point current without measuring the voltage or current

which is shown in Figure 8.12.
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Figure 8.12: Neutral point current, in with proposed DTC.

8.2.6 Inverter Loss Analysis

Inverter losses are major part of the overall system loss and its affects the efficiency of the
system as well. Moreover, the additional switching actions of the proposed DTC, the system
efficiency can be lower than that when using the conventional DTC. Hence, in this section T-type
NPC inverter losses are evaluated for both conventional and proposed DTC approaches to quantify
the impact to the system efficiency. Switching losses and conduction losses data are extracted from
the device datasheet [121]. The proposed loss model the conduction loss of a MOSFET is the 1%

or 3" quadrant can be determined as (8.1) and (8.2), respectively [64], [27],

con(F) = 1o Ros(on)(F) (8.1)

1Z2-R I, <1
Pcon(R) { D " "Ds(on)(R), D = 'sC (82)

Ié ’ RISS(on)(R) +Viy - ID,ID > s
where, Ip and Isc are the MOSFET drain and the threshold current, respectively. Rpsn)r) and

Rbs(n)(r) are the on-state resistances of the devices. R 'bsen)®) and VrH are the equivalent resistance
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and the voltage source of the MOSFET and diode parallel circuit, respectively. The switching loss

can be represented as,

E Eon(datasheet) VDS (test)

. (8.3)
VDS (datasheet)
E v
Eoﬁ _ _off (datasheet) * DS(test) (8.4)
VDS(datasheet)

where, Eon and Eof are the device turn-on and turn-off losses. Eon(datasheety aNd Eon(datasheet) are turn-
on and turn-off losses at a specific voltage mentioned in the datasheet of the power device.
Vbs(datasheet) IS the voltage used in the switching characterization by the manufacturer also specified

in the datasheet. The diode reverse recovery loss can be denoted as,

Err 'V

E - (datasheet) " DS(test)

rr
VDS

(8.4)
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Figure 8.13: Conduction loss for conventional and proposed DTC at 1000 RPM.
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Figure 8.15: Efficiency curve for conventional and proposed DTC.

The ohmic loss curve is added in this section which is shown in Figure 8.13. Simulations for
different operating conditions are conducted to analyze the losses of the inverter for conventional
and proposed DTC methods. As shown in Figure 8.14, since the proposed method has higher
equivalent switching frequency, it has higher switching losses than the conventional DTC.

However, since the SiC MOSFETSs are used in this study, the conduction losses of the power devices
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are still dominant. Therefore. The efficiency of the system is reduced less than 1% over a wide

operating range using the proposed method. Figure 8.15 is the efficiency curve for both methods.

8.3 Experimental results for Advanced Direct Torque Control with Virtual Voltage Vector

for IPMSM

8.3.1 DC-link Cpapacitor Voltage

Figure 8.16 shows the experimental results when using conventional DTC for three-level
converter without an additional control loop for DC-link voltage, as such the DC-link capacitor
voltages were biased and unequal to each other. It is clear to witness from Figure 8.16 that when
AVyc is almost 60% then the torque ripple is around 40% which were close to the numerical analysis
done in Figure 4.8. To compare the conventional DTC with the proposed DTC, experiment was
conducted, and results are shown in Figure 8.17, where the DC-link capacitor voltages were quite
close to each other before and after torque step change. Additionally, both torque and stator current
ripples reduced significantly due to VSVs in the proposed DTC which can be observed from the

Figure 8.16 as well. Figure 8.18 shows the speed transient response when the DC-link balanced.
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Figure 8.16: DC-link unbalanced condition with torque transient.
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Figure 8.18: DC-link balanced condition with speed transient.

8.3.2 Performace Under Different Speed Profile

To compare the performance of the proposed method with the conventional DTC over a wide
range of speeds, various tests were executed. Figure 8.19 to Figure 8.26 are the results at low
speeds and in flux weakening region for both conventional and proposed method, respectively. In
Figure 8.19, the speed command is 100 RPM constant. The conventional DTC can balance the
DC-link voltages with higher ripples in the stator current and torque compared to Figure 8.21,

where the results from the proposed DTC are shown with same operating conditions which is low
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speed region. Operation in the flux weakening mode was also considered using conventional and
proposed DTC as shown in Figure 8.20 and Figure 8.22, respectively. As shown in Figure 8.20,
the conventional DTC has higher DC-link voltage offset between the capacitors and that results
higher torque and stator current ripples compared to the proposed method in Figure 8.22. And the

DC-link voltages are balanced with the VSV based DTC as well.
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Figure 8.19: Low speed response with conventional DTC.
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Figure 8.20: Conventional DTC in flux weakening region.
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Figure 8.21: Low speed response with proposed DTC.
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Figure 8.22: Proposed DTC in flux weakening region.

Acceleration and speed reversal of the motor experiments were also performed to validate the
performance of the proposed DTC method. Figure 8.23 shows the acceleration of the motor from
500 RPM to 1500 RPM using conventional DTC. The DC-link voltages are measured and
considered for selecting the appropriate voltage vector in the conventional DTC method, therefore
the V¢1 and Ve are balanced. However, when the reverse speed is applied, i.e., from 500 RPM to -
1000 RPM, the conventional DTC cannot maintain balanced DC-link which is shown in Figure

8.24. In contrast, in both acceleration and speed reversal mode of operation the proposed DTC can
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maintain balanced DC-link voltages with less torque and current ripples, which are confirmed in

Figure 8.25 and Figure 8.26, respectively.
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Figure 8.23: Acceleration of the motor with conventional DTC.
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Figure 8.24: Speed reversal of the motor with conventional DTC.
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Figure 8.25: Acceleration of the motor with proposed DTC.
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Figure 8.26: Speed reversal of the motor with proposed DTC.

8.3.3 Torque , Flux and Satator Current Ripples in the Steady State

To analyze the torque ripples more carefully and evaluate the performance of both
conventional and the proposed DTC, the torque data was saved for the experiment and processed
in MATLAB later. Figure 8.27 shows the steady state torque ripples comparison between the

conventional and proposed DTC when the command torque is 0.4 Nm. From the figure, it is clear
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that the proposed advanced DTC has more than 20% less torque ripple than the conventional DTC

when the speed is maintained at 1500 RPM.
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Figure 8.27: Steady state torque comparison between conventional and proposed DTC.
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Figure 8.28: Flux ripple comparison for both control method.
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Flux ripples also reduced to 3.4% using the proposed DTC, which is 6% less the conventional

DTC. The flux ripple comparison is shown in Figure 8.28. Figure 8.29 represents the THD (%) of

the stator current from the experimentally measured current which was analyzed in MATLAB.

The conventional DTC has higher stator current THD (%) than the proposed DTC as shown in the

Figure 8.29. Both simulation and experimental results validate the proposed enhanced DTC with

of IPM machine.
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Figure 8.29: Stator current THD (%) for both conventional and proposed DTC at 0.4 Nm torque.

8.3.4 Torque Transient Response
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Figure 8.30: Torque dynamics for both conventional DTC and proposed DTC.
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The major advantage of the DTC is the fast dynamic response. Therefore, any upgrade or
customization in DTC approach should have similar dynamic performance as the conventional
DTC. Torque response with step change in the torque command is shown in Figure 8.30, where

the dynamic responses are similar to each other under the conventional and proposed DTC.

8.3.5 Average Swithcing Frequency Comparison
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Figure 8.31: Average switching frequency with conventional DTC.
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Figure 8.32: Average switching frequency with proposed DTC.
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Figure 8.31 and Figure 8.32 below show the average switching frequency of both conventional
DTC scheme and proposed DTC scheme. The average switching frequency is measured by the
dSPACE and outputted through the on-board digital to analog (DAC) channels. It can be seen that
the proposed scheme has higher average switching frequencies due to the implementation of the
VSVs which validates the higher switching loss in the proposed DTC comparing to the

conventional DTC.

8.4 Simulation studies for Perturb and Observe (P & O) for Optimum Flux searching for

IPMSM
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Figure 8.33: Simulation results for torque, stator current and flux when, Ty = 100-T..
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The window length of the moving average LPF, i.e., Tw, will be critical to the performance of
the online optimal s~ identification. Figure 8.33 and Figure 8.34 compares the performance of the
proposed method using different Tw. Figure 8.33 illustrates the case Tw = 100-Tc, where T is the
sampling period of DTC controller. The motor parameters used for this simulation is shown in
Table A-5 in the Appendix. The proposed optimal s~ searching algorithm is enabled at t = 0.05s,
before which, s is a constant 0.01 V.s. It is noticeable that proposed algorithm effectively reduces
the magnitude of the stator current, |Is| from 20 A to 12 A. However, the ws has large variation
around its optimal value due to the large window length of the moving average. Figure 8.34 shows
the case when Ty = 314-T¢, which is corresponding to half cycle of the fundamental stator current.
Similarly, to the previous case, |Is| reduced from 20 A to 12 A. However, the variation of s is

much smaller than that shown in the previous case.
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Figure 8.34: Simulation results for torque, stator current and flux when, Tw = 314-Te.
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Figure 8.35 reflects the effect of the execution rate, i.e., Ts, of the searching algorithm. Multiple
values are investigated, including, Ts=10-T¢, 50-Tc, 100-T¢, and 200-T.. When Ts is too short, e.g.,
Ts=10-T¢, the convergence speed is fast, however, the steady state oscillation is larger comparing
to the other cases. When Ts is too long, e.g., Ts= 200-Te, the steady state oscillation is significantly
reduced at the cost of longer time to converge. Figure 8.36 shows the effect of Ag, which is the
step for the searching algorithm. When Agp= 3% s, the performance of the search algorithm is

the best, which shows a balanced dynamic and steady state performance.

8.5 Experimental Results for Perturb and Observe (P & O) for Optimum Flux searching for

IPMSM

U

three phase
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Figure 8.37: Experimental results of the DTC drive at steady state, i.e., 150 rad/s mechanical
shaft speed and 1Nm shaft torque and three phase stator currents.

Figure 8.37 shows the experimental results of the DTC drive at the steady state, when the shaft
speed is 150 rad/s and shaft torque is 1 Nm. All the 3-phase current waveforms and shaft torque are
shown in Figure 8.37. The shaft torque is measured by the torque transducer. In the experimental

studies, the sampling frequency of DTC is 20 kHz, and both of the window length of the moving
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average LPF and the execution rate of the search algorithm are selected as 50-T. = 2.5 ms. During
the steady state, without using the proposed online optimal flux search approach, the IPM motor
was operated at non-optimal operating points. Also, the mechanical rotor position and stator current

magnitude is shown in the Figure 8.38.
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Figure 8.38: Experimental results of the DTC drive at steady state, i.e., 150 rad/s mechanical
shaft speed, rotor position and torque.

Once the proposed online optimal flux search algorithm is enabled, the magnitude of the stator
current quickly drops to its minimum and the magnitude of the flux linkage converges to its optimal
value. The waveform of stator currents and flux linkage are shown in Figure 8.37 and Figure 8.38,
respectively. In this typical case, the settling time for the search process is around 40 ms, which is

very close to the settling time determined by the simulation studies, shown in Figure 8.34.
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Figure 8.39: Experimental results of the 3-phase stator currents and torque when the proposed
searching algorithm was enabled.
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Figure 8.40: Experimental results of y.gs, |ws|, and torque when the proposed searching
algorithm was enabled.

8.6 Simulation studies for Extremum Seeking control (ESC) for Optimum Flux searching

for IPMSM

8.6.1 Speed Profile for the Simulation

In the simulation, the mechanical shaft speed of the IPM motor follows a speed profile which
is shown in Figure 8.41 and later various torque references were applied. From the theoretical

calculation the optimal stator flux is 0.035 Vs when torque reference is 0.3 Nm. The frequency of
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the injected high frequency signal, wc is set to be 300 Hz and amplitude is A = 0.00035 Vs, which
is 1% of the s in this dissertation. The sampling frequency of the DTC algorithm in the simulation

studies is 55 kHz.
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Figure 8.41: Speed profile used in the simulation.

8.6.2 Torque and Flux Transient Responses

For all the simulation results used in this section, the ESC is activated at 0.35 s and a torque
profile was used for reference torque to assess the dynamic response of the system. Figure 8.42
shows that the three-phase stator currents reduced from 7 A to 3 A after ESC was activated. Figure
8.43 shows the estimated torque versus the torque reference. When the ESC was activated, at first
the torque remains constant and then several step changes in the load torque were applied. From
the Figure 8.44, it can be identified that the reference flux, ws™ changed from its initial value to the
optimal point when the ESC was activated at 0.35s and finds the optimal flux for various load
torque. Figure 8.45 indicates the trajectory of the stator flux, where the inner circle indicates the

original stator flux when the motor started, while the outer circle shows the optimal fluxes. With
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the proposed ESC activated, the magnitude of the stator current reduces to its lowest possible

value, while maintaining the same amount of torque.
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Figure 8.42: Three-phase stator currents.
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8.6.3 P & O and ESC Comparison

To compare between the two proposed signal injection based optimal flux searching
approaches, the simulation studies were conducted and presented in this section. In Figure 8.46,
the P & O flux searching approach result is shown where the flux trajectory is shown when the P
& O was activated and the stator current reduced. Figure 8.47 shows the flux trajectory when the

ESC was activated at 0.35 s and the stator current reduced to its optimal value for the torque
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reference profile which is 0.5 Nm to 0 and then 0 to 0.8 Nm. From both Figure it is conclusive that

with ESC algorithm the ripple in the flux reference and the ripples in the torque can be reduced.
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Figure 8.46: Optimal flux after activating the P & O and stator current reduction.
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Figure 8.47: Optimal flux after activating the ESC and stator current reduction.

8.7 Experimental Results for Extremum Seeking control (ESC) for Optimum Flux searching

for IPMSM

8.7.1 Simulation and Experiemental Results Comaprison for ESC

Figure 8.48 shows the comparison between the simulation and experimental results to
demonstrate the relationship between the magnitude of the stator current and the magnitude of the

stator flux linkage ws when the torque reference is 0.4 Nm constant. In Figure 8.48, the blue line
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indicates the profile obtained from simulation and red line indicates discrete data points from the
experiment. When accurate machine parameters are used, simulation results and experimental

measurements are close to each other.
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Figure 8.48: Simulation (blue line) vs. experimental (red line) result comparison at T" = 0.4 Nm.

8.7.2 Flux Trajectory

Figure 8.49 show the actual flux and stator current magnitude trajectory where, ESC was
activated when the reference torque was 0 Nm. Then a step change in the torque is applied from 0
to 0.8 Nm and the flux linkage reaches to its optimal point which is 0.036 Vs. Figure 8.50 indicates
the dynamic response of proposed control approach before and after activating the ESC while the
toque remained constant 0.4 Nm. Figure 8.51 shows flux trajectory of the searching approach, P

& O when the torque reference was also 0.4 Nm.
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The dynamic and steady state performance of the ESC and P & O can be discussed from Figure
8.50 and Figure 8.51. The ESC algorithm has advantage on having variable or adaptive step size
of the injected signal, therefore, at the optimal point, the ESC can have minimum ripple. In contrast
P & O is a fixed step size-based approach, so at the steady state of the optimal point its step size

remains fixed which results to high ripple in the stator current than the ESC algorithm.
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8.7.3 Steady State Response
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Figure 8.52: Experimental results of three-phase stator currents, torque and |ys| at T" = 0.3 Nm.

Figure 8.52 shows the experimental results of three-phase stator currents, torque and magnetic
flux linkage. Initially the flux reference was set to be 0.028 Vs, while the ESC algorithm is
deactivated; the IPM motor operates in a non-optimal operating condition, which is indicated by
the peak of the stator currents in Figure 8.52, 7 A. Once the ESC algorithm was enabled, the flux

linkage reached to its optimum within 20 ms. The constant output torque is maintained, while the

133



RMS value of the stator current is reduced from 5 A to 1.8 A. The numerical values are shown in
the Figure 8.52.

Based on the motor’s parameter shown in Table A-1 in Appendix, the copper loss of the motor
reduces from 3.4 W to 0.5 W after the ESC is activated which is a significant reduction in loss.
Besides, the average switching frequency of the inverter after ESC activation is almost same as
before activating ESC, which are 21.5 kHz and 22 kHz respectively. In other words, the ESC could
significantly reduce the copper losses with less impact on the core losses, and the motor efficiency

could be remarkably improved.

8.7.4 Transient Response
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Figure 8.53: Experimental results of three-phase stator currents, torque and |ys| while step
change (ramp within 25 ms) applied from 0.3 Nm to 0.6 Nm.
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Figure 8.53: shows the dynamic response of the system while the ESC is active by applying a
step command in torque reference from 0.3 Nm to 0.6 Nm. The IPM motor torque reaches to its
reference value with optimal stator currents without compromising the system stability. To show
the variation in the flux linkage properly a step change in the torque reference was applied from

0.3 Nmto 0.7 Nm which is shown in Figure 8.54. When a step change was applied, the flux quickly
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reached to its optimal value 0.036 Vs for 0.7 Nm torque which can be located from the MTAP

trajectory. The frequency of the injected signal, s set to be 300 Hz and amplitude is A = 0.00035

Vs, which is 1% of the s in the experiment.
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Figure 8.54: Experimental results of three-phase stator currents, torque and |ws| while step change

applied from 0.3 Nm to 0.7 Nm.

8.7.5 Stator Current THD

Figure 8.55 and Figure 8.56 indicates the THD (%) before and after enabling the ESC while

the T = 0.6 Nm and speed is 50 rad/sec. The THD (%) value increase only 0.86% due to high

frequency signal injection in flux reference, however the RMS value of the stator current didn’t

increase. This is to be noted that this additional noise in the stator current can be minimized by

manipulating the amplitude of the injected signal.
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FFT analysis
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Figure 8.55: Stator currents THD (%) when ESC was deactivated at T~ = 0.6 Nm and 50 rad/sec
constant speed.
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Figure 8.56: Stator currents THD (%) when ESC was activated at T" = 0.6 Nm and 50 rad/sec
constant speed.
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CHAPTER 9

CONCLUSIONS, CONTRIBUTIONS AND FUTURE RESEARCH WORK

In this chapter, the objectives of this dissertation are reassessed, and conclusions of the research

are illustrated. Moreover, the potential future research work on this topic is discussed.
9.1 Conclusions of This Dissertation

This dissertation was focused on developing a multi objective DTC algorithm for the IPMSM
to mitigate the challenges and drawbacks of the conventional DTC. Novel DTC approach for
multilevel converter and the signal injection based flux searching approach were proposed,
investigated thoroughly and validated using simulation and experimental results.

These proposed methods offer solutions for the problems that the conventional DTC approach
holds. The overall dissertation addressed five major issues and the solution related SiC based motor
drive systems, which are,

e Virtual voltage vector based Direct Torque control for T-type NPC inverter.

e DC-link capacitor voltages balancing without additional voltage/current sensor for T-type

NPC inverter-fed DTC.
e Signal injection based flux searching approach for DTC.
e Stability analysis of the ESC algorithm for DTC.

e Loss model development and analyze loss and efficiency of the system.

In this dissertation, detail research was conducted and analyzed on a novel VSV based DTC,
MTPA technique and loss modeling approach for SiC based inverter. Based on the aforementioned

problems and solutions, the following conclusions can be drawn.
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In chapter 4, system and control-level multi-objective optimization is presented to extract all
the benefits of an advanced DTC and 3-L T-type NPC inverters together for traction applications.
The main circuit topology is built upon the T-type NPC inverter, which combines the positive
aspects of two-level converters including low conduction losses and simple operation principles
with the advantages of a 3-L converter such as low switching losses and superior output voltage
quality. However, the NP voltage unbalancing is an inherent issue in all neutral point clamped
inverters using conventional 3-L DTC which is the main reason for the distorted output voltages
and cause extra voltage stresses on the blocking switches and the DC-link capacitors. Uneven
charging and discharging of the capacitors C,and C,occur when any of the output terminals of the
3-L inverter is connected to the neutral point, O. In the voltage vector diagram of the conventional
3-L T-type NPC inverter which was presented in figure 2.6 of Chapter 2, both medium and small
voltage vectors contribute to the NP currents. Theoretically, the average NP current within a
switching cycle should be nearly zero to keep the capacitor voltage balanced. Generally, the small
voltage vector has been utilized to minimize the voltage imbalance at the NP as each of them has
their identical pair voltage vector with opposite NP current. Therefore, in conventional control
approach for three-level inverter it is necessary to measure the DC-link capacitor voltages to select
the appropriate voltage vectors for balancing the DC-link capacitor voltages. The DC-link voltage
sensors or the NP current sensors come with additional system cost. Moreover, the unbalanced
DC-link capacitor voltages have worse effect on the torque ripples and stators current ripples in
the DTC applications. Therefore, in this dissertation a VSV based advanced DTC was proposed to
inherently balance the DC-link capacitor voltages without any NP voltage of current sensors.

Signal injection based flux searching approaches were also proposed and discussed in the

dissertation since optimal flux searching is a critical issue in the DTC algorithm. In the chapter 5,
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two optimal flux searching approaches were presented, i.e., P&O and ESC. The P&O method
based optimal flux searching approach is a simple and effective method which is easy to be
implemented and effective as well. However, due to fixed injected signal magnitude it affects the
steady state performances of the flux. At steady state conditions, the flux ripple is higher if the
injected signal magnitude is large. In contrast with the smaller step size of the injected signal the
steady state ripples in the electromagnetic flux can be reduced but the dynamic response may be
slower. Consequently, the ESC algorithm was proposed to eliminate the issue of the P & O search
method. The ESC is a high frequency signal injection based method which does not need the
machine parameters to determine the optimal operating condition which can maintain MTPA
operation over the whole range of DTC operation. Additionally, the ESC is an adaptive step size
based approach so that the steady state flux ripple reduced significantly. The stability analysis was
also conducted and analyzed in the chapter 5.

Since the ESC ensures that the PMSM can run under MTPA which can potentially increase
the efficiency by reducing the copper loss, it is important to validate the method by analyzing the
loss of the system. Hence, in chapter 6 a loss model was developed for the SiC MOSFET based
inverter. Accuracy of the loss model was analyzed and validated by building a simulation model
and compare the loss and efficiency data with a known system loss data.

At the end, all the proposed methods were supported by the substantial amount of simulation and

experimental results provided in the chapter 8.

9.2 Contributions of This Dissertation

The contributions and the accomplishments of this dissertation can be summarized as follows,
e A comprehensive review of the existing state of the art of the DTC approaches with multi-

level converter has been presented.
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Issues with the unbalanced DC-link capacitor voltages in the multi-level converter-fed
DTC were discussed and their effects on the torque and current ripples were analyzed and
showed numerically.

Advanced VSV based DTC algorithm was proposed to enhance the performance of the
conventional DTC for three-level converters. The reduction of the torque and current
ripples were validated by the simulation and experimental results. A new voltage vector
diagram and switching table was proposed with virtual volage vectors. The VSVs were
generated in such a way that none of the VSVs contribute zero NP current over one
switching cycle. Therefore, the intrinsic DC-link capacitor voltages balancing is achievable
by the proposed DTC algorithm as well.

Multiple signal injection based optimal flux searching approaches were proposed in this
dissertation to obtain the MTPA for the DTC. First the P & O algorithm was implemented
which could achieve the MTPA, however, it has large steady state ripple in the flux.
Therefore, high frequency signal injection based ESC algorithm was proposed later as an
adaptive control approach to find the optimal flux which lead to MTPA for the DTC. The
simulation and experimental studies were presented to validate the claim.

A general electro-thermal characterization procedure was proposed to acquire the detail
loss in the system. The proposed loss model was used to compare the loss and the efficiency

of the system while implementing the conventional and proposed control algorithms.

9.3 Future Research Recommendations

Future research recommendations are listed below,

Although the proposed DTC can balance the DC-link capacitor voltages without having

any neutral point voltage/current, it should be noted that the DC-link capacitor voltage may
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have ripples or even some offset due to fast dynamics of the DTC. Therefore, it is worth
exploring the possibility to develop an observer to monitor the DC-link capacitor voltages
without any additional sensor.

Develop a mathematical relationship between he the DC-link capacitor voltages and the
torque and stator current ripples. In this dissertation, a numerical analysis has been
conducted to show the relationship between the torque, flux ripples and DC-link capacitor
voltages due to the complexity of the mathematical model.

Investigate a way to achieve fixed switching frequency based DTC by even using virtual
voltage vectors with external modulator since proposed DTC has variable switching
frequency which may cause higher torque ripple than fixed switching frequency.
Investigate the possibility to implement virtual signal injection based optimal flux
searching approach such way the conduction loss introduced by real signal injection based
flux searching approach can be minimized.

The loss model developed in this dissertation can be investigated in detail and an active
thermal control algorithm can be used to enhance the efficiency of the DTC system. This
active thermal control can be integrated with the existing DTC algorithm and monitor the
loss information online.

Investigate the common mode reduction by implementing the proposed DTC and

comparing with the conventional DTC.
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APPENDIX

Table A-1
Machine Parameters Used in the Dissertation
Nominal Power 250 W
Maximum torque 0.8 Nm
Flux linkage 0.035Whb
Average Lg 1.12 mH
Average Lq 1.58 mH
Base speed 3000 RPM
Pole-pair number, P 2
Stator resistance, R 0.27 Q

Define . — ., — ., The expressions of g, I, h, and m in (5.16-b) are

I (iy ) = 2aAL (y,, +ALiy)
a(iy ) =9P*ALl%; +9P*ALy i; + 9Py +4T2
m(iy) =bAL(y,, +ALiy)
b(iy ) =wn + 2w ALy + ALy 2iS + 20 Lyiy + 4w i L, ALLS + 2y, L, AL%S + ALL %y + 2y, L 2 AL
g(iy) =9P?ALi} -(ALZij +y, ALy +y? )x (4ALiy +3y,,)

ALy + AL, + Ly +
h(iy ) =9P?(w,, + ALi, )2 x| 4w2L ALi, +3y, L AL +

2AL°L%HS + 3y, ALL i

Table A-2
Major Parameters of XM3 Power Module

Drain-Source Voltage 1200 V

DC Continuous Drain Current 450 A
Maximum Virtual Junction . .
Temperature under Switching -40°Cto 175°C
Conditions
Internal Gate Resistance 25Q
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Table A-3
Major Parameters of Loss model for Operating Condition-1

Nominal Power 200 kW
Power factor 0.82
Dead time le-6
Rj= case 0.11 (Datasheet XM3)
R case— cold plate 0.0036 (thermal paste)
R cold plate— coolant 0.016 (Datasheet CP3012)
Rgext 1Q
Fundamental frequency 400 Hz
fow 20 kHz; 16 kHz; 12 kHz
Teoolant 105°C; 85°C; 75°C
Table A-4
Major Parameters of Loss model for Operating Condition-2
Nominal Power 300 kw
Power factor 1
Dead time le-6
Ri= case 0.11 (Datasheet XM3)
R case— cold plate 0.0036 (thermal paste)
R cold plate— coolant 0.016 (Datasheet CP3012)
Rgext 10
Fundamental frequency 300 Hz
fow 20 kHz; 15 kHz; 10 kHz
Tcoolant 30°C
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Table A-5
Machine Parameters Used in the Dissertation

Nominal Power

300 W
Maximum torque 2 Nm
Flux linkage 0.0138Wh
Average Lg 0.275 mH
Average Lq 0.364 mH
Base speed 2500 RPM
Pole-pair number, P 4
Stator resistance, R 0.23Q
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