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Preface

FAULT TOLERANT OPERATIONS OF INDUCTION
MOTOR-DRIVE SYSTEMS

Chia-Chou Yeh
Under the Supervision of Professor Nabeel A. O. Demerdash at

Marquette University

This dissertation presents fault-tolerant / “limp-home” strategies of ac motor soft starters and
adjustable-speed drives (ASDs) when experiencing a power switch open-circuit or short-circuit
fault. The present low-cost fault mitigation solutions can be retrofitted into the existing off-the-
shelf soft starters and ASDs to enhance their reliability and fault tolerant capability, with only
minimum hardware modifications. The conceived fault-tolerant soft starters are capable of
operating in a two-phase mode in the event of a thyristor/SCR open-circuit or short-circuit
switch-fault in any one of the phases using a novel resilient closed-loop control scheme. The
performance resulting from using the conceived soft starter fault-tolerant control has
demonstrated reduced starting motor torque pulsations and reduced inrush current magnitudes.
Small-signal model representation of the motor-soft starter controller system is also developed
here in order to design the closed-loop regulators of the control system at a desired bandwidth to
render a good dynamic and fast transient response. In addition, the transient motor performance
under these types of faults is investigated using analytical closed-form solutions, the results of
which are in good agreement with both the detailed simulation and experimental test results of the
actual hardware.

As for ASDs, a low-cost fault mitigation strategy, based on a quasi-cycloconverter-based
topology and control, for low-speed applications such as “self-healing/limp-home” needs for
vehicles and propulsion systems is developed. The present approach offers the potential of
mitigating both transistor open-circuit and short-circuit switch faults, as well as other drive-

related faults such as faults occurring in the rectifier bridge or dc-link capacitor. Furthermore,
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some of the drawbacks associated with previously known fault mitigation techniques such as the
need for accessibility to a motor neutral, the need for larger size dc-link capacitors, or higher dc-
bus voltage, are overcome here using the present approach. Due to its unique control algorithm,
torque pulsations are introduced as a result of the non-sinusoidal current waveforms. Meanwhile,
application considerations and opportunities for practical use of the conceived design are also
investigated here in this work. The results of this research suggest that the conceived approach is
best suited for partial motor-loading operating condition, which is normally the case for many
practical industrial applications where the motors are usually oversized. The reason for choosing
to operate under such conditions is the resulting reduced torque pulsations that the motor will
experience when supplied by the conceived topology at light-load conditions. In addition, the
negative impact of inverter switch fault on motor performance is also analyzed in this work using
the averaged switching function modeling concept. Simulation and experimental work have been
performed to demonstrate the efficacy and validity of the conceived fault-tolerant solutions for

induction motor fault mitigation applications.



v

Acknowledgement

First of all, I wish to express my sincere and deepest gratitude to my advisor, Professor
Nabeel A. O. Demerdash, for his encouragement, time, and expert technical guidance throughout
the completion of this work. Without his open-mindedness and patient guidance, this dissertation
would not come to exist. His endless hours of advice and help in my research work are very much
appreciated and will always be remembered. Our discussions involve not only technical matters,
but also life in general. In fact, he serves as a father figure to me. It is my extreme privilege to
have him as my advisor as well as my dear friend. His famous quote: “No question is a stupid

question” will always be buried in my mind.

I would also like to extend my deepest gratitude to my other dissertation committee
members, namely Prof. Ronald H. Brown and Prof. Edwin E. Yaz of Marquette Univesity, Dr.
Thomas W. Nehl of Delphi Automotive Research, and Dr. Russel J. Kerkman of Allen Bradley-

Rockwell Automation, for their precious time, support, and useful suggestions/insights.

I am also very grateful to my internship employer, Eaton Corporation, when [ was with them
for the majority part of my Ph.D. studies, for the technical experience, skills and knowledge that I
gained which enabled the completion of this work. Furthermore, I wish to thank my co-workers,
Madhav D. Manjrekar, [an T. Wallace, Vijay Bhavaraju, Jun Kikuchi, and Edward F. Buck for all

the helpful discussions in various projects.

In addition, I wish to acknowledge the financial support from the US National Science
Foundation under Grant ECS-0322974 and the Rev. John P. Raynor Fellowship. I also wish to
thank the Marquette University EECE department, professors, and support staff, especially Jean

M. Weiss, for providing the environment that made this research work possible.



The support of the Eaton Corporation, Allen Bradley-Rockwell Automation, and A. O.
Smith Corporation, in providing the test motors, drives, and other electronic equipment, is
gratefully acknowledged. The experimental portion of this research work would not be possible

without their support and generosity.

I also wish to extend special thanks to my dearest friends, Ahmed Sayed-Ahmed, Behrooz
Mirafzal, Gennadi Y. Sizov, and Anushree Kadaba for their support, useful insights, and fruitful
discussions throughout my graduate studies at Marquette University. The time when we all spent
together in the lab is something I will never forget. I will definitely miss the moment and fun in

our weekly “Tuesday Pizza”.

Most importantly, I would like to thank a special person, my lovely wife Huili, for her
infinite patience, kindness, and endless love throughout this period. Her continued support and
belief in me in things I wish to accomplish in my life will always be remembered. Her strong
character has kept me motivated in the completion of this work. She definitely plays a major role
in my life. Finally, I owe my deepest appreciation and special thanks to my family for their love,
support, and encouragement throughout my life and education. This dissertation would not be

possible without them.

There are many other people who have helped me in some ways in my research work.
Although I cannot mention each one of their names, I never forget their kindness. Once again, I
would like to express my greatest gratitude to all these people. Thank you all, it is good knowing

you.

Chia-Chou Yeh
May 2008



vi

Contents
LIST OF FIQUIES ...ttt b et e X
LISt OF TaDIES ... Xvii
1 INErOAUCTION ... 1
1.1  Motivation behind This WorK ........cccecieiiiiiiiiiiiee e 1
1.2 Literature Search Surveying Preceding Work..........ccccoecvieeeiiiniiiiiie e 6
1.3 Objectives and CONtrIDULIONS ........ccvervverierieiiieieeieesieesieeseeseesresreeseeseesseesseesseens 16
1.4 Dissertation OrganiZations ..........cceccueeierirerieesieerieesieseeseeseeeseesseesseesseesneesnsesseensens 18
L5 SUMMATY .ottt ettt et e e vt e e s ebeesabeeetaeessseeessaeessseessseeenssaessseanns 19
2 Transient Analysis of Induction Motor-Soft Starter...........cccccceevvvveenenn, 20
B T §115 o7 11 13 T ) s H OO OO RUUURUTRRRTRR 20
N 1) ] 1 4 1< ¢ TSP 21
2.2. 1 TOPOLOZY .evieeieeiieiteieeetee ettt ettt sttt e st e s e sttt esnaessbeenseenseensaens 21
2.2.2  Principles of OPerations .........cccueeecuiieriieriiieeiieenteesieeeseeeesreeeraeeseseessveeenenes 22
2.3 Closed-Form Derivation.........ccecerieiererieieeie ettt s 25
2.3.1 Closed-Form Expressions of Motor Phase Voltages..........c.ccccceocvnieninencee 25
2.3.2  Closed-Form Expressions of Motor Phase Currents ...........ccccceevveneeneennenne 34
2.4 Analysis of Failure Modes and Effects ..........ccccoevviiiiiiiiiiiciieceeee e 38
2.4.1  Short-Circuit SCR Fault........ccccooiiiiiiiiiiii e 39
2.42  Open-Circuit SCR Fault.......cccoiiiiiiiiiiieeieeecee e 44
2.5 SUINIMATY ..eviiiiiieeiee et eeieeete e teeeteeestbeeesbeeebbeessseeessseessseesssesesssaesssesassseesssesessseensses 46
3 Fault Tolerant SOft Starter............cccoveiiiiiiiciiee s 48
3.1 INEPOAUCTION c.eiiiie ettt ettt ettt ettt et e bt e saeeeaeeeneean 48
3.2 Principles of Fault Tolerant OPerations ..........c.cccvevvierreereeseesresivessreeseesseesseesseessnens 49
3.2.1  Modified TOPOLOZY ...eovvverereeiiieiieiieerieesie e ete e ereeeeeseesseeseaeseaesnseenseenseenns 50
3.2.2 A Resilient Closed-Loop Two-Phase Control Scheme ...........ccccceeeveeieenenne. 52
3.3 Small-Signal Modeling of Motor-Soft Starter Controller ...........ccceevvevvervencrearennnn. 56
3.3.1 Transfer Function of Controller ...........cceceviririieninieneneeee e 59

3.3.2 Transfer Function of Induction MOtOT..........cooovviiiiiiiiiiiiiiiiiieeeeeeeee 59



vil

3.3.3 Nonlinear Representation of Soft Starter ...........ccecvevevvvcriiviieiienieeniesieeiens 62

3.3.4 Small-Signal Model Representation of Overall System.........c.c.ccoeeveeveennenne. 65

3.4  Design Procedures of Soft Starter PI Controllers..........ccocuveviieiieeiienienienienieeieeenn 66

3.4.1  Voltage Control LOOP......cccvivieiiieriieiieriesie e ere et e e seeesaesenessveesne s 66

3.4.2  Current Control LOOP .....cccvvriiriiiiiiieriieciesie ettt ete et sre e snne e e 68

3.5 SUIMMATY .eeeiiiiiiiieeeie ettt et ettt e at e st e ettt e sabeesbeeesbteesabeesnbaeesaneeeas 71

Circuit Simulations of Fault Tolerant Soft Starter.............ccccoovneiennnn 74

O N 6115 0T 11 13 o) s AU PRRRPSRR 74

4.2 Circuit Simulation Model..........cccoiiiiiiiiii e 75

4.3  Verifications between Closed-Form Analytical and Simulation Results.................... 79

4.3.1 Healthy Condition .........cceeieriiriiiiieieeieeseesee ettt 79

4.3.2  Short-Circuit SCR Switch Fault Condition ..........cceceevieiiinieneniiiiceieeee. 84

4.4  Motor Performance under Fault Tolerant Operations .............ccceevververrenrenveerveanens 85

4.5 SUINIMATY ..eveiiiiieeiie et e eieeeite ettt e et e ettt esateeebteessteesateeessseesnsaesanseesnseesnseeesnseesseeesnsens 90

Hardware Experiments of Fault Tolerant Soft Starter...............cccccoe.... 95

5.1 INITOAUCIION ...ttt et eb et be et e e sbe s 95

5.2 Hardware ProtOtyPe......ccieeieeieeiieiieiieitesite ettt ettt ettt sbeesseesaeeeneeeneeas 96

5.3 Experimental RESUILS........cccvieiiiiiiiiiiiciiecee et 101

5.3.1 Comparisons with Simulation and Analytical Results............c.cccceevvrrennnee. 101

5.3.2  Motor Performance under Fault Tolerant Operations ..........cc.ccceceeeuveruenee. 110

54 SUMMATY ..oiiiiiiiiiieciee ettt ette e et e e et eestbeeebee e tseessseaassaeesssaessseeassseesssesansseessses 113
Analysis of Failure Mode and Effect of Inverter Switch Faults on Motor

PEITOIMANCE. ...t 121

(O T O 51 U3 (016 10167 5 () SRS 121

6.2  Averaged Switching Function Model............cccoeveiiiiiiiiniieiiieceecee e 122

6.2.1 Motor Phase Voltage Representations ..........c.cccvevveeveervenrenvennenneesseennes 124

6.2.2  Averaged Switching Function Formulations...........c.cceccevinienininiennncnnee. 125

6.3  Analysis of Failure Modes and Effects .........ccccooeeiiiiiiiiiinciiceeeeeee e, 130

6.3.1  Short-Circuit Switch Fault ..........coccooiiiiiiii e 131

6.3.1.1  Circuit Simulation Model............ccoceeverinieniiniiinieeeceeees 133

6.3.1.2  Analytical and Simulation Results..........cc.ccceevriiiiienienieeenen. 136

6.3.2  Open-Circuit SWitch Fault ...........cccoooiiiiiiiiiicceeeee e 144

6.3.2.1  Simulation RESUILS ......evviiviiiiiiiiiiieeeeeeeeeeeeee e 148



0.4 SUIMMATY ..ooiiviiiiiieeiie et eeieeeteeesteesetee et eeseteessee s sseessseesssaeasssaessseeassseessseesssesnsses 160

7 A Quasi-Cycloconverter-Based Topology and Control for Inverter Fault
Y Lo =LA o] o OSSR 162
% T U115 (016 13167 510 ) WO USSP 162
7.2 Present Fault Mitigation Topology and Control............ccccceeveerieriieeieecieenieereeeeene 167
7.2.1  Operating Principle of Present Topology........cccccvvevvrevieviienieneenienreereeene 167
7.2.2  Discrete-Frequency Control Algorithm...........cccoovieiieniiniiniireeeee, 172
7 TN 10V 0 T ) oy USRS 179

8 Simulation and Experimental Results of Inverter-Motor Fault Tolerant

(@] 01=] -1 1 o] o [T S USRS 181
8.1 INErOAUCHION ..ottt et et b e bt bt st e eaeeeneean 181
8.2 Simulation Performance...........cocveieriiieiinieee e 182
8.2.1  Circuit Simulation Model........ccccooieiiiiiiiiiniieee e 182
8.2.2  Simulation RESUILS.........cocuieiiiiiiiiiniieieee e 186
8.2.2.1  The N0O-Load Case .......cceeiiriiiiiiieeieesieesite e 186

8.2.2.2 Limp-Home Operation of the Conceived Topology under Inverter
Fault Case......ccoviiiiiiiieieee e 187
8.2.2.3  Starting Performance of the Conceived Topology.........c..ccue... 198
8.3  Experimental Validations ..........cceccvieeviiriieniierieniesreere e ereesteeseessresenessseeseesseesseas 204
8.3.1  The NO-L0ad CaSe .....cc.eeiuiriiiieiieiieieiceee ettt 207
8.3.2 Limp-Home Operation of the Conceived Topology under Inverter Fault Case
......................................................................................... 207
8.3.3  Starting Performance of the Conceived Topology .........cceeeverviecriecrieieennen. 222
8.4  Application Considerations and OppOrtunities ...........cecceeeveeruresieeseereereeseeseeeeens 224
8.5 SUMIMALY ..eiiiiiiiieeeee ettt et e sttt e s be e etb e e s beeesbaeessbaesssaeessaesnsaeessens 229
9 Conclusions, Contributions, and Suggested Future Work...................... 230
9.1  Summary and COonClUSIONS ..........cccuiiiriieiiiieeiieeciie ettt e ere e e eeee e sereeereeeenas 230
9.2 Contributions Of this WOrK........cccoriiiiiiiiie e 237
0.3 Future INVESHZAtIONS ....c.veertieriieriieeieeie ettt esiee sttt ettt ste et e saeesneesabeebeeseenseenns 238
BIDHOGrapny ......ccve e 240
Appendix A Designs and Specifications of Hardware Prototype ............ 250
Al INEFOAUCTION .ttt sttt e e s e saee e 250

A2 SyStem DESCIIPIONS ..ccuvieiietieeiieeie et eieenieesiteste ettt e et esseesaeesteebeebeesseesseesnnesnseas 250



X

A2.1
A22
A23
A24
A25
A2.6

Motor Design Specifications and Datasheets..........ccccveevveevieereereeneenenennn, 255
Soft Starter and Quasi-Cycloconverter Designs..........cccccevevereveniencrencvennnnn 259
PWIM DIIVE ...ttt ettt et be e e e e saveeeavaeens 262
DSP Controller Board ..........cccovieiiiiiiieieeeeeeee e 262
Signal Conditioning CirCUILS ........eevevrrrrerrieerieeriiesiresreereeieesseessresneeseeses 265

Data AcqUiSition SYSTEM .......ceeruierieriieriienieeie ettt et eete et 268



List of Figures

Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:

Figure 1.5:
Figure 1.6:
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 2.10:
Figure 2.11:

Figure 2.12:

Figure 2.13:

Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:

Types of inverter switch failure modes under investigation...........ccccceveeveereereeennnne. 5

Categorization of various “limp-home” strategies for three-phase ac motor-drives. ... 7

Fault-tolerant inverter topology by Liu et al. [49] and Elch-Heb et al. [50]. ............... 8
Fault-tolerant inverter topology by Van Der Broeck et al. [52] and Ribeiro et al. [44].
.................................................................................................................................... 11
First fault-tolerant inverter topology by Bolognani et al. [40]. .......cccevververrenenennne. 13
Second fault-tolerant inverter topology by Bolognani et al. [40]........ccccovvevvervennnns 14
Conventional three-phase soft starter topologY. .....ccceeveeriirirriiieiieieeeeeeeee e 23
Definitions of firing angles.........ccveeeiieiiieiiiieieeeee e 23
Voltage ramp Profiles. .....cooviiiiiiiieiiieiiecie et sae et ereeenas 25
(a) 3-phase conduction mode. (b) 2-phase conduction mode. ...........ccceerverrerrrieenenns 26
Healthy transient current space-vector plot during soft starting............c.ccceeeveeeeneenns 30
Healthy transient three-phase currents during soft starting. ............ccocceeveevvenvernennnn. 30
T-equivalent circuit model (h is the harmonic order)...........ccoceveverieiriinineneeeee 33

Analytical solution of healthy three-phase line-to-neutral motor voltage waveforms at
operating conditions of @ =60" and & =90 . ........ccoeeireirieeeeee 33

Analytical solution of healthy three-phase current waveforms at transient conditions
of =60", o =90°, and motor speed of 200-1/MiN...........ceerririrreeiririeeeierenne. 37
Failure modes in soft starter circuit. (a) Short-circuit fault. (b) Open-circuit fault.39

Transient current space-vector plot during soft starting under a short-circuit SCR
FAULE. oottt s 40

Three-phase line-to-neutral motor voltage waveforms from analytical solution under
a short-circuit SCR fault........ooooiiiiiii e 42

Analytical solution of three-phase current waveforms at transient conditions of
¢ =60", a=90", and motor speed of 400-r/min under a short-circuit SCR fault. 43

Industrial type three-phase soft starter topology. .....ccevcveveverrincieeiiiereereecie e 51
Modified version of soft starter with fault tolerance/isolation capabilities. ............... 51
Post-fault soft starter cConfiguration. ...........cocueeeiierieriesienie e 52
Present closed-loop two-phase control for fault tolerant soft starter.............c..c....... 54
Reference voltage ramp profile. ........ccccvevierieriiinciieieeeeere e 54

Simplified control system representation of motor-soft starter controller.................. 58



xi

Figure 3.7: Voltage CONtrol 100P. ....ccviiriiiiieiiiciicieeitetee ettt ere e te e ressbe s b e esseessaeseens 58
Figure 3.8: Current Control LOOP. .....c.eeevierierierieiiieciteie et esteesee e teebeeteesteessaessseesseensaesaessaens 58
Figure 3.9: Transfer function of per-phase induction motor model.............ccccevvieriiiiiirnieinienienns 62
Figure 3.10: A plot of motor phase voltage (rms) versus oy using Equation (3.14). ................... 65
Figure 3.11: Bode plot of voltage control feedback loop system. (a) Open-loop transfer function.

(b) Closed-100p transfer fUNCLION...........ccuevierieiieiie et 69
Figure 3.12: Bode plot of current control feedback loop system. (a) Open-loop transfer function.

(b) Closed-loop transfer fUnCHioN.........c.cccccvieeiieeciieeiee e e 72
Figure 4.1: Schematic of motor-soft starter power structure in Matlab-Simulink [91]. ............... 76
Figure 4.2: Block diagram of soft starter controller in Matlab-Simulink [91].........ccccccceninienene. 78

Figure 4.3: Healthy three-phase line-to-neutral motor voltage waveforms at operating conditions
of $=60" and @ =90°. (a) Analytical. (b) Simulation. ............cccceevrreverrerirrerenne. 81

Figure 4.4: Healthy three-phase current waveforms at transient conditions of ¢ = 60", a =90°,
and motor speed of 200-r/min. (a) Analytical. (b) Simulation. ..........ccccccvvvevuveennenn. 82
Figure 4.5: RMS values of healthy three-phase stator currents from analytical solution and
dynamic SIMUIALION. .....ccueeiiieriieitieiie ettt ettt et et esaeeeneeenteeneeens 84
Figure 4.6: Three-phase line-to-neutral motor voltage waveforms at operating conditions of
¢ =60" and a =90° under a short-circuit SCR fault. (a) Analytical.
(D) SIMUIALION. ...eviiitieiieiteee ettt et e re v e s b e et e ebeestaestbessseesseessaesseessnessnenes 86

Figure 4.7: Three-phase current waveforms at transient conditions of ¢ =60°, o =90°, and

motor speed of 400-r/min under a short-circuit SCR fault. (a) Analytical.
(D) SIMUIALION. .....viiiiiieciie ettt ettt e e eere e e te e e treeebeeestaeesaseeensneesareean 87

Figure 4.8: RMS values of three-phase stator currents from analytical solution and dynamic
simulation under a short-circuit SCR fault...........ccocvevieriiniiniiiiieeeeeeesee e 89

Figure 4.9: Simulation results of three-phase current waveforms. (a) 3-phase open-loop control.

(b) 2-phase open-loop control. (c) Proposed 2-phase closed-loop control................ 92
Figure 4.10: Simulation results of current space-vector plots. (a) 3-phase open-loop control.
(b) 2-phase open-loop control. (c) Proposed 2-phase closed-loop control. ............. 93
Figure 4.11: Simulation results of motor developed torque. (a) 3-phase open-loop control.
(b) 2-phase open-loop control. (c) Proposed 2-phase closed-loop control. ............. 94
Figure 5.1: Schematic of experimental setup of induction motor-soft starter system................... 98
Figure 5.2: Testrigs. (a) Soft starter. (b) Induction motor and dynamometer. ..................coc...... 99

Figure 5.3: Healthy three-phase line-to-neutral motor voltage waveforms. (a) Test.
(b) Simulation. () ANAlYtiCal........ccceceeviiiiiiieiiieriteceereere e 104

Figure 5.4: Healthy three-phase current waveforms. (a) Test. (b) Simulation. (c) Analytical. 105

Figure 5.5: Three-phase line-to-neutral motor voltage waveforms under a short-circuit SCR fault.
(a) Test. (b) Simulation. (c) Analytical. ........cccccvevcierciieciieiierieeesee e 107

Figure 5.6: Three-phase current waveforms under a short-circuit SCR fault. (a) Test.
(b) Simulation. (c) Analytical.........cccceviiiiiiiiiiieiieieeee e 108



Xii

Figure 5.7: Test results obtained under direct-line-starting. (a) Three-phase motor currents.

(b) Motor developed tOTGUE. ........ccverieriieeieerieeseestesteeteeteebeeeeseeeseeeseressseenseenseas 114
Figure 5.8: Three-phase motor currents obtained under 3-Phase Open-Loop Control.
(a) Test. (D) SIMUIALION. ...veevvviieiiiiieiieieeeeee sttt et e seresebeesbeesses 115
Figure 5.9: Motor developed torque obtained under 3-Phase Open-Loop Control.
(a) Test. (D) SIMUIALION. ...cccvviiiiiieiieiciee ettt ve e et e e bee s 116
Figure 5.10: Three-phase motor currents obtained under 2-Phase Open-Loop Control.
(a) Test. (D) SIMUIALION. ....ccviiiieiieiieieiete e ere e seeeses 117
Figure 5.11: Motor developed torque obtained under 2-Phase Open-Loop Control.
(2) Test. (D) SIMUIALION. ...c.veiiiiieiie ettt et e e s e sareesreeenes 118
Figure 5.12: Three-phase motor currents obtained under 2-Phase Closed-Loop Control.
(a) Test. (D) SIMUIALION. ...oocviviieiieiieeeeeree e nes 119
Figure 5.13: Motor developed torque obtained under 2-Phase Closed-Loop Control.
(a) Test. (D) SIMUIALION. ...c.veieiiieiiie ettt e et re e e v e e s eveeenes 120
Figure 6.1: Types of inverter switch failure modes under investigation...........ccccceveeceereeneenenne. 123
Figure 6.2: INVETEr CITCUIL. ...eeiuviiiiiieeieesteesteeete et ete ettt ettt e st e st e satesateeateebeesbeesseesneesneesneas 123
Figure 6.3: PWM switching function, H;, of switch, S;, of inverter leg-a..........ccccceevvvevveennnennn. 127
Figure 6.4: Switching function expressed over a switching period of switch, Sy. ......c.ccveeenene. 127
Figure 6.5: Schematic of induction motor-drive power structure in Matlab-Simulink [91]. ...... 134

Figure 6.6: Three-phase motor phase voltages during short-circuit switch fault condition.
(a) Analytical. (D) SIMUIALION.......c.ecoviiviiirieiieeie e re e 138

Figure 6.7: FFT spectra of simulated three-phase motor phase voltages during short-circuit
switch fault condition. (a) Phase-a. (b) Phase-b. (c) Phase-C..........cccccoveevvennenne. 139

Figure 6.8: Simulation results of three-phase motor currents during pre- and post-fault short-
circuit switch fault conditions (fault occurs at t = 1.3 SEC). ..cccvvvveerieieeriieiieereenn. 140

Figure 6.9: FFT spectra of simulated three-phase motor currents during short-circuit switch fault
condition. (a) Phase-a. (b) Phase-b. (C) Phase-C......cccccoevvevuiirievieciciciieieieereene, 141

Figure 6.10: Simulation results of motor speed during short-circuit switch fault condition (fault
occurs at t = 1.3 sec). (a) Time-domain profile during pre- and post-fault.
(b) FFT spectrum during post-fault. ...........cccceriiriiiiiienieeeceeeeee e 142

Figure 6.11: Simulation results of motor developed torque during short-circuit switch fault
condition (fault occurs att = 1.3 sec). (a) Time-domain profile during pre- and
post-fault. (b) FFT spectrum during post-fault...........ccccoeeeeiiiiiiiieniineieieeen 143

Figure 6.12: Inverter circuit topology with an open-circuit fault at switch Sy. ..., 145

Figure 6.13: Simulation waveforms of motor quantities during pre- and post-fault conditions
(open-circuit switch fault occurred at switch Sy att = 1.3 SEC)....ccvevvvereverrennnnen. 147

Figure 6.14: Simulation results of three-phase motor currents during pre- and post-fault open-
circuit switch fault conditions. (a) Healthy. (b) Post-Fault. .........c..ccceevveriennnnnne. 154

Figure 6.15: FFT spectra of simulated three-phase motor currents during open-circuit switch fault
condition. (a) Healthy case in all phases. (b) Faulty case of i,. (c) Faulty case of iy,.
(d) FAUILY CASE OF lueuvieuiiiiiiriiiiiiieeiccie ettt ettt ettt et et 155



xiii

Figure 6.16:

Figure 6.17:

Figure 6.18:

Figure 6.19:

Figure 6.20:
Figure 7.1:
Figure 7.2:
Figure 7.3:
Figure 7.4:
Figure 7.5:

Figure 7.6:

Figure 7.7:

Figure 7.8:
Figure 7.9:
Figure 7.10:
Figure 8.1:

Figure 8.2:
Figure 8.3:
Figure 8.4:
Figure 8.5:
Figure 8.6:
Figure 8.7:
Figure 8.8:
Figure 8.9:

Simulation results of dc link voltage during open-circuit switch fault condition (fault
occurs at t = 1.3 sec). (a) Time-domain profile during pre- and post-fault. (b) FFT
spectrum during post-fault. (c) Close-up view of FFT spectrum of Figure (b)..... 156

Simulation results of motor developed torque during open-circuit switch fault
condition (fault occurs att = 1.3 sec). (a) Time-domain profile during pre- and
post-fault. (b) FFT spectrum during pre-fault. (c¢) FFT spectrum during post-fault.
................................................................................................................................ 157

Simulation results of motor speed during pre- and post-fault open-circuit switch
fault conditions (fault occurs at t = 1.3 SEC)...cccvvvriieriierierieeie et 158

The origination of torque pulsations at a frequency, asy. (a) Interactions between
dc flux/field and positive-seq. 1* harmonic. (b) Interactions between dc flux/field
and negative-seq. 1* harmonic. (c) Interactions between positive-seq. 1%, 2™, and

3 RATINONICS. ...veoveoeeeeee e 158
Simulation results of current space-vector I0CUS. ........eevverierieriinieeieeieeie e 159
SCR voltage-controlled tOPOlOZY. ......cccuvieeuiiiiiiieiiiecii ettt 163
Different types of existing fault tolerant inverter topologies. .........ccccerereererennenne 163
Present topology based on quasi-cycloconverter configuration. ............cecevereenee 166
Present topology for inverter fault mitigation. ...........cccceeveerienieniirie e 168

Example current patterns using discrete-frequency control for adjustable-speed mode

operation for a supply mains frequency, f, =60HZ ........cccoccovviinniininnnnnns 170
Graphical illustrations on the sequence order of input supply mains to achieve output
waveforms with different frequency. (a) 15-Hz output. (b) 30-Hz output. ............ 174
Firing sequence of the SCRs of phase-a. (a) 30-Hz operation. (b) 15-Hz operation.
(S IV A0 o 1S 1o ) o PR 175
Block diagram of proposed control scheme for variable-speed operation. .............. 176
Control logic of phase-delayed pulse generator for each phase. ...........ccceeeveeenneenn. 178
Graphical illustration of the control logic to achieve 15-Hz operation. ................. 179
Schematic of induction motor-drive power structure with “limp-home” capability in
Matlab-Simulink [91]. ....oooeiiiiiiece e e 183
Block diagram of discrete-frequency control algorithm in Matlab-Simulink [91]...185
Simulation, 30-HZ OPETation. ........cceeveereerieeieeiieiieeeniee et ere e eieesreesseesenesenas 188
Simulation, 15-HZ OPETation. ........ccceveerierieriieiieiteteeese et 188
Simulation, 12-HZ OPEration. .........ccceeevuieiieeeriieenieeeiieeerreeereeesireesreeeeeeesereeeseaeenens 189
Simulation, 8.57-HZ OPEIation. .........cccccueevvierieeniesiesienreereereereesieeseeseneseneesseessens 189
Simulation, 7.5-HZ OPETation. .........ccceevveerieereerierieeieeieeieesteeseeseessressressseesseessens 190
Simulation, 6-HZ OPEration. ..........ccoecueriiirieeriienienie ettt 190

Simulation results of motor performance at 60-Hz operation during pre- and post-
fault conditions. (a) Three-phase currents. (b) Developed torque. (c) Motor speed.
.................................................................................................................................. 191



X1V

Figure 8.10:

Figure 8.11:

Figure 8.12:

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:

Simulation results of motor performance at 30-Hz operation during pre- and post-
fault conditions at full-load. (a) Three-phase currents. (b) Steady-state “limp-
home” post-fault current. (c) Developed torque. (d) Motor speed. ...................... 195

Simulation results of motor performance at 15-Hz operation during pre- and post-
fault conditions at full-load. (a) Three-phase currents. (b) Steady-state “limp-
home” post-fault current. (c) Developed torque. (d) Motor speed. ...................... 197

Simulation results of soft-starting performance of present topology for 15-Hz
operation at full-load (8.169 Nm) condition. (a) Motor phase current. (b) Torque.

Simulation results of soft-starting performance of present topology for 15-Hz
operation at half-load (4.084 Nm) condition. (a) Motor phase current. (b) Torque.

Simulation results of soft-starting performance of present topology for 12-Hz
operation at full-load (8.169 Nm) condition. (a) Motor phase current. (b) Torque.

Simulation results of soft-starting performance of present topology for 12-Hz
operation at half-load (4.084 Nm) condition. (a) Motor phase current. (b) Torque.

(C) SPEEA...ecueiiiieciieee ettt et ettt e e e b e e re e e taesrbeerbeerse s beentaenens 203
Schematic and specifications of induction motor-drive test setup system. ............ 205
Test rigs. (a) PWM drive and quasi-cycloconverter power topology. (b) Induction

MOtOr and dYNAMOIMETET.........cccieriierieeieeieeieeseesreereebeebeeseeeseeessseesseeseesseessnenes 206
Experimental results, 30-HZ Operation. ..........cccveeveviervenieniieieeieeseesee e 208
Experimental results, 15-HZ Operation. ..........cecceeveerieniinienieeieee e 208
Experimental results, 12-Hz 0peration. ...........cccceeevvieevieeriieecie e 208
Experimental results, 8.57-Hz Operation. .........c.ccceevveevieeveerieniesrecreeveeve e 209
Experimental results, 7.5-HZ Operation. ............cceceevueevieeneenienieeie e 209
Experimental results, 6-HZ Operation. ..........ccceecveeeiieriieeeiiieeeiee e eeree e 209

Measured three-phase motor current waveforms at 15-Hz output frequency, 25%
load condition under an inverter open-circuit switch fault at Sy..........ccccevveeennee. 210

Experimental results of current space-vector locus at 15-Hz, 25% load condition.211

“Limp-home” motor performance of measured phase currents at 15-Hz, 25% load
condition in the event of an inverter open-circuit switch fault at S....................... 212

Experimental results of post-fault limp-home motor performance for 15-Hz
operation at full-load condition. (a) Motor phase current. (b) Motor phase voltage.
(c) Motor developed tOTQUE. .....veevieriieiieriecre e ere et ereesreesreesereseresebeesreesseeseeesens 214

Experimental results of post-fault limp-home motor performance for 15-Hz
operation at half-load condition. (a) Motor phase current. (b) Motor phase voltage.
(c) Motor developed tOTQUE. .......eevieriieiierieere ettt et et esreeseresereeebeesreesseeseeeses 215

Steady-state “zoom” form of the simulation results of Figure 8.12 for 15-Hz
operation at full-load (8.169 Nm) condition. (a) Motor phase current. (b) Torque.



XV

Figure 8.30:

Figure 8.31:

Figure 8.32:

Figure 8.33:

Figure 8.34:

Figure 8.35:

Figure 8.36:

Figure 8.37:

Figure 8.38:

Figure A.1:

Figure A.2:
Figure A.3:
Figure A.4:

Figure A.5:

Figure A.6:
Figure A.7:
Figure A.8:
Figure A.9:

Steady-state “zoom” form of the simulation results of Figure 8.13 for 15-Hz
operation at half-load (4.084 Nm) condition. (a) Motor phase current. (b) Torque.

Experimental results of post-fault limp-home motor performance for 12-Hz
operation at full-load condition. (a) Motor phase current. (b) Motor phase voltage.
(c) Motor developed tOTQUE. .......cccvieriieriieeiieeie ettt 218

Experimental results of post-fault limp-home motor performance for 12-Hz
operation at half-load condition. (a) Motor phase current. (b) Motor phase voltage.
(c) Motor developed tOTQUE. .......eeveerieeiierierie et sie e e e seee e sere e seeseens 219

Steady-state “zoom” form of the simulation results of Figure 8.14 for 12-Hz
operation at full-load (8.169 Nm) condition. (a) Motor phase current. (b) Torque.

Steady-state “zoom” form of the simulation results of Figure 8.15 for 12-Hz
operation at half-load (4.084 Nm) condition. (a) Motor phase current. (b) Torque.

Experimental results of soft-starting performance of present topology for 15-Hz
operation at 25% load (~ 2 Nm) condition. (a) Motor phase current. (b) Motor
AEVElOPEA tOTQUE. ..veeveerieirieiieiee e cte et e ettt et e s b e s b e esb e e b e ebeestaestaeesbeesseesseenns 223

Simulation results of torque-ripple percentage of full-load torque at different load
LEVRIS. ettt ettt st st 225

Torque-ripple percentage of full-load torque versus load torque at different output
motor frequencies. (a) 30-Hz operation. (b) 15-Hz operation. (c) 12-Hz operation.

RMS value of motor phase currents versus load torque at different output motor
frequencies. (a) 30-Hz operation. (b) 15-Hz operation. (c¢) 12-Hz operation......228

Photos of the overall system. (a) Power electronic circuit. (b) Motor-load system.

................................................................................................................................ 252
Schematic and specifications of induction motor-soft starter test setup system......253
Schematic and specifications of induction motor-drive test setup system. ............. 254
Datasheets of 2-hp induction motor. (a) Performance data. (b) Performance curves.

................................................................................................................................ 258
Three-phase SCR bridge. (a) Digital photo. (b) A drawing of the SCR bridge with
terminal labels. (c) Circuit diagram with wiring labels. ..........cccoccoeviiniiininninnnn. 260
Gate drive of the SCR bridge. (a) Digital Photo. (b) Circuit diagram................... 261
Digital photo of the RC snubber circuits (R =57Q and C = 112pF). .......cceeune.eee. 261

Photos of the PWM drive. (a) Drive and precharge device. (b) Closed-up view..263

Gate drive of the inverter bridge. (a) A drawing of the gate drive. (b) Primary side
connection diagram. (c) Secondary side connection diagram. ...............cceevueeneennee. 263

Figure A.10: Opto-coupler. (a) Block diagram. (b) Circuit diagram (GNDsy is tied to GNDsv).

Figure A.11: DSP controller board. ...........ccceevuierieriiiiieieeeeeeteee et 264



XVvi

Figure A.12:

Figure A.13:

Signal conditioning board #1. (a) Digital photo. (b) Voltage circuit. (c) 1.5Volt
dc-offset circuit. (d) A/D calibration circuit. (e) Speed circuit............ceeveennenne. 266

Signal conditioning board #2. (a) Digital photo. (b) Voltage circuit. (c) Current
circuit. (d) 1.5Volt dc-offset CIrCUIL.....eevviiriiriieiieiiceeeeee e 268



Xvii

List of Tables

Table 1.1:
Table 1.2:
Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:

Table 2.5:

Table 2.6:

Table 4.1:
Table 4.2:
Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

Table 5.1:
Table 5.2:

Table 5.3:

Table 5.4:

Table 5.5:

Table 6.1:

Percentage of component failures in ASD [34]. ....oooieiiiiieiieieeeeee e, 3
Percentage of component failures in switch-mode power supply [35], [85]. .cevevuennnee. 3
Harmonic contents of healthy three-phase motor phase voltages obtained from
ANALYLICAL SOIULION. ....veeeiiiiicii et te et e e ennas 34
Harmonic contents of healthy three-phase motor currents obtained from analytical

10) L3 o) s USSR 37
Analytical solution of RMS values of healthy three-phase stator currents during the
soft starting transient PEriod. .......ccceevieeiiieiiierieiere e 38
Harmonic contents of three-phase motor phase voltages obtained from analytical
solution under a short-circuit SCR fault. .........occoeoieiiiiiiiiiieeeeee e 42
Harmonic contents of three-phase motor currents obtained from analytical solution
under a short-circuit SCR fault. .........cocoiiiiiiiii e 43
Analytical solution of RMS values of three-phase stator currents under a short-circuit
SCR fault during the soft starting transient period. ...........cceeeveevrercieeceeniereereereenenens 44
Design properties of 2-hp inducCtion MOLOT. ........cceeveiririiiieieerieeeie e 77
Utility grid iNPUL PATAMETETS. ....veeerieeeieeiiieeieeeeteeeieeeieeesveeereeeseseessseessseeesssessnseeenens 77
Harmonic contents of healthy three-phase motor phase voltages — Analytical and
STMULALION. ...ttt et ettt e sb e st e st e et e et e bt e beesaeesaeeensean 83
Harmonic contents of healthy three-phase motor currents — Analytical and Simulation.
..................................................................................................................................... 83
Harmonic contents of three-phase motor phase voltages under a short-circuit SCR
fault — Analytical and SIMULAtION. ......c..eeviiiiiiiiiieciee e 88
Harmonic contents of three-phase motor currents under a short-circuit SCR fault

— Analytical and SIMUIAtION. ......c.eecvieriierierieeieeie e e e e sreeseneeene e 88
Specifications of hardware Prototype. .......ccceveereerieriienieeie ettt 100
Harmonic contents of healthy three-phase motor phase voltages — Test, Simulation,
AN ANALYHICAL ...eeiiiiieiecie ettt st e e e saesaaeseneenreens 106
Harmonic contents of healthy three-phase motor currents — Test, Simulation, and
ANALYTICAL ...oiiiiiiciiicciee et et e e tb e e ebeeeseaaeenree e 106
Harmonic contents of three-phase motor phase voltages under a short-circuit SCR
fault — Test, Simulation, and Analytical. ..........cccceevieviieriiiriiiiiieeeeeeee e 109
Harmonic contents of three-phase motor currents under a short-circuit SCR fault

— Test, Simulation, and Analytical. .........cccccvvevvierciiiciieiieieeeree e 109
Simulation conditions of induction motor-drive SyStem..........cccecuereveeereerieereereenenns 135



xviii

Table 6.2:

Table 6.3:

Table 8.1:
Table 8.2:

Table 8.3:

Table 8.4:

Table 8.5:

Table 8.6:

Table A.1:
Table A.2:
Table A.3:

Harmonic contents of motor phase voltages under short-circuit switch fault condition

— Analytical and SIMUIAtioN .........c.cceoeriiiiiiinieeee e 140
Harmonic contents of motor phase currents under short-circuit switch fault condition

— Analytical and STMUIAtION .........coceeiiiieieiieieeeee e 140
Simulation conditions of induction motor-drive SyStem. .........cccecveeeveecveerreereernenenns 184

Simulation results of harmonic contents of motor phase voltage and current during
post-fault limp-home at 30-Hz operation under full-load (8.169 Nm) condition. ..... 195

Simulation results of harmonic contents of motor phase voltage and current during
post-fault limp-home at 15-Hz operation under full-load (8.169 Nm) condition. ..... 197

Simulation results of torque pulsations during pre- and post-fault “limp-home”

conditions at full-load (8.169 NIM). .......cceeciiviiriiiiiiieee et 198
Simulation results of steady-state motor performance under full-load and half-load
conditions for 15-Hz and 12-Hz motor operations. ...........ccceeeereeriieenieenieeseeseennenns 204
Comparisons between simulation and experimental results for the case of 15-Hz and
12-HZ MOLOT OPETALIONS. .. .eervveeirieiieieesieesteeteeteeteesseesseesssesssessseasseesseessassseessnenssenns 222
Design specifications of 2-hp induction Motor. ..........cceeveeriirierieeiieieeeeeseeeeee 256
Specifications of TI DSP board. .........ccocviiiiiiiiiieiiieiieeeeeee e 262

Features of NI DAQ SYStEIM........cccuiiiiiriiiriieiieiie e ereeie et e steeseresseseveesseesseesaesenens 269



CHAPTER 1

INTRODUCTION

1.1 Motivation behind This Work

Polyphase induction motors have been the workhorse (main prime movers) for industrial and
manufacturing processes as well as numerous propulsion applications [1]. The energization of
such motors in these processes and applications can be achieved through the following ways: (1)
direct across-the-line starting, (2) soft-starting, and (3) adjustable-speed drive (ASD) control. It is
well-known that direct across-the-line starting of induction motors, which offers absolutely no
control capability, is characterized by high starting inrush currents and high starting torque
pulsations [2]. In certain applications such as conveyor belt drives, these high starting torque
pulsations may result in belt slippage, which consequently may lead to undesirable damage to
motor-load systems. Frequent direct across-the-line motor starting may introduce significant
electrical and thermal stresses on motor bearings and winding components including insulation,
heating in motor windings, as well as mechanical stresses on motor cages, shafts and load
couplings. The adverse effects due to such stresses on motors may result in undesirable
consequences such as squirrel-cage bar breakages, stator winding damage, and inter-turn short-

circuit faults, which may lead to catastrophic failures in motors [3].
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Accordingly, reduced voltage starters, or the so-called soft starters, are often employed as
effective means to reduce high starting currents and torque pulsations through use of thyristor
based voltage control [4]-[33]. Likewise, modern PWM-ASDs, which can be considered as an
alternative means to soft starting a motor, are also widely adopted in many industrial applications.
In fact, the main reasons for their adoption in these applications are owed to the robust control
and high performance quality that ASDs offer as compared to soft starters. Nevertheless, using
soft starters for reducing high starting currents is a low cost means in comparison to modern

ASDs if speed-torque control is not required.

The widespread use of PWM-ASD and soft starter ac motor systems in numerous critical
industrial, manufacturing, and transportation applications has escalated the importance and the
significance of developing rigorous fault mitigation techniques or fault tolerant / “limp-home”
capabilities for such types of systems. Such motor-ASD systems exist in numerous industrial and
medical life support systems, electromechanical automation equipment, propulsion and actuation,
as well as automotive/transportation, marine, and aerospace systems. On the other hand, motor-
soft starter systems can be found in applications that involve systems such as fans, blowers,
compressors, centrifugal pumps, elevators and escalators, assembly lines, transport and conveyor-
belt systems, as well as heating, ventilation, and air conditioning (HVAC) systems. In these vital
and critical applications, the reliability of both ASDs and soft starters is of paramount importance
in ensuring a continuous, almost disturbance-free operation and a gentle, judder-free soft starting,
respectively, under various possible faulty conditions. Accordingly, such fault tolerant
capabilities will entail the reduction in maintenance costs, downtimes, and more importantly the
avoidance of unnecessary ASD or soft starter failures, with their potential costly or even perhaps
catastrophic consequences. Nevertheless, permanently reduced system performance for short

operating times under faulty conditions are sometimes accepted as a compromise, given the fact
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that the motor-drive (ASD or soft starter) system continues operating without causing any

unnecessary disturbance to the critical load that it is driving.

Surveys on the probability of faults occurring in adjustable-speed drives as well as power
electronic equipment such as switch-mode power supply had been conducted and are given in
Table 1.1, see [34], and Table 1.2, see [35] and [85], respectively. As one can observe therein, the
power semiconductor faults account for around 35% of all faults. In fact, this percentage can be
higher if one were to take into account the control circuit faults given in Table 1.1. Such faults
may be caused by inverter intermittent misfiring due to defects in control circuit elements or
electromagnetic interference. Accordingly, this results in gate-drive open faults, and consequently
leads to transistor open-circuit switch faults. Therefore, the need to develop fault-tolerant systems

is highly desirable.

Table 1.1: Percentage of component failures in ASD [34].

Major Components % of Failures
Power Converter Circuits 38
Control Circuits 53
External Auxiliaries 9

Table 1.2: Percentage of component failures in switch-mode power supply [35], [85].

Major Components % of Failures
DC Link Capacitors 60
Power Transistors 31
Diodes 3
Others 6
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Due to the major concern for the need to develop highly reliable and fault-tolerant adjustable
speed ac motor-drive systems, extensive research has been dedicated towards this field. Parallel
redundancy and conservative design techniques, which are considered as the straightforward
solution, have been widely adopted by drive manufacturers to improve their immunity to faults,
thereby maintaining the continuity of operation under a variety of faulty conditions. Despite the
fact that multiphase (more than three phases) PWM drives [36]-[44], as a means of system
redundancy, provide acceptable fault tolerant capability by ensuring a continuous and almost

disturbance free operation, the tradeoff lies in the increased system cost and size of such systems.

In order to minimize the cost as a consequence of system redundancy, a lot of attention has
been centered on developing intelligent fault mitigation control methods, along with the
appropriate hardware modifications to the conventional three-phase adjustable-speed PWM
drives [36], [44]-[59], [86]. To further explore the possibility of cost reduction, various reduced-
switch-count converter topologies for three-phase ac motor-drive systems have been developed
with high reliability due to the reduced number of power switching components [60]-[70]. Other
converter topology designs such as matrix converters [71]-[73] or multilevel PWM inverters [74],
[75] for three-phase ac motor-drive systems have also been introduced with fault tolerant

capability for transistor/switch faults.

Two common types of drive power converter faults that were investigated in [36], [38]-[59],
[83], [86] are inverter transistor short-circuit switch-fault (F;) and inverter transistor gate-drive
open-circuit fault, that is transistor open-circuit switch-fault (F,), and as depicted in Figure 1.1. A
transistor short-circuit switch fault (F;) can lead to catastrophic failure of the drive if the
complementary transistor of the same inverter leg is turned-on, resulting in a shoot-through or
direct short-circuit of the dc-bus link [83]. Conversely, for a transistor open-circuit switch fault
(F,), the drive may still function but at a much inferior performance due to the resulting

significant torque pulsations introduced by the consequent asymmetry in the circuit of the motor-
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Figure 1.1: Types of inverter switch failure modes under investigation.

drive system and the resulting unipolar nature of one of the motor phase currents [83]. Therefore,
a drive fault diagnostic approach is a crucial step in determining the type of fault so that
appropriate remedial action can be taken to mitigate the fault at hand. It is important to mention
that diagnosis of drive-related faults is not part of the scope of this work. This is due to the fact
that various efficient and reliable diagnostic methods have already been conceived by other
investigators in the technical literature [76]-[82]. A priori knowledge of the nature of the fault is
assumed in this work, so that the proposed measure can be carried out immediately upon the
occurrence of such a fault. Even though some of the fault-tolerant solutions presented in [36],
[38]-[59], [86] promise the same rated motor performance in so far as the rated torque is
concerned, there still exist some demerits in those methods, as will be discussed in detail later-on

in this chapter.

On the other hand, to the knowledge of this investigator, no fault-tolerant soft starter has yet
been conceived and documented in the technical literature. This may be due to the fact that the
SCR/thyristor switch is much more reliable than the IGBT transistor switch because of the high
voltage and high current properties that SCRs have [84]. Also, soft starters function at lower
switching frequencies as compared to PWM drives. Nevertheless, a soft starter is still prone to

failure at some point during the normal operation. Hence, it is crucial to incorporate fault tolerant
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features into the existing off-the-shelf soft starter for continuing operation in the event of an SCR

switch fault.

In light of the above, the notion of conceiving “limp-home” strategies for both the soft
starter and adjustable-speed PWM drive serves as the main motivation factor behind this work,
which accordingly led this investigator to pursue his research in this specific area. In fact, the
major hurdle to overcome here is the challenge of developing such “limp-home” strategies at a
minimum cost increase, and still provides acceptable/reasonable performance. Hence, the main
thrust of this work is divided into two parts. The first part focuses on developing a fault-tolerant
soft starter based on a novel resilient closed-loop control scheme. The present closed-loop control
technique can be employed in conventional three-phase soft starters to enhance the reliability and
fault tolerant capability of such soft starter topologies. In the event of a thyristor/SCR open-
circuit or short-circuit switch-fault in any one of the phases, the soft starter controller can switch
from a conventional open-loop three-phase control scheme to a closed-loop two-phase control
mode of operation. The second part of this work is to develop a low-cost adaptive control
mitigation or “self-healing/limp-home” strategy for the inverter faults of Figure 1.1 with
minimum redundancy. In effect, the proposed approach offers the potential of mitigating any
other drive-related faults such as a diode-rectifier short-circuit fault or a dc-link capacitor fault.
Furthermore, the present fault mitigation technique requires only minimum hardware
modifications to the conventional off-the-shelf six-switch three-phase drives. Literature review

covering the preceding research areas is presented next.

1.2 Literature Search Surveying Preceding Work

In this section, the various “limp-home” strategies for three-phase ac motor-drive systems

under inverter switch faults are briefly reviewed. A categorization of the various “limp-home”
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Figure 1.2: Categorization of various “limp-home” strategies for three-phase ac motor-drives.

strategies for three-phase ac motor drives is illustrated in Figure 1.2. It is important to mention
that since the goal of this work is to develop fault-tolerant strategies for the standard three-phase
adjustable-speed drive, whose configuration is shown in Figure 1.1, only fault-tolerant strategies

that are associated with that configuration of Figure 1.1 are being considered and discussed here.

The fault-tolerant inverter topology to be discussed first was proposed by Liu et al. [49],
whose configuration is depicted in Figure 1.3. It is based on modifying the post-fault control
strategy with the connection of the motor neutral to the mid-point of the split dc-bus capacitor
link of the drive. This topology is capable of mitigating both a transistor open-circuit and short-
circuit switch fault. It utilizes a conventional three-phase drive with the addition of four triacs or
back-to-back connected SCRs, as well as three fast-acting fuses connected in series with the
motor. The motor neutral is connected to the mid-point of the split dc-link through a triac, tr,. The
reason for having the other three triacs, namely, tr,, tr,, and tr., as well as the three fuses, f,, f;,
and f., is for fault isolation purposes [51]. A similar topology capable of mitigating only transistor

open-circuit switch faults was proposed by Elch-Heb et al. [50], except without the incorporation
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of the three fuses and the three triacs, namely, tr,, try,, and tr., in the circuit.

In the pre-fault operation, all triacs are turned-off and the motor-drive system functions in its
normal condition. During the post-fault operation, the faulty inverter leg is first isolated using a
fault isolation scheme described in [51]. The motor henceforth operates in a two-phase mode with
its neutral point connected to the mid-point of the split dc-link by turning-on the triac, tr,. The
need for the motor neutral point connection is to allow the individual control of the amplitude and
phase of the currents in the remaining two healthy phases. In order to maintain the rated motor

performance and the same torque production, the currents in the remaining two healthy phases

need to be regulated to a magnitude of \/§ times their original value, and phase-shifted by 60°e

with respect to each other. It had been shown that this post-fault control method allows the motor

to maintain its normal three-phase performance.

Despite the fact that this fault-tolerant topology ensures the same rated motor performance,
there still exist some demerits associated with this method. One drawback is the required
accessibility to the motor neutral, which is normally not provided by motor manufacturers except
by special request. Also, this method would not be applicable to delta-connected motors. A
second drawback is associated with the necessary increase in the fundamental rms motor phase
current magnitude in the healthy phases under faulty conditions. This implies that the drive and
the motor have to be overrated to withstand this higher level of current for at least a significant
period of time. Also, the neutral current is no longer zero. It is comprised of the sum of the
currents in the remaining two healthy phases, which results in three times the value of the original
phase current during the healthy operation mode. This poses a third drawback owing to the
presence of single-phase circulating neutral current through the dc-bus capacitors. This
circulating neutral current may cause severe voltage fluctuations that may degrade the

performance of the drive in the form of increased winding ohmic losses and motor torque
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ripples/pulsations. Hence, a larger size dc capacitor is required to sustain the desired voltage level

and minimize the dc voltage ripples.

The second fault-tolerant inverter topology to be discussed next was first proposed by Van
Der Broeck et al. [52], who named this topology as the “B4 bridge”. His intention was to operate
the three-phase induction motor using a component-minimized voltage-fed inverter bridge with
only four switching devices. This idea was later adopted by Ribeiro et al. [44], who used it for
fault tolerant purposes in a standard six-switch three-phase inverter drive. This configuration of
which is depicted in Figure 1.4. This fault-tolerant topology is based on connecting the terminals
of the motor to the mid-point of the split dc-bus capacitor link through a set of triacs. This
topology is capable of mitigating both a transistor open-circuit and short-circuit switch fault.
Other investigators, such as Covic et al. [53], [54], and Blaabjerg et al. [55], [56], had also
utilized the “B4” inverter topology with different types of PWM control schemes, in order to

compensate for the dc-link voltage ripples as a result of this “B4” configuration.

In the healthy operation of the system in Figure 1.4, the triacs, namely, tr,, tr,, and tr., are
turned-off and the motor-drive system operates in its normal condition. During the post-fault
operation, the faulty inverter leg is first isolated by means of fast-acting fuses, namely f, f, or f;
[44]. Thereafter, the terminal of the motor corresponding to the faulty leg is connected to the
center of the split de-bus capacitor link by turning-on the triac of the associated faulty leg of the
inverter. It has been reported in [52] and [44] that in order to maintain the rated three-phase motor
performance, the dc-bus voltage should be doubled which can be realized through using either a
controlled rectifier at the drive front-end or a dc-dc boost converter. Along with that, the motor

phase voltages in the two phases, which are not connected to the center of the split dc-link, should
be phase-shifted by 60°e with respect to each other. Another potential problem associated with

this topology is the single-phase circulating current through the dc-bus capacitor, which may

cause severe voltage variations and hence affect the system performance. Hence, an oversized dc
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Figure 1.4: Fault-tolerant inverter topology by Van Der Broeck et al. [52] and Ribeiro et al. [44].
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capacitor is needed to absorb this single-phase circulating current. Despite the reasonable
performance exhibited by the fault-tolerant topologies of Figure 1.3 and Figure 1.4, some of the

drawbacks may appear to be intolerable in some motor-drive applications.

The third fault-tolerant inverter topology to be discussed next is based on redundancy
concepts which is proposed by Bolognani et al. [40] for permanent-magnet synchronous motor
applications, and by Corréa et al. [42] and Ribeiro et al. [44] for induction motor applications.
The fault-tolerant inverter topologies, which were proposed by Bolognani et al. [40], are depicted
in Figure 1.5 and Figure 1.6. The only difference in so far as drive configuration is concerned, as
compared with that proposed by Corréa et al. [42] and Ribeiro et al. [44], lies in the fault isolation
scheme. Corréa et al. [42] did not have any fault isolation capability in their topology since it is
only intended for mitigating a transistor open-circuit switch fault, while Ribeiro et al. [44]
proposed using two fast-acting fuses for each inverter leg that is equivalent to the fault isolation
scheme as depicted in Figure 1.4. It is important to mention that the topologies of Figure 1.5 and
Figure 1.6 are capable of providing fault tolerance to a transistor open-circuit or short circuit
switch fault. The operations of the topologies of Figure 1.5 and Figure 1.6 are straightforward.
When either a transistor open-circuit or short-circuit switch fault has been detected and
diagnosed, the faulty transistor switch will be first isolated, and the fourth inverter leg will be
activated for usage by turning-on the associated triac. In the case of the topology of Figure 1.6,
since all three phases of the motor are connected to the inverter during the pre- and post-fault
operations, the current amplitude in each of the phases remains the same in order to ensure a
smooth torque production. However, for the topology of Figure 1.5, since only two motor phases

and the motor neutral are connected to the inverter, the fundamental rms current amplitudes in the

motor phases are increased by a factor of \/g in order to maintain the same rated motor

performance. This is equivalent to the post-fault operating condition of the topology given in

Figure 1.3. Furthermore, the fault-tolerant inverter topologies of Figure 1.5 and Figure 1.6
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involve too many circuit components for the fault isolation scheme, which presents a drawback

for these methods.

Meanwhile, other investigators, such as Elch-Heb et al. [45] and Kastha et al. [46]-[48], had
proposed in their work to operate the three-phase induction motor-drive system in a single-phase
mode, in the event of an inverter switch fault. Due to the single-phase motor operation, a
pulsating torque at the line current frequency is generated. In order to minimize this torque
pulsation, Kastha et al. [46]-[48] proposed injecting odd harmonic voltages at the appropriate
phase angles into the motor terminal voltages. This is in order to neutralize the lower-order
harmonic pulsating torques by shifting these pulsating torque frequencies to the higher range in
the frequency spectrum so that the machine’s inertia can filter them substantially and permit
satisfactory operation with variable frequency. However, the drawback of this method is its
complexity of implementation which requires exact computation of the phase angles of the
injected harmonic voltages. Any error in the computation process will result in severe torque

pulsation.

Recently, Welchko et al. [86] presented a control method to null the magnet flux in the
short-circuited phase of an interior permanent-magnet motor following short-circuit faults in
either the inverter drive or the motor stator windings. This was carried out by purposely
introducing a zero-sequence current through the phase-current regulators to suppress the current

induced in the faulted/shorted phase. However, the downside of the proposed method is the need

to increase the currents in the remaining healthy phases by a factor of \/§ . Also, for the zero-

sequence current to be possible, this requires that each phase of the motor three-phase winding be
driven by an H-bridge inverter or, alternatively, employing a six-leg inverter. Such measures will

increase the cost of the overall motor-drive system.

In summary, a brief overview of the existing “limp-home” strategies for three-phase ac

motor-drive systems has been presented. These methods have their own merits and drawbacks. In
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spite of the fact that these methods promise rated motor performance in the event of a switch
fault, some of their drawbacks may be intolerable or undesirable in some applications or
operating conditions. Again, it should be mentioned that no “limp-home” strategy for the case of
soft-starter has yet be conceived and reported in the literature, which makes the work of this
dissertation a contribution in this particular area. The objectives and contributions of this

dissertation are presented next.

1.3 Objectives and Contributions

For fault-tolerant soft starter and adjustable-speed drives to be practical and feasible, both
hardware and software must be developed to perform the following tasks: (1) fault detection, (2)
fault diagnosis, (3) fault isolation, and (4) remedial action. It is essentiall to carry out this
sequence in the minimum possible time after the onset of a fault, in order to avoid the occurrence
of secondary failures. Since fault detection and fault diagnosis of inverter switch faults had
already been developed by other investigators [76]-[82], which proved to be simple, efficient, and
reliable, the work of this nature lies outside the scope of this dissertation. As for the fault isolation
measure, the fault protection system present in off-the-shelf drives is sensitive enough to shut
down the complete drive, in the event of a severe fault such as a short-circuit in the transistor

switch.

On the other hand, faults occurring in soft starters do not cause immediate permanent
damage to the motor-soft starter system. However, the impact of a fault on both the soft starter
and the motor will gradually evolve into a severe/damaging stage if the fault is left unattended.
Therefore, by monitoring the behavior of the three-phase currents during starting, one could

detect and diagnose the type of switch fault. Hence, the core of this dissertation is centered on
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developing “limp-home” strategies for both the soft starters and the standard adjustable-speed

PWM drives.

Accordingly, the contributions made in this dissertation can be summarized as follows:

1. A closed-form analytical solution is conceived to investigate the transient
performance of induction motors during soft starting when experiencing
thyristor/SCR switch faults. The two distinct types of failure modes under
investigation in this work are: (1) short-circuit SCR fault, and (2) open-circuit SCR

fault, which occur only in one phase of the soft starter.

2. A low-cost fault-tolerant approach capable of mitigating SCR open-circuit and
short-circuit switch faults for soft starters has been conceived. The conceived
approach can be easily retrofitted into the existing commercially-available soft
starter with only minimum hardware modifications. Hence, this makes the
conceived approach an attractive and feasible means as a potential fault-tolerant

solution.

3. An investigation of the impact of inverter switch failure on machine performance is
carried out using the averaged switching function modeling concept. Such
approach provides a constructive analytical understanding of the extent of these
fault effects. Meanwhile, time-domain simulation studies, in parallel with the
analytical approach, are also employed to solidify the conclusive outcomes
resulting from this study. The two distinct types of inverter transistor switch failure
modes under investigation in this work are: (1) a transistor short-circuit switch

fault, and (2) a transistor open-circuit switch fault.

4. A low-cost fault-tolerant strategy, based on a quasi-cycloconverter-based topology

and control, as a potential solution for overcoming the negative impact of inverter
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switch fault on motor performance is conceived. The conceived approach requires
minimum hardware modifications at a modest cost to the conventional off-the-shelf
three-phase PWM drive, as compared to the existing fault-tolerant topologies
proposed by others. In fact, the present approach is also capable of mitigating other
drive-related faults that can potentially occur in the diode-rectifier bridge or the dc-
link of the drive because of the fact that this approach bypasses the entire drive

system, provided that such faults can be safely isolated.

1.4 Dissertation Organizations

Following this introduction chapter, this dissertation consists of eight additional chapters.
Chapter 2 presents a closed-form analytical solution to study the impact of SCR switch fault of
soft starter on the transient performance of the induction motor. The faults under study are SCR

short-circuit or open-circuit switch fault occurring only in one phase of the soft starter.

Chapter 3 presents a fault-tolerant solution for mitigating SCR switch fault, while still
providing reduced starting inrush currents and consequently reduced starting torque pulsations.
This is carried out using a resilient two-phase closed-loop control scheme. In addition, small-
signal modeling of the motor-soft starter controller system is developed in order to design the

closed-loop control system.

Chapter 4 presents the simulation results of the performance of the fault-tolerant soft starter
using the present approach. The simulation results under healthy and faulty conditions are
compared with the closed-form analytical results of Chapter 2 to verify the accuracy and value of

the analytical results. Harmonic comparisons are carried out for this verification effort.

Chapter 5 presents the experimental test results of the performance of the fault-tolerant soft

starter. These test results are compared with both the simulation and analytical results for
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validation/verification purposes. Harmonic comparisons are carried out for this verification effort.

The test setup of the motor-soft starter system is described in this chapter.

Chapter 6 presents a study of the impact of inverter switch fault, open-circuit and short-
circuit type, on the performance of an induction motor. This is carried out using averaged
switching function concept. The analytical results are verified by time-domain simulations to

solidify the outcomes resulting from this study.

Chapter 7 presents a fault-tolerant solution capable of mitigating inverter switch fault of an
adjustable-speed drive. The topology and control algorithm of the present approach are described

in detail. Merits and drawbacks of the present approach are also discussed in this chapter.

Chapter 8 presents the simulation and experimental results of the fault-tolerant solution
proposed in Chapter 7. Application considerations and opportunities for practical use of the

present fault tolerant design are discussed.

Chapter 9, the final chapter of this dissertation, provides a summary of this research work
along with some conclusion regarding the significance of the contributions contained in this

dissertation. Recommendations for future work to be done are also suggested and discussed.

1.5 Summary

In this chapter, the motivation factor which leads to the completion of this work was
presented. The problem statement describing the importance of this work towards many industrial
applications was also presented. A literature review of the preceding work in the areas of fault-
tolerant strategies in adjustable-speed drives was discussed in detail. Finally, the objectives and

contributions of this work were summarized, followed by the organization of this dissertation.
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CHAPTER 2

TRANSIENT ANALYSIS OF INDUCTION

MOTOR-SOFT STARTER

2.1 Introduction

A closed-form solution is presented for the transient performance of induction motors during
soft starting when experiencing thyristor/SCR switch faults. Two distinct types of failure modes
under investigation in this work are: (1) short-circuit SCR fault, and (2) open-circuit SCR fault,
which occur only in one phase of the soft starter. To this author’s knowledge, no such analytical
work has yet been reported in the technical literature to investigate the impact of switch faults of
soft starters on motor performance. It is shown here in this chapter that the use of the
conventional open-loop symmetrical-triggering control of the soft starter under faulty condition
produces undesired fault response in the machine performance. Closed-form analytical
expressions during soft starting transients under healthy and faulty conditions are developed and
detailed here. Analytical results along with the corresponding harmonic breakdowns are also set

forth in this chapter.
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2.2 Soft Starters

As mentioned earlier in the previous chapter, soft starter technology is widely employed as
effective and low-cost means, as compared to modern PWM adjustable-speed drives, to reduce
high starting currents and torque pulsations of medium voltage and large ac motors in numerous
critical industrial, manufacturing, and transportation applications through use of thyristor-based
voltage control [17]-[33]. The circuit topology and its control scheme are simple and easy to

implement, which will be described in the following subsection.

2.2.1 Topology

A circuit configuration of the conventional three-phase soft starter is depicted in Figure 2.1.
It comprises of a set of back-to-back connected thyristors/SCRs (A1, A2, B1, B2, C1, C2) in
series with each phase of the motor’s stator phase windings, respectively. Snubbers consisting of
series-connected resistors and capacitors are connected in parallel in the circuit to reduce the
switching transients. In addition, in commercially available soft starters, a three-phase bypass
contactor is usually connected in parallel with the back-to-back thyristors of each phase [31]-[33].
The purpose of this three-phase contactor is to reduce any further thermal stress and power loss
imposed on these thyristors after completion of the starting transient of the motor. That is, when
the motor reaches its full speed and rated current, the contactor will be “pulled-in” to bypass these
thyristors. During this time, all the thyristors will be in their “turned-off” state and the motor will

be directly energized from the grid through the bypass contactors.

The controller for the soft starter usually involves using a digital signal processor (DSP)
board for programming the control switching algorithm of the SCRs. Pulse transformers are
usually utilized as the gate driver for sending the gate pulses to the SCRs, as well as providing

electrical galvanic isolations between the DSP board and the SCRs. Besides that, voltage and
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current sensors are incorporated in the soft starter for sensing the utility mains voltages and line
currents. The inclusion of these sensors serves two purposes. The first purpose is to detect the
zero crossings of either the voltages or the currents using a phase-lock loop (PLL), depending on
what type of soft starter control scheme is used. The second purpose serves to protect the soft

starter against any voltage or current instabilities such as undervoltages or overcurrents.

2.2.2  Principles of Operations

In principle, reducing the impressed voltage upon the motor during starting reduces the
starting current and torque pulsations. This is due to the fact that the starting torque or locked
rotor torque is approximately proportional to the square of the starting current or locked rotor
current, and consequently it is proportional to the square of the starting voltage [22]. Therefore,
by properly adjusting the applied effective voltage during startup, the locked rotor torque and

current can be reduced.

The most common control strategy employed by the soft starter of Figure 2.1 is the open-
loop voltage control. Such control approach is widely adopted in commercially available soft
starters, as well as soft starter designs reported in the literature [17]-[33]. The voltage control is
implemented by adjusting either the delay angle, «, or the hold-off angle, ¥, of the conduction
cycle of the oncoming thyristor with respect to either the zero crossing of the supply voltage (@)
or the zero crossing of the line current (), respectively, as shown in Figure 2.2. The thyristors are
then selectively fired to conduct current in the appropriate phase, and naturally commutate off
when the current reaches zero. The larger the delay angle, , or the hold-off angle, y, the larger
the notch width in the applied motor voltage, which consequently reduces the effective or RMS
value of such voltage impressed upon the motor. However, improper control of the & or y firing
angles may result in relatively high starting torque and current oscillations. Therefore, optimum

starting profiles of the & or y firing angles have been extensively investigated to produce smooth
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starting torque and current profiles [17]-[30].

In order to obtain good dynamic characteristics, a symmetrical-triggering firing pulse
sequence is necessary. Due to the fact that the thyristor is a half-controlled device, its firing pulse
must be synchronized with the ac mains. The six thyristors will be turned on with the proper
sequence, and the firing signal is in phase with the zero-crossing of the supply voltage. Since
there is an inherent delay associated with a thyristor turn-off, the input current of the motor is not
continuous, which results in time harmonics in the machine airgap flux. These generated

harmonics are generally odd order harmonic terms.

In the commercially available soft starters, this firing angle profile is preset by the user based
on the initial setting of the locked-rotor torque (LRT) and the ramp time, a simple illustration of
which is shown in Figure 2.3. The LRT is the initial starting torque that is required to accelerate
the motor during starting, and the ramp time is the time it takes for the voltage to go from the
initial voltage value at the LRT setting to the maximum full voltage that is being applied to the
motor. By adjusting the ramp time, the acceleration time of the motor can be controlled.
Accordingly, the firing angle, which controls the amount of applied motor voltage, is reduced
gradually depending on the ramp time during the period of starting until the motor has reached its
full speed and rated current, whereupon the contactors are closed to bypass the thyristors.
Evidently, such predetermined @ or y firing angle control offers very limited control flexibility.

It should be noted from Figure 2.2 that the phase angle, ¢, is related to the delay angle, &, and

the hold-off angle, , by the following relationship:

p=a-y 2.1
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2.3 Closed-Form Derivation

In this section, the development and derivation of the closed-form solution of the soft starter
performance under healthy condition are detailed. The process of formulating a closed-form
solution is divided into two parts. The first part involves the derivation of the closed-form
expression for the non-sinusoidal phase voltages that are impressed upon the motor windings. The
second part involves using the T-equivalent circuit model to obtain the motor phase currents for
the fundamental voltage term and each subsequent harmonic voltage term. Superposition is then

applied to express the resulting motor phase currents in a Fourier series form.

2.3.1 Closed-Form Expressions of Motor Phase Voltages

Equivalent circuits representing the three-phase system of Figure 2.1 for both the 3-phase
and 2-phase conduction modes are depicted in Figure 2.4(a) and Figure 2.4(b), respectively.
Therein, the motor is represented as a combination of RL elements and induced back EMF

sources. To evaluate the motor voltage of each phase, two cases are considered.
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Figure 2.4: (a) 3-phase conduction mode. (b) 2-phase conduction mode.

Case (I): All 3-phases are conducting currents
Referring to Figure 2.4(a), the motor terminal voltages measured w.r.t. ground are the same

as the supply voltages, which can be expressed as follows:

Vag = Vug
Vgg = Vi (2.2)
ch = ng

Reference should be made to Figure 2.4(a) and Figure 2.4(b) with regard to the subscripts above.
One can also express the motor terminal voltages as the sum of the phase voltages and the neutral

voltage, as follows:
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Vag =V, + Vng

Vog = Vi +Vog (2.3)

ch =V, -i-Vng
Substituting (2.2) into (2.3), and summing the left-hand and right-hand side of the above

expression yields the following:
Vg Vg +Vig = Van + Vi +Vey 3V, (2.4)
For a balanced 3-phase supply and a balanced motor, V,, +V,, +V,, = 0 and v, +Vv,, +V, =0,

which implies V,, = 0. Accordingly, from (2.2) and (2.3), the motor phase voltages are identical

to the supply voltages when all 3-phases are conducting, that is:

Van = Vug
Vi = Vi (2.5)
Vcn = ng

Case (II): Only 2-phases are conducting currents
As may be observed from Figure 2.4(b), only phase-a and phase-b are conducting currents,
while the SCRs of phase-C are turned-off. Applying Kirchhoff’s Voltage Law in loop-2, the

voltage across the turned-off SCRs of phase-c, Vv, _, is:

wce 2

Vie = Vg —Vig +Von —€

wc

(2.6)

C
Note that V,, =€, since phase-c is not conducting any current. Applying KVL in loop-1, one

obtains the following:

Vo, — Vi =V, =V (2.7)

an n ug vg

For a balanced 3-phase motor, V,, =—V,, —V,, =-V,, —€,. Hence, one can rewrite (2.7), as

follows:
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vy, = 1/2-(vVg —Vy —ec) (2.8)

Substituting (2.8) into (2.6) yields the following:

Ve =3/2+(V,g —€,) (2.9)

From Figure 2.4(b), the motor phase-C terminal voltage, V,, , can be defined as follows:

V. =V, -V (2.10)

cg wg we
By substituting (2.9) into (2.10), the motor terminal voltages w.r.t. ground, when only phase-a
and phase-b are conducting, can be expressed in terms of the supply voltages and motor back

EME, as follows:

Vy, =V @2.11)
Vg =—(1/2) v,y +(3/2)e,

Similarly, when only phase-a and phase-C are conducting, one can write:

V., =V

ag ug
Vo, =—(1/2)v,, +(3/2)e, (2.12)
ch :ng

and when only phase-b and phase-C are conducting, one can write:

Voo =—(1/2)v,, +(3/2)e,
V, =V (2.13)

In order to acquire the motor phase voltages, one can use (2.3) along with the fact that

Vig =1/3+ (Vg +Vyg +V,y) to obtain the following expression:
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vy, 2/3 —1/3 —1/3] |V,

Voo |[=| =13 2/3 =1/3 | v, (2.14)
v -1/3 -1/3 2/3||v

cn cg

Using (2.11) through (2.14), the motor phase voltages under 2-phase conduction mode for all

cases can be evaluated, as follows:

For phase-a and phase-b conduction only,

v, :1/2-(vug ~Vyq —ec)
vy, = 1/2-(vVg —Vy —ec) (2.15)

vV, =€

cn c

and for phase-b and phase-c conduction only,

Van = ea
Vo =1/2- (Vg =V, =€, ) (2.16)
Vo =1/2+ (Vg = Vg =€,

and for phase-a and phase-C conduction only,

vV, :1/2-(vng —Vyq —eb)
V,, =€, (2.17)

Ven = 1/2'(ng —Vig _eb)
Notice that these phase voltages are expressed in terms of only the supply voltages and the back

EMFs, which are presumably known quantities.

A typical healthy transient current space-vector polar plot during soft starting is shown in
Figure 2.5. As one may observe, there are 12 distinct switching states (S;-S1») in every complete
ac power cycle. The machine will only produce a resultant rotating stator mmf when all three
phases of the motor are carrying currents. In the event when only two phases are conducting
currents, the resultant stator mmf produced by the motor consist of a forward rotating mmf

component and a backward rotating mmf component of equal magnitudes. This is due to the fact
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Figure 2.6: Healthy transient three-phase currents during soft starting.
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that the current flowing into one phase is the same as the current flowing out of another phase.
Hence, it will display as a straight line, instead of a quasi-circular outward spiraling locus that
follows the transient current built-up, followed by a quasi-circular inward spiraling locus during
the transient current decay to its final steady-state value. The corresponding space-vector plot is
given in Figure 2.5. It should be noted that Figure 2.5 only presents the transient performance of
the motor where the current space-vector is spiraled outwards with increasing speed. A typical

healthy transient three-phase current waveform during soft starting is given in Figure 2.6.

By virtue of the 12 distinct switching states, the motor phase voltages over a complete ac
cycle can be computed using the above derivations given in (2.5) and (2.15) through (2.17). In
light of the half-wave symmetry, the phase-a voltage is expressed here over a half cycle, as

follows:

e,, p<ot<a
Vig» a<wt<g+r/3
. 1/2-(Vyy —Vig =€), @+7/3<t<a+rx/3 2.18)
T Vg a+r/3<wt<d+2r/3
1/2-(Vyy —Viy —8)>  $+27/3<at<a+2x/3
Vig» a+2r/3<at<d+r

For completeness of this work, the phase-b and phase-C voltages are also expressed here over

a half cycle, as follows:

1/2:(Vyy =V =€),  @<ot<a
Vig» a<wt<g+r/3
" 1/2-(Vyy =V —€.)s  ¢+x/3<ot<a+r/3 2.19)
" Vs a+7z/3<ot<g+2r/3 '
€, P+2x/3<wt<a+2x/3
Vig» a+2rf3<wt<d+rx
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1/2:(Vyy =V =€),  g<ot<a
Vg > a<ot<p+r/3
)& p+r/3<ot<a+r/3 2.20)
T Vg a+r/3<wt<g+2r/3
1/2-(Vyy —Vyy —8),  $+27/3< 0t <a+27/3
Vig a+2rf3<ot<g+rx

Neglecting magnetic saturation and core loss effects, an induction motor can be represented

in a T-equivalent circuit model [87], [88], as given in Figure 2.7. During the transient (soft

starting) period, the slip of the motor is close to one. Hence, wl, >>wl,+R,/s, which

implies that the magnetizing branch of Figure 2.7 can be neglected in the transient analysis. In
other words, the motor currents produce negligible flux in the airgap, and the magnitudes of these

currents are limited mainly by the leakage reactances. Accordingly, during transient analysis, one

can assume negligible induced EMFs in the windings, i.e. €, =€, =€, 0. Hence, (2.18)

through (2.20) can be further simplified by equating the EMF terms to zero. Now, the motor
phase voltage expressions depend only on the supply voltages, and hence they can be easily

calculated.

A set of healthy three-phase line-to-neutral motor voltage waveforms obtained from the
closed-form solutions of (2.18) through (2.20), at ¢ =60" and o =90° is depicted in Figure 2.8.

It is important to mention that the waveforms of Figure 2.8 are only valid for transient analysis,
which is the subject of this work, due to the fact that the induced EMF in the windings cannot be
neglected during the steady state operation. Harmonic breakdown of these motor phase voltages
of Figure 2.8, subject to the formulation given in (2.21), are indicated in Table 2.1. The harmonic
frequency components of Table 2.1 correspond to the three-phase motor voltages of a case-study
being considered here under a healthy condition. In Table 2.1, the magnitude corresponds to Vsp),
and the phase angle corresponds to &), in the formulation of (2.21). This table gives the

magnitudes and phase angles for the a, b, and ¢ motor terminal phase voltages.
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Figure 2.7: T-equivalent circuit model (h is the harmonic order).
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Figure 2.8: Analytical solution of healthy three-phase line-to-neutral motor voltage waveforms at
operating conditions of ¢ =60 and a =90°.



Chapter 2: Transient Analysis of Induction Motor-Soft Starter 34
Table 2.1: Harmonic contents of healthy three-phase motor phase voltages obtained from
analytical solution.
Vima Vb Vinc
Harmonic
Order Magnitude Phase Magnitude Phase Magnitude Phase
(Volt) (radian) (Volt) (radian) (Volt) (radian)
1 207.30 -1.784 208.90 2.405 208.10 0.304
3 0 0 0 0 0 0
5 131.40 2.838 131.80 -1.353 131.90 0.745
7 94.11 0.189 93.54 -1.896 94.62 2.293
9 0 0 0 0 0 0
11 17.28 0.959 18.60 -3.130 16.41 -1.014
13 12.45 1.979 11.17 0.017 13.18 -2.063
15 0 0 0 0 0 0
17 35.18 2.854 35.55 -1.331 35.23 0.771
19 31.37 0.189 30.98 -1.886 31.69 2.304
21 0 0 0 0 0 0
2.3.2 Closed-Form Expressions of Motor Phase Currents

To obtain closed-form analytical expressions of the motor phase currents, the T-equivalent

circuit model for higher-order harmonics is utilized to evaluate the stator currents for the

fundamental voltage term and each subsequent harmonic voltage term, see Figure 2.7.

Superposition is then applied to express the phase currents in a Fourier series representation.

The non-sinusoidal phase voltages can be expressed in a Fourier series form, as follows:

vs(t): i Vs(h)cos(ha)t+t9v(h))

h=1,3,5,7...

(2.21)

where, Vg and 6 are the magnitude and phase of each harmonic term, respectively, and h is

the harmonic order, see Table 2.1 for the harmonic breakdown of the waveforms of Figure 2.8.

For simplicity of the analysis, magnetic saturation and skin effect phenomena are neglected

in the derivation process. In other words, both the inductances and resistances of the T-equivalent
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circuit model are assumed to be constant during the transient analysis. Accordingly, from Figure
2.7, the motor phase current for each harmonic voltage term can be expressed in phasor form, as

follows:

- V46,
Is(h) = Is(h)lei(h) = (h—)z o (2.22)
eq
where, Zgq is
Zeq — Rs + jha)L5| + (Jha)Lm)(Rr/sh + Jha)LrI) (2.23)

Rr/sh + Jha)(Lm + I‘rl)
Knowing the magnitude and phase of each current harmonic term from (2.22), the resulting motor

phase currents can be written in Fourier-series time-domain form, as follows:

i, (t)= i |y cos(hoot +6,,)) (2.24)
h=1,3,5,7...

An interesting observation can be drawn with regard to the slip term of the motor for higher-

order time-harmonics, which can be defined as follows:

(ha)s)’n — )/ha)sym for h= 1,7,13,19...

" (hwsyﬁwr)/hwsyn, for h=5,11,17,23..

(2.25)

The first expression of (2.25) corresponds to the harmonic components with forward rotating
mmf, while the second expression corresponds to the harmonic components with backward
rotating mmf. Nevertheless, at higher-order time harmonics, the slip, Sy, is approaching one, from
which one draws the conclusion that the time-harmonics of motor currents have negligible
magnetizing components, and therefore produce negligible airgap flux and consequently

negligible induced EMFs in the motor windings.

The computed healthy three-phase current waveforms, using (2.22) through (2.25), at

transient operating conditions of ¢ =60°, a =90°, and a motor speed of 200-r/min are shown in
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Figure 2.9. The reason for choosing these operating conditions is in light of the fact that during
starting, any induction motor is highly inductive. The initial phase displacement angle, ¢, between
the phase voltage and current can be calculated according to (2.23) by setting the slip equal to one
and computing the angle of the complex impedance, Z¢,. For this particular 2-hp induction motor

under investigation (see Appendix A for motor specifications), the initial phase angle was

calculated to be about 60°. Hence this phase angle, ¢ =60", is chosen and kept constant

throughout the analysis process for simplicity’s reason. As for choosing & =90° and a speed of
200-r/min, this is to compare and help validate the analytical results by comparison with the
simulation results at this particular time instant during the transient period of the simulation,
which will be presented later-on in this dissertation. Harmonic contents of these three-phase

motor currents of Figure 2.9 are given in Table 2.2.

To further demonstrate the usefulness of the derived closed-form solution, the RMS values

of the healthy three-phase currents during the soft starting transient are computed and presented
in Table 2.3. In this work, an alpha angle of & =105 was chosen as the initial delay/firing angle.

This delay angle gradually decreases as the motor speeds up until a final delay angle of & = 65"
is reached. At this point, the RMS values of the currents can no longer be computed from the
closed-form expressions owing to the fact that the phase angle, ¢ , is set at 60° during the
computation process. Nevertheless, the analytical results of Table 2.3 demonstrate that the three-
phase currents are balanced during the starting transient with reduced RMS values. It will be
shown later in the simulation chapter that the analytical results begin to deviate from the
simulations as the currents are approaching their rated values. This is due to the fact that the
induction motor is no longer highly inductive as the motor is approaching its rated speed.

Therefore, the phase angle, ¢, is approaching the power factor angle in the simulations, whereas

this angle is kept constant at 60° in the closed-form solution. Another reason is due to the
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Figure 2.9: Analytical solution of healthy three-phase current waveforms at transient conditions
of p=60", o =90, and motor speed of 200-r/min.

Table 2.2: Harmonic contents of healthy three-phase motor currents obtained from analytical

solution.
Ima Imb Imc
Harmonic
Order Magnitude Phase Magnitude Phase Magnitude Phase
(Amp) (radian) (Amp) (radian) (Amp) (radian)
1 14.255 -2.869 14.340 1.320 14.326 -0.781
3 0 0 0 0 0 0
5 2.021 1.364 2.027 -2.827 2.028 -0.729
7 1.036 -1.313 1.030 2.886 1.042 0.791
9 0 0 0 0 0 0
11 0.121 -0.568 0.131 1.626 0.115 -2.541
13 0.074 0.445 0.066 -1.516 0.078 2.686
15 0 0 0 0 0 0
17 0.160 1.312 0.162 -2.873 0.160 -0.772
19 0.128 -1.357 0.126 2.852 0.129 0.759
21 0 0 0 0 0 0
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Table 2.3: Analytical solution of RMS values of healthy three-phase stator currents during the
soft starting transient period.

a—F(iz’lieng Angle RMém\?alue RMém\l;alue RMém\;alue

gree) (Amp) | (Amp) | (Amp)
105 5.75 5.76 5.70
100 7.25 7.24 7.20
95 8.75 8.73 8.69
90 10.08 10.14 10.13
85 11.47 11.52 11.53
80 12.76 12.80 12.82
75 13.82 13.85 13.88
70 14.40 14.40 14.45
65 13.54 13.53 13.58

assumption that the induced EMFs in the windings are negligible in the closed-form analysis,
which is no longer valid as the motor is approaching its rated speed. Nevertheless, the objective
of this work is to analyze the motor transient performance during soft starting. Therefore, the

analytical results presented in Figure 2.9 and Table 2.3 are acceptable for this stage of the work.

2.4 Analysis of Failure Modes and Effects

The earlier formulations of the closed-form analytical expressions of the motor phase
voltages and currents are employed herein to investigate the impact of failure modes in soft
starters on the motor transient performance. Two distinct types of failure modes considered in this
work are: (1) short-circuit SCR fault (see Figure 2.10(a)), and (2) open-circuit SCR fault (see
Figure 2.10(b)), occurring only in one phase of the soft starter. A short-circuit SCR fault can
happen in situations such as loose wire in the circuit or breakdown in the snubber circuit.
Conversely, an open-circuit SCR fault can occur due to malfunctions either in the gate driver or

the pulse generator of the controller.
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Figure 2.10: Failure modes in soft starter circuit. (a) Short-circuit fault. (b) Open-circuit fault.

2.4.1 Short-Circuit SCR Fault

During a short-circuit SCR fault, the motor terminal of phase-C is connected directly to the
utility grid, see Figure 2.10(a). As a consequence, the problem of voltage unbalances impressed
upon the motor windings arises during starting. This is due to the fact that the motor phase
winding without the SCR connection experiences a full applied voltage at its terminal, whereas
the other two phases experience reduced voltages impressed upon them during starting. It is well-
known that voltage unbalances introduce negative sequence components in the stator currents,
which consequently lead to average torque reduction and torque pulsations during the starting

transients.
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Intuitively, a short-circuit SCR fault is analogous to turning on SCRs C1 and C2
continuously, see Figure 2.10(a). Hence, referring to Figure 2.5, one can deduce that the
switching states, S,-S,, will combine to form one switching state. The same can be said for the
switching states, Sg-S;o. Accordingly, the 12 switching states under healthy operation will reduce
to 8 switching states under a short-circuit SCR fault. A transient current space-vector polar plot
during soft starting under a short-circuit SCR switch fault is illustrated in Figure 2.11. Notice in
the figure the 8 distinct switching states that were mentioned earlier. Besides that, the shape of the
current space-vector is more elliptic and no longer of circular nature as in the healthy case.
Furthermore, as one can observe, the magnitude of the current space-vector during starting is
higher as compared to the healthy case, see Figure 2.5. Accordingly, this will impose a greater
stress on the motor windings, and consequently higher torque pulsations owing to the higher

starting currents which contain a negative sequence influence.

v

Figure 2.11: Transient current space-vector plot during soft starting under a short-circuit SCR
fault.
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Applying the earlier closed-form derivation of the motor line-to-neutral phase voltages with
the switching states of Figure 2.11, the phase-a voltage is expressed here over a half cycle, in

light of the half-wave symmetry, as follows:

€, p<ot<a
Vig» a<wot<g+2r/3
Vv, =1 ¢+ 27/ (2.26)
1/2-(Vyg =Viy =8> $+27/3< 0t < +27/3
Vig» a+2z/3<ot<d+r

Similarly, voltage expressions for phase-b and phase-Cc can be derived in the same manner,

which are expressed as follows:

1/2:(Vyg =Vyy =€), d<at<a

Vigs a<ot<g+2rx/3

v, = (2.27)
€ P+2n/3<wt<a+27/3
Vigs a+2r/3<at<d+r

1/2:(Vyy —Vig =€), g<ot<a

Vig a<wt<g+2r/3

v, = (2.28)
1/2-(Vyy —Vig =8> $+27/3< 0t <o +27/3
Vg > a+2r/3<aot<d+rm

The calculated three-phase line-to-neutral motor voltages based on these analytical
expressions of (2.26) through (2.28) are illustrated in Figure 2.12, along with the corresponding
harmonic frequency breakdown of these voltages which are given in Table 2.4. Examination of
Figure 2.12 and Table 2.4 show that the motor voltage waveforms in all phases are

unsymmetrical and unbalanced due to the impact of the short-circuit SCR switch fault in phase-c.

Using the approach described earlier in attaining the analytical expressions of the motor

currents, the calculated three-phase motor currents at transient operating conditions of ¢ = 60",

a =90, and a motor speed of 400-r/min are given in Figure 2.13, and the corresponding

harmonic contents of these currents are given in Table 2.5. The analytical results of Figure 2.13
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Figure 2.12: Three-phase line-to-neutral motor voltage waveforms from analytical solution under
a short-circuit SCR fault.

Table 2.4: Harmonic contents of three-phase motor phase voltages obtained from analytical
solution under a short-circuit SCR fault.

Vma Vb Vine
Harmonic

Order Magnitude Phase Magnitude Phase Magnitude Phase
(Volt) (radian) (Volt) (radian) (Volt) (radian)

1 259.30 -1.909 220.80 2.678 318.80 0.475

3 54.98 -0.816 52.48 -0.809 107.50 2.329

5 116.60 2.500 116.20 -1.018 43.55 0.733

7 82.65 0.520 82.85 -2.232 32.03 2.279

9 17.12 -2.519 19.23 -2.429 36.30 0.670
11 15.62 0.639 16.70 -2.847 5.64 -0.914
13 10.67 2.332 9.60 -0.395 431 -1.926
15 10.88 -0.820 8.60 -0.698 19.44 2.375
17 31.60 2.509 31.24 -0.995 11.32 0.725
19 27.35 0.511 27.55 -2.227 11.01 2.266
21 6.11 -2.592 7.98 -2.402 14.03 0.657
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Figure 2.13: Analytical solution of three-phase current waveforms at transient conditions of
@ =60", @ =90°, and motor speed of 400-r/min under a short-circuit SCR fault.

Table 2.5: Harmonic contents of three-phase motor currents obtained from analytical solution
under a short-circuit SCR fault.

Ima Imb Imc
Harmonic

Order Magnitude Phase Magnitude Phase Magnitude Phase
(Amp) (radian) (Amp) (radian) (Amp) (radian)

1 18.752 -2.994 14.043 1.593 21.666 -0.610

3 1.397 -2.223 1.333 -2.217 2.731 0.921

5 1.793 1.026 1.787 -2.492 0.670 -0.741

7 0.910 -0.982 0.912 2.550 0.353 0.777

9 0.147 2.247 0.165 2.337 0.312 -0.847
11 0.110 -0.888 0.117 1.909 0.040 -2.441
13 0.063 0.798 0.057 -1.929 0.026 2.823
15 0.056 -2.359 0.044 -2.236 0.100 0.836
17 0.144 0.967 0.142 -2.537 0.051 -0.817
19 0.111 -1.034 0.112 2.511 0.045 0.721
21 0.022 2.143 0.029 2.333 0.052 -0.891
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Table 2.6: Analytical solution of RMS values of three-phase stator currents under a short-circuit
SCR fault during the soft starting transient period.

a—F(iz’lieng Angle RMém\?alue RMém\l;alue RMém\;alue

gree) (Amp) | (Amp) | (Amp)
105 11.41 6.22 13.51
100 12.07 7.47 14.17
95 12.71 8.81 14.82
90 13.26 9.93 15.32
85 13.72 11.04 15.73
80 13.81 11.68 15.81
75 13.01 11.71 15.48
70 10.77 10.21 12.66
65 3.75 4.57 5.14

and Table 2.5 reveal the unbalanced nature of these currents in all phases attributable to the short-
circuit SCR switch fault. The RMS values of the three-phase motor currents during the entire soft
starting period obtained from closed-form solution are tabulated in Table 2.6. Again, it should be
noted that the currents are unbalanced during starting. These unbalanced currents will accordingly
lead to undesired torque reduction and transient torque pulsations, as will be demonstrated
through simulations in later chapters. Comparing Table 2.6 with Table 2.3, one can deduce that

the currents during starting under faulty conditions are higher than in the healthy case.

2.4.2  Open-Circuit SCR Fault

An open-circuit fault in the SCR switches can happen when there is a malfunction in the gate
driver or the controller that prevents gating of the SCR switches. One common type which is
under consideration in this work is depicted in Figure 2.10(b), where both the SCR switches of
one phase are inactive. A fault of this nature results in either 2-phase or 1-phase conduction mode
during soft starting. Clearly, in the event of 1-phase conduction mode, the motor is incapable of

starting since there is no complete path for the current to flow.
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As in the case of 2-phase conduction mode, the current flowing into one phase will be
equivalent to the current flowing out of another phase, that is i, = —i, in Figure 2.10(b). Suppose

that the phase-a and phase-b winding currents of Figure 2.10(b) are:

i,(t)=1_cos(at

2 (£)= Iy cos(et) Amps (2.29)
i, (t)=1,, cos(awt—r)

where, |, is the peak amplitude of the winding currents.

Considering only the fundamental space harmonic terms, the mmfs of phase-a and phase-b

can be expressed as follows [88]:

7(0)-4[ 2 [ 1 eas(0)

z{ p m
w _ AT/pole (2.30)
4 h" ™ w, I
F(0)=—| =2 || 2 0-27/3
%(0) ”{ . J(mjcos( 7/3)

where, Ny is the effective number of series stator turns per phase, p is the number of poles, m is

the number of parallel paths per phase, and kWl is the fundamental winding factor.

Accordingly, the fundamental resultant mmf corresponding to the phase-a and phase-b

current excitations of (2.29) can be written as follows:
F cutton, (6,t)= P, {cos (6)cos(wt)+cos(6—27/3)cos(wt— 71)} AT/pole (2.31)

where, F_ = (4/7[)( A\ /mp) I, AT/pole.

The resultant mmf of (2.31) can be rewritten by applying the following trigonometric

identity:

cos(a)cos(b)=1/2-cos(a—b)+1/2-cos(a+b) (2.32)

which leads to
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Frtam, (0:1) = (\/3/2) F o, {COS(0—at+7/6)+cos(0+wt+7/6)}  AT/pole (2.33)

The first term of (2.33) corresponds to the forward traveling mmf wave, whereas the second
term of (2.33) represents the backward traveling mmf wave. Evidently, one can conclude from
(2.33) that there is no starting torque when the motor is in 2-phase conduction mode during soft
starting. Hence, in the event of an open-circuit SCR fault, the motor is incapable of producing a

starting torque.

2.5 Summary

This chapter of the dissertation contributes to a better understanding of the impacts of SCR
switch failures on motor performance by providing closed-form expressions to estimate the motor
currents during soft starting. Two distinct types of failure modes investigated here are a short-
circuit and an open-circuit SCR switch faults occurring in only one phase of the soft starter. The
closed-form analytical studies demonstrate that the short-circuit SCR fault produces undesired
fault response on motor performance with unbalanced, high starting currents which accordingly
result in high starting torque pulsations. On the contrary, it is shown here that the open-circuit
SCR switch fault results in no starting torque from the motor, hence it constitutes a total failure of
motor starting. On the other hand, it does not expose the soft starter elements to the severity of
motor current unbalances and the severity of motor torque pulsations. Evidently, the use of the
conventional open-loop symmetrical-triggering control in a two-phase switching mode under
faulty condition contribute to detrimental impacts on motor performance which results in
disruption of normal operation of the motor-load system during soft starting. It is important to
mention that no such work has yet been reported in the technical literature to investigate the
effects of SCR switch faults of soft starters on motor performance. With a better understanding of

these fault impacts, remedial strategies can be developed to minimize the negative effects
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resulting from such faults during normal soft starting operation, which is presented in the

following chapter.
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CHAPTER 3

FAULT TOLERANT SOFT STARTER

3.1 Introduction

As demonstrated in the preceding chapter, the use of the conventional open-loop
symmetrical-triggering control of the soft starter in two-phase switching mode, under short-circuit
SCR switch fault condition produces undesired impacts on machine performance. This situation
results in unbalanced and unsymmetrical high currents during soft starting. Furthermore, the
conventional soft starter system, such as the commercially available type, is incapable of driving
the motor under open-circuit SCR switch fault condition. Accordingly, the soft starter topology
and its control algorithm need to be tailored in order to render the soft starter fault tolerant under
both open-circuit and short-circuit switch fault conditions in any one of the phases. This is while
still providing reduced starting inrush currents, and consequently reduced starting torque
transients. In this chapter, the fault tolerant soft starter topology and its resilient closed-loop two-
phase control scheme will be set forth. The design procedures of the soft starter controller will

also be presented using small-signal modeling approach.
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3.2 Principles of Fault Tolerant Operations

The main concerns in designing and constructing any fault tolerant system are the potential
added cost and feasibility issues. The increased cost of incorporating fault tolerant capabilities
into the existing system should always be compared with the cost of damage to the motor-load
system when functioning with the existing configuration without such fault tolerant capabilities
under faulty conditions. It would not make sense to implement a fault tolerant capability to the
existing technology if the added components and manufacturing costs are higher than either the
cost of having system redundancy, or the cost of damage to the overall system, when operating
under a faulty condition with no remedial action being taken. Hence, a designer should always
take these factors into account when designing a fault tolerant system. In the opinion of this
investigator, the most cost-effective means is to modify the existing control algorithm to
accommodate the impact of a fault while still providing acceptable performance. Such a measure
usually involves hardware modifications which need to be performed in a modest and cost-

effective manner.

In this work, the proposed fault tolerant soft starter system is designed with minimum
hardware modifications to the existing commercially available soft starter. To reiterate, the fault
tolerant feature can be easily incorporated into the existing hardware. The added hardware is
modest and hence does not increase the size of the existing system with only minimum increase
in the component cost. The control algorithm was implemented in a closed-loop form which is
more dynamic, effective, and robust in so far as controllability and performance issues are
concerned. The proposed scheme is simple and can be easily implemented with the digital signal
processing power available in the existing technology. Thus, the proposed controls, along with
minimum modification to the hardware circuit topology, present enticing solutions to industries

for such technology to be adopted and implemented in their existing products for mitigating
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detrimental effects resulting from a faulty soft starter. In fact, by adopting the proposed control
technique, a low-cost soft starter with only two-phase switching mode can be developed and
produced in the market for consumers at a lower cost with reasonably good performance, as

compared to the existing three-phase soft starter products.

3.2.1 Modified Topology

The vital part of realizing the fault tolerance of the soft starter through integrating the
proposed control algorithm is the amendment of its hardware configuration. Only two significant
modifications in terms of hardware were made to the industrial type soft starter of Figure 2.1,
which is repeated here for convenience in Figure 3.1. A modified version of the soft starter to
accommodate the proposed control technique is illustrated in Figure 3.2. The first modification is
the addition of a set of three-phase voltage sensors at the motor end of the soft starter to measure
the motor terminal voltages. The reason for having these sensors is that the motor terminal
voltage measurement will be employed as one set of the feedback signals for the present closed-
loop control scheme. The second modification is the replacement of the existing 3-pole
synchronously-controlled modular contactor with three individually-controlled 1-pole contactors,
one pole per phase. The main purpose of this modification is such that the contactor of the
corresponding SCR phase can be closed in the event of an open-circuit SCR switch fault. This is
in order to isolate the faulty SCR phase, as depicted in Figure 3.3. Accordingly, the soft starter
can function in a two-phase switching mode using the present two-phase control approach. In the
event of a short-circuit SCR fault, the corresponding motor phase is automatically connected

directly to the utility mains, and hence the soft starter is already in its two-phase switching mode.

As one can see from the desired hardware modifications to the industrial type soft starter, the
suggested changes barely increase the size of the existing system with only minor increase in the
component cost. Such design modifications with minimum cost increase are usually acceptable

within industrial practice. Due to the asymmetry of the post-fault two-phase thyristors configura-
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Figure 3.1: Industrial type three-phase soft starter topology.
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Figure 3.2: Modified version of soft starter with fault tolerance/isolation capabilities.
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Figure 3.3: Post-fault soft starter configuration.

-tion shown in Figure 3.3, the problem of voltage unbalances impressed upon the motor windings
arises during starting. This is due to the fact that the motor phase winding without the SCR
connection experiences a full applied voltage, whereas the other two phases experience reduced
voltages impressed upon them during starting. It is well-known that voltage unbalances introduce
negative sequence components in the stator currents, which consequently lead to torque
pulsations during the starting transients. Therefore, the control strategy has to be tailored to
control the firing of the thyristors in the remaining two phases independently. This is in order to
generate nearly balanced three-phase stator currents during the soft starting period, so that the

starting torque pulsations can be alleviated. Hence, a closed-loop type of control is adopted which

is presented next.

3.2.2 A Resilient Closed-Loop Two-Phase Control Scheme

In order to control the firing of the thyristors in the remaining two healthy phases

independently, a new set of firing angles for each of the two phases has to be defined. Such a task
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is not easy to achieve using open-loop control, since the firing angle profile will vary with
different horsepower motors as well as load conditions. Therefore, closed-loop type of control
was adopted here, which will inherently generate the appropriate firing angle profile for the
thyristors of each of the two phases under different horsepower motor ratings and different types

of load conditions.

The present closed-loop two-phase control scheme is graphically depicted in Figure 3.4 for
the post-fault soft starter configuration of Figure 3.3. In this control method, there are two types
of feedback control loops, namely a voltage loop and a current loop for each of the remaining two
healthy phases. The outputs of these feedback loops represent the changes in the firing angles that

will be used to compute the resulting firing (delay) angles, which is defined as follows:

Ay, =0y — Ay — Oy (3 1)

Ay = Qg — Ay — Gy
where, ¢, and «,, are the outputs of the voltage feedback loop, &, and ¢ are the outputs of
the current feedback loop, and «,, and «,, are the initial firing (delay) angles for phase-a and

phase-b, respectively. The resulting firing (delay) angles, ¢, and ¢, computed from (3.1) are

used to generate the gate pulses for triggering the thyristors of the two controlled phases. It is of
importance to mention that the a-control approach [29] is adopted here in lieu of the j~control
approach [23]. This is due to the fact that the motor phase currents are unbalanced and
unsymmetrical during the starting transient period, as was discussed in the preceding chapter.
Consequently, the zero crossings of the currents will accordingly vary in all three phases.
Therefore, the control response will become unstable if the j~control method, which is dependent

on the zero crossings of the line currents, is adopted. On the other hand, the zero crossings of the

ac mains voltages are symmetrical and phase-shifted by 120°e from each other in all three

phases, regardless of both the conditions of the soft starter and the electric motor. Hence, the a-
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Figure 3.4: Present closed-loop two-phase control for fault tolerant soft starter.
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control approach, which relies on the zero crossings of the mains voltages, provides a much more

stable control response and thus it is employed in the present control approach.

The voltage feedback loop is used to control the starting acceleration profiles of the motor
currents and torque. It controls the duration of the starting period which varies for different types
of applications. A user-selected voltage ramp profile, Viamp*, is used as a reference command, as
shown in Figure 3.5. It consists of an initial voltage setting, a final voltage setting, and a soft start
(ramp) time setting. The user presets the initial phase voltage percentage that will be impressed
upon the motor windings during the start-up process. Typically, a heavier load which requires a
higher starting torque will need a higher initial impressed voltage. The final voltage setting will
typically be the rated phase voltage of the motor. In addition, the soft start (ramp) time setting
will determine the duration of the starting period before the motor establishes its rated speed. This
voltage ramp profile, V.m,*, is analogous to the user-setting being utilized in industrial-type soft
starters, where the user presets the initial locked rotor torque percentage and the soft start (ramp)
time [31]-[33]. Once the voltage ramp profile, V..mp™, has been predefined during the start-up
process, the effective (rms) values of the measured motor terminal voltages for the two controlled
phases, Varms) and Viems), are computed online during the motor starting transients. These values
are then compared with the voltage reference profile, V..mp*, and the errors are conditioned by a

set of voltage Proportional-Integral (PI) regulators. The outputs of the PI regulators represent the

first part of the firing (delay) angles, «,, and ¢, , see (3.1), for phase-a and phase-b firing

(delay) angles, «, and «, , respectively.

With only the voltage feedback loop, the motor will still exhibit unbalanced starting currents,
and consequently significant starting torque pulsations. Accordingly, in order to ensure nearly
balanced three-phase motor currents during starting, a current feedback loop is utilized, see

Figure 3.4. The effective (rms) values of the three-phase motor currents, Iaims), Ibgms), and Icgms),
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are measured and the average value of these currents, I,,*, is used as the current reference

command for the current controller, which is expressed as follows:

I * Ia(rms) +Ib(rms)

av 3

+1
o) (3.2)

The average current, I,,*, is compared with the measured effective (rms) motor currents of the
two controlled phases, Iaems) and Ipems), and the errors are conditioned by a set of current PI

regulators. Here, the outputs of the PI regulators represent the second part of the firing angles,

o, and «, for phase-a and phase-b firing angles, «, and ¢, respectively, see (3.1). By

regulating the rms values of the two controlled phase currents, laims) and Ipems), to be near the
average current value, I,,*, the rms value of the third phase current, I¢yms), 1S automatically
adjusted to be the average current, [,,*, so as to satisfy the condition of (3.2). As a result, a nearly
balanced three-phase current condition is realized through this approach, which will in turn
provide reduced starting torque transients. Meanwhile, in order to start up the motor from zero

speed, an initial firing angle for each of the two controlled phases is commanded and is

represented in Figure 3.4 as «,, and «,,. The final firing (delay) angle profiles for the two-

phase control for triggering the two-phase thyristors are defined as given in (3.1).

3.3 Small-Signal Modeling of Motor-Soft Starter

Controller

In this section, a small-signal model representing the motor-soft starter controller is
developed. More specifically, the derivations of the open-loop and closed-loop (feedback) system
transfer functions of the small-signal model consisting of the controller and the plant (induction
motor + soft starter) are detailed here. A simplified control system representing the motor-soft

starter of Figure 3.3, as well as the control algorithm of Figure 3.4 is shown here in Figure 3.6. It
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consists of the transfer function of the plant, Gy(s), the transfer function of the controller, G(s),
the reference inputs, 1(s)” and V(s)", and the system outputs, 1(S) and V(s). The plant is composed

of a soft starter and an induction motor. Since the soft starter is a nonlinear electrical system, it is

represented here by a nonlinear expression: V, = f(a), the derivation of which will be

discussed in detail later on in this section. As for the induction motor, a simplified transfer
function of it is also derived and presented here. On the other hand, the controller consists of a set
of PI regulators for the voltage and current loops with unity feedback. It is the reason of tuning
the PI regulators that the small-signal model of Figure 3.6 is being developed and analyzed for

transient response and stability purposes.

As one may observe from the control system of Figure 3.6, there are two feedback loops,
namely the voltage and current loops, which are operating in a parallel fashion. As was
mentioned earlier, these two feedback loops serve different purposes. The voltage loop is
responsible for the starting acceleration of the motor, while the current feedback loop is
accountable for mitigating the unbalanced effects of the starting currents under thyristor switch
fault condition. As a consequence, these two feedback loops are independent of one another, and
hence the control feedback loop of each can be designed in an individual manner. Nevertheless,
the motor can still function with only one feedback loop available, but at a much inferior
performance such as having starting torque pulsations. Therefore, in designing the controller of
Figure 3.6, the control system can be segregated into two separate individual control systems
accountable for the voltage and current loops, as illustrated in Figure 3.7 and Figure 3.8,
respectively. In doing so, the process of designing both the voltage and current regulators is
simplified with only a single input and a single output in the control systems of both Figure 3.7

and Figure 3.8.

Upon observation of the voltage control loop as depicted in Figure 3.7, the plant of this

voltage control system is now represented by the soft starter. This is due to the fact that the main
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thrust of the soft starter is to provide voltage excitation, which is dependent on the firing/delay

angle profile, to the motor. Due to its nonlinear nature, the plant (or soft starter) is represented by

a nonlinear expression: V, = f (a). Meanwhile, the controller consists of only the voltage PI

regulator with a unity voltage feedback loop. On the other hand, in the current control system as
shown in Figure 3.8, the plant consists of both the soft starter and the motor, and the controller is
now a current PI regulator with a unity current feedback loop. The details of derivation of the

corresponding small-signal models are set forth next.

3.3.1 Transfer Function of Controller

The transfer function of the PI controller is straightforward, and it is defined for the voltage

and current loops, G v(S) and G (S), respectively, as follows:

i_V

G, y(5)=Kk, +T (3.3)

k.
G, ((8)=k, ,+— (3.4)
- - S

where, K, v and k; ; are the proportional gains, and ki v and k; ; are the integral gains of the voltage

and current controllers, respectively.

Owing to the separate control loop for the voltage and current controllers, the corresponding
ko and ki can be easily designed to achieve the selected bandwidth at the crossover frequency
where the gain of the open-loop transfer function equals unity using linear control theory. The

design procedures are detailed in the coming section.

3.3.2 Transfer Function of Induction Motor

In an induction motor, the set of differential equations in dq representation that govern the
instantaneous relationship between the voltages and currents in the synchronously rotating frame

of reference can be expressed in the following manner [87]:
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Vg, = Lig, + dtqs + w, A,
. A°
Vgs = rsls's +_ds a)eﬂ’es
dt |
d1° (3.5
0=rig +d—t‘“+(a)e -,)Aq
dA
0=ri + dtdr —(,—,) A,
where,
/155 = Lsi:s + Lmigr
ﬂ/des = LSiSS + Lmigr (3 6)
e | :e e :
A = Lilge + Lilgs

Ag = L5 + L
Here, L, =L, +L, and L, =L, +L,, where, L is the stator phase leakage inductance, L is
the referred rotor phase leakage inductance, and L is the magnetizing inductance in the T-
equivalent circuit of an induction machine [88]. The first two equations of (3.5) correspond to the

dg stator windings, while the last two equations of (3.5) correspond to the dq rotor windings. The

equations of (3.6) represent the dq stator and rotor flux linkages. Meanwhile, the terms, @, and

@, , denote the synchronous speed and the rotor speed in electrical radians/second, respectively.

The superscript € indicates the synchronously rotating reference frame.

Under a balanced sinusoidal condition, the “synthetic” dq windings in the synchronously
rotating reference frame will rotate at the same speed as the airgap magnetic field distribution.
Hence, this results in a dc value representation of all the currents, voltages, and flux linkages

associated with the dq stator and rotor windings (note that @

jip = @ — @, ). Accordingly, this

makes the design process of the PI regulator a much easier task than designing using other

reference frames.
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From (3.6), one can rewrite the dq rotor winding currents from the dq rotor winding flux

linkage terms, as follows:

e ﬂ”;r - Lmigs
Iqr Z?
. 3.7)
i = ﬂ“dr — I‘mlds
dr L

T
By substituting (3.7), as well as the dq stator winding flux linkage terms of (3.6) into the dq
stator winding voltage expressions of (3.5), one obtains the following [89]:

i 2 7 i 2
s_i ic?s +i iﬂ’qer + @, iﬂ’c(ier_'_ Ls _i igs
L) el n L

r T

Vasl Compensation/Decoupling Terms

3.8

— Y. | d(L, .. L 2.,
il [ )] 8l o-

L

r

dt

LI’

r

r

o
Vds

Compensation/Decoupling Terms

In the g-axis voltage equation of (3.8), only the first two terms on the right hand side are due to

e

the g-axis current, iqs. The next two terms of the same equation can be considered as the

compensation or decoupling terms [89]. The same can be stated for the d-axis voltage equation.

Assuming the compensation or decoupling effect is perfect, the new dg-axis voltage

equations can be expressed as follows [89]:

dic,

q

dt

e
Vs

= I’SisS +ol,
(3.9)

S [
e' _ e ds
Vg =l +ol, _dt

where, o=1— Lfn / L,L, . Hence, the induction motor (plant) can be simply represented by the

above equation as defined in (3.9). The resulting voltage space vector, V, can therefore be

written in the following manner:



Chapter 3: Fault Tolerant Soft Starter 62

_ Coer e di
V, =V + JVg =L +0L5d_ts (3.10)

Accordingly, a per-phase motor model can be represented by the transfer function block diagram

as depicted in Figure 3.9.

V) i MECIR

Vis) 1 1(s)
—_— ] —— —>
I, +sol,

Figure 3.9: Transfer function of per-phase induction motor model.

3.3.3 Nonlinear Representation of Soft Starter

In order to incorporate the electrical behavior of a soft starter into the small-signal model
representing the control system of Figure 3.6, a mathematical expression describing the nonlinear
nature of the soft starter is derived and detailed here. The main thrust of the soft starter is to
provide voltage excitation to the motor, where the rms value of this impressed voltage is

dependent on the firing angle profile. Meanwhile, as one can see from Figure 3.6, the outputs of

the voltage and current PI controllers yield &, and ¢, respectively. This results in the firing
angles, a =a,—a, and a =q,—«q, for the voltage and current PI controllers, respectively,
where «, denotes the initial firing angle. As a result, a mathematical expression which describes

the relationship between the impressed rms voltage and the firing angle is developed here.

The closed-form expression of the motor line-to-neutral voltage was derived in the

previous chapter and is given here in the following expression for phase-a over a complete cycle:
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e,, p<ot<a
Vig» a<wt<g+r/3
12-(Vyy —Viy =€), $+7/3<at<a+n/3
Vig» a+r/3<wt<g+2r/3
1/2:(Vyg —Viy =8> $+27/3< 0t <a+27/3
v - Vig» a+2rf3<ot<g+rx G.11)
€, p+r<ot<a+r
Vig» a+r<wt<g+4r/3
1/2:(Vyy —Vig =€), $+47/3< 0t <a+4rx/3
Vig» a+4r/3<wt<d+57/3
1/2-(Vyy —Viy —8)>  $+57/3<at <a+57z/3
Vig» a+5n/3<wt<¢+2rx

where, the induced back emfs, €, =€, =€, #0 during the soft starting transients, and Vg, Vyg,

and Vv, represent the ac mains voltages, which are expressed as follows:
Vg, (t) =V, cos(at)

Vo () =V, cos (ot —27/3) (3.12)
Vi (t) =V, cos(wt —47/3)

Accordingly, from the above equations of (3.11) and (3.12), the rms value of the phase-a

voltage, Vns, can be computed using the following expression:

V= Lj"“z”vz do (3.13)

After performing the necessary mathematical steps, the resulting V,ms can be expressed by the

following nonlinear expression:

Vv \/ 3.3 3. 3.
V. =——=.|7+=—¢——a+—sin(2a)——sin(2 3.14
m = TR gsin(2e) - sin(29) (3.14)
Examination of (3.14) reveals that the only variable is the angle, « , since V, represents the peak

magnitude of the ac mains voltage (in this case, Vi, = \/5 x 265 Volt) and ¢ is chosen to be 60°
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(or 7[/ 3 rad) during the soft starting transients, as was mentioned earlier in the preceding
chapter. It should also be noted that by selecting ¢, =120 along with the fact that the o
firing/delay angle ranges from 60° to 120" during the starting transients, this results in ¢, and

a, ranging from 0° to 60°. A plot of the motor phase voltage (rms) versus ¢, from 0° to 60°
using (3.14) is depicted in Figure 3.10. As one can notice from Figure 3.10, at the point of
ay, = @ =60", the SCRs are fully on, which entails the rms voltage value of 265 Vs for a line-

to-line utility voltage of 460 V ;.

Despite the nonlinear nature of the soft starter, a linear relationship between the rms motor

phase voltage and the firing angle can be approximately realized at a selected operating point

which results in: V, =K a, and V, =K ¢,, for the voltage and current loops, respectively,
see Figure 3.7 and Figure 3.8. It should be emphasized that the units of «,, and ¢, are in radians
per second when computing the gain K . Such linearization simplifies the design process in such
a way that linear control systems theory can be employed. Here, &, and ¢, are assumed to have
the same operating point. In this design process, an operating point is chosen where
a, =a, =30" or 7/6 rad. Hence, the constant K, can be calculated using (3.14). As a result,

the linear transfer function of the soft starter at the chosen operating point can be approximately

expressed for the voltage and current loops, respectively, as follows:

Vrms (S) — ka
20 )
Vi (5)
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Figure 3.10: A plot of motor phase voltage (rms) versus oy using Equation (3.14).

3.3.4 Small-Signal Model Representation of Overall System

From the previously derived transfer function of each individual subsystem of Figure 3.6, a
small-signal model of the voltage and current control loops can thus be developed. More
specifically, the open-loop and closed-loop transfer functions of the voltage and current control

loops are derived.
For the voltage control loop of Figure 3.7, the open-loop, GO,__V (S), and the closed-loop,

Ge v (S) , transfer functions can be written as follows:

k k kst k
Cou s (5)-6u (98, o 8) = #1570

C Goy  kkstkk
C14G y (1+kk, )s+kk

(3.16)

GCLfV (S)
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Meanwhile, for the current control loop of Figure 3.8, the open-loop, GOLfI (S) , and the

closed-loop, G, , (S) , transfer functions can be expressed in the following manner:

1 k. ks+kk
C oLsi+rs

i
Ga 1(9)-C., (816, (5=, +52(k)
GoL k k,s+kk

G S)= =
1 (9) 4Gy oL +(r +k,k, )s+kk,

I, +sol 517

The design procedures for obtaining K, and k; of the voltage and current PI regulators at selected

bandwidth are detailed next.

3.4 Design Procedures of Soft Starter PI Controllers

The overall motor-soft starter system is designed at a desired bandwidth to provide good
dynamic and fast transient responses to any changes in the reference input to the soft starter
controller. Certain design conditions and criteria are assumed here in order to simplify the overall
design process. In addition, since the soft starter is a nonlinear system, a certain operating point is
selected so that the overall system is assumed to be linear around that selected operating point,
thus allowing the basic concepts of linear control theory to be applied. Once the controller has
been designed, the entire system is simulated under large-signal conditions to evaluate the
adequacy, stability, and response of the controller, which will be presented in the following

chapter.

3.4.1 Voltage Control Loop

In selecting the gain constants of the PI controller of the voltage control loop of Figure 3.7,

the following are the design criteria:

. Crossover frequency of G, (S) , f.=500Hz.
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. Phase Margin (PM) of G, (S) s Goy =120°.

The crossover frequency, f;, is defined as the frequency at which the gain of the open-loop

transfer function equals unity, that is ‘GOL_V (S)‘ =0 dB. On the other hand, the phase margin,
@on > 1s defined as the phase angle of the open-loop transfer function that is measured with

respect to —180° at the crossover frequency [90]. For a satisfactory dynamic transient response

without any instabilities or oscillations, the phase margin should be chosen to be greater than 45°
[90]. Meanwhile, the bandwidth (BW) of the overall closed-loop feedback system is defined as
the frequency at which the gain of the closed-loop transfer function drops to —3 dB. In some
practical applications, the bandwidth of the closed-loop feedback system is approximately equal
to the crossover frequency, f. [90]. Hence, for a fast dynamic transient response by the control
system, the bandwidth of the closed-loop system should be high, which indicates that the
crossover frequency of the open-loop system should be designed to be high. In this design work,
the crossover frequency, f;, was selected to be 500 Hz so that the overall bandwidth of the voltage

control loop is high enough to dynamically respond to changes in the reference input voltage.

Based on the aforementioned design criteria, the following two equations at the crossover

frequency can be defined:

k k.s+k k
‘GOL7V (S’)s:ja,C = : S =1
e (3.18)
kK s+k Kk
Gy (5),,, =4[] <y ()
S=jay

where, @, =27 f, is the angular crossover frequency in rad/sec. By solving these two equations

above, one can acquire the gain constants, K, and k;, of the voltage control loop at the selected

design conditions as given in the following expressions:
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(3.19)

As discussed in earlier sections, the gain ka which represents the linear transfer function
gain of the soft starter is computed at a selected operating point with the following conditions:
a=a,—a, =120"=30"=90" or z/2 rad, ¢=60" or /3 rad, and V_ =~/2x265 Volt.
Accordingly, the gain K, was calculated from (3.14) and (3.15), resulting in a value, kK, ~374.
With this gain, knowing that @, =27 f_ =27 x500 rad/sec, the PI gain constants of the voltage

control loop were calculated and found to be: kp ~0.0013 and k; = 7.27 .

Using the computed gain constants of the voltage PI controller, the corresponding bode plots
of the open-loop and closed-loop transfer functions of the voltage control loop system are

depicted in Figure 3.11(a) and Figure 3.11(b), respectively. As one can observe from Figure

3.11(a), the desired crossover frequency, f;, and the phase margin, @, , have been achieved,

according to the design criteria, at 500 Hz and 120°, respectively. The subsequent bandwidth
(BW) of the voltage control loop system of Figure 3.7 was found to be 325 Hz, as indicated in
Figure 3.11(b). This bandwidth is adequately enough for the soft starter to respond to any

variations in the reference input voltage profile. It should also be noticed from Figure 3.11(b) that

the gain of the voltage control loop system is at its maximum, that is ‘GCL v (S)‘ =0 dB, within

its bandwidth.

3.4.2 Current Control Loop

The current control loop of Figure 3.8 was designed in a similar manner to the voltage

control loop. The following are the design criteria:
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. Crossover frequency of Gy | (s), f, =500 Hz.

. Phase Margin (PM) of G, , (S) s Gom =90°.

The open-loop transfer function of the current control feedback loop, which is given earlier

in (3.17), is written here, as follows:

K K,s+k,k,

Go 1(8)=G; ,(s)G, ((s)= s(oLs+r) (3.20)

To select the gain constants of the PI controller in the current control loop, a simple design

procedure, which results in a phase margin of 90° as stated above in the design criteria, was

implemented as follows:
Step (1): Select the zero of (3.20) to cancel its corresponding pole.

Under this condition,
—=— = k,=ork (3.21)

where, 7, =L,/r, is the electrical time constants. This consequently results in the following

transfer function:

(3.22)

Examination of (3.22) indicates that the phase margin, @,,,, is 90° which satisfies the above

given design criteria.

_ kaki/rs
S

=1.

Step (2): Compute the crossover frequency such that ‘GOL | (S) -
- =] .
s=jay,

This yields @, =Kk / I, . Using this equation along with (3.21), one can solve for the PI gain

constants of the current control feedback loop of Figure 3.8, which are expressed as follows:
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K, = or o,
k(Z
(3.23)
ki — rsa)c
k

Using the same K, as was computed earlier, along with the given machine parameters of the

case-study 2-hp induction motor (see Appendix A), the PI gain constants of the current control

loop were computed to be, kp ~0.3 and k; =32.3.

With the calculated kp and K; of the current PI regulator, the bode plots of the open-loop

and closed-loop transfer functions of the associated current control feedback loop system of
Figure 3.8 are illustrated in Figure 3.12(a) and Figure 3.12(b), respectively. Evidently, from both
the bode plots of the open-loop and closed-loop transfer functions, the crossover frequency, f,

and the bandwidth (BW) have been realized at 500 Hz, which fulfills the design criteria.

3.5 Summary

Low-cost fault tolerant solution capable of mitigating thyristor open and short-circuit switch
faults for soft starters has been presented in this chapter. Minimum hardware modifications are
required for the existing commercially available soft starter in order for the fault tolerant
operation to be possible. It should be emphasized that such essential modifications do not
significantly increase the cost and size of the existing system. One of the essential changes
involves adding a set of three-phase voltage transducers on the motor end of the soft starter for
acquiring the motor terminal voltages needed for fault tolerant control purposes. The second
hardware modification involves the replacement of the existing 3-pole synchronously-controlled

modular bypass contactor with a set of individually-controlled 1-pole contactors for all three
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Figure 3.12: Bode plot of current control feedback loop system. (a) Open-loop transfer function.
(b) Closed-loop transfer function.
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phases. These contactors are used for fault isolation purposes in such a way that the soft starter
can switch into a two-phase switching mode in the event of an SCR switch fault occurring in any
one of the phases. As for the proposed two-phase control approach, two types of feedback control
loops were adopted. Namely, these are the voltage and current feedback loops, respectively. The
voltage feedback control is responsible for the starting acceleration of the motor, while the
current feedback loop is responsible for mitigating the unbalanced effects of the starting currents
under thyristor switch fault condition. In fact, by adopting the proposed control technique, a low-
cost soft starter with only two-phase switching mode can be developed and produced in the
market for consumers at a lower cost with reasonably good performance, as compared to the

existing three-phase soft starter products.

In addition, small-signal modeling of the motor-soft starter controller system was developed.
More specifically, the open-loop and closed-loop transfer functions of the voltage and current
control feedback loop systems were derived. The main thrust of this small-signal modeling
approach is to design the PI regulators in the voltage and current loops so as to achieve the
desired bandwidth to render a good dynamic and fast transient response. Upon designing the PI
controllers, the entire system was simulated under large-signal conditions to evaluate the stability

and response of the controllers, which are presented in the next chapter.
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CHAPTER 4

CIRCUIT SIMULATIONS OF FAULT

TOLERANT SOFT STARTER

4.1 Introduction

In the preceding chapters, closed-form analytical solutions as well as proposed fault tolerant
operating principles of soft starters under SCR switch fault conditions were presented. These
closed-form solutions under healthy and faulty conditions were verified here using dynamic
simulations that were carried out using a commercial circuit simulation software package, namely
Matlab-Simulink. A 2-hp, 460-volt, 4-pole, three-phase induction motor was used as the target for
these verification efforts, providing valuable results that raise confidence in the accuracy and
value of the analytical results. Meanwhile, motor performance under fault tolerant control
operations was also evaluated here using dynamic simulations. The simulation work indicates
promising results that illustrate reduced starting torque pulsations under SCR switch fault
condition through using the present two-phase control technique. Using the calculated gain
constants of the PI regulators, the control system exhibits stable response to the increasing

voltage in the reference input ramp during soft starting. Hence, this validates the accuracy of the
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controller design approach. Accordingly, such promising results demonstrate the soundness and

efficacy of the present control scheme.

4.2  Circuit Simulation Model

The simulation work was carried out in a Matlab-Simulink environment [91]. The power
circuit structure of the induction motor-soft starter system is depicted in Figure 4.1. A 2-hp, 4-
pole, 3-phase induction motor was used as the simulation target, whose machine parameters
correspond to the design characteristics of the test motor in the experimental work. The motor
properties of this 2-hp induction motor are given in Appendix A, and they are repeated here for

convenience in Table 4.1. The motor was simulated in the dq frame of reference representation.

Meanwhile, the load is of the fan type: T, =K @., where @, denotes the motor speed in

mechanical radians per second, and K, is the load coefficient in Nm/(mech. rad/sec)’.

On the other hand, the soft starter consists of three sets of back-to-back connected thyristors,
which can be readily obtained from the Power System Blockset toolbox in Simulink. The parallel-

connected RC elements for each phase have the following values: R =500Q and C =0.01uF .

Meanwhile, the utility input voltage and line impedance values are given in Table 4.2. The line
impedances are selected at 4.8% of the base impedance for both the line resistance and line
inductance. This is in order to match the transformer power ratings currently present in the test

laboratory.

The control block diagram of the proposed closed-loop two-phase control scheme is depicted
in Figure 4.2. An input reference voltage ramp is preset at an initial voltage of 200-Volt, a final

voltage of 265-Volt, and a soft start ramp time of 0.5 seconds. The PI regulators are designed

with the values obtained from the previous chapter. They are kp =0.0013 and k; =7.27 for the
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Figure 4.1: Schematic of motor-soft starter power structure in Matlab-Simulink [91].
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Table 4.1: Design properties of 2-hp induction motor.

Rated Power 2 hp (1492 Watts)
Rated Voltage (Line-Line) 460 Volts

Rated Current 3.0 Amps

Rated Frequency 60 Hz

Rated Speed 1744 r/min

Rated Torque 8.169 Nm

Phase 3

Number of Poles 4

Stator Resistance, R, 3.850 Q

Rotor Resistance, R, 2.574 Q

Stator Leakage Inductance, L 17.5594 mH
Rotor Leakage Inductance, L, 17.5594 mH
Magnetizing Inductance, L, 0.372674 H
Moment of Inertia, J 0.028 kg.m’

Load Coefficient, K 0.24493x10° Nm/(m. rad/s)’

Table 4.2: Utility grid input parameters.

Utility Power 15 kW

Utility Input Voltage 460 Volts
Utility Input Current 18 Amps (rms)
Frequency 60 Hz

Line Resistance (4.8%) 0.7082 Q

Line Inductance (4.8%) 1.8786 mH
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voltage PI controllers, and kp =0.3 and k; =32.3 for the current PI controllers. The initial

firing/delay angles are set at 110°. The resulting firing/delay angles are fed into a set of pulse
generators for synthesizing a train of gate pulses (high = 1, low = 0) for triggering the SCRs. In
order to simulate the two-phase controls, an active high signal is fed into the gate of both the
SCRs of phase-c so that the switches are turned-on at all time, see Figure 4.2. Finally, the

simulation is carried out at a time step of 10 sec (or a sampling frequency of 100 kHz).

4.3 Verifications between Closed-Form Analytical

and Simulation Results

For convenience of the readers, the closed-form analytical results presented in Chapter 2 of
this dissertation are repeated here for verification purposes with the simulation results. It is
important to note that the simulation results presented here are obtained at nearly the same
operating conditions that were utilized to compute the closed-form analytical results. In addition,

open-loop symmetrical-triggering control was employed here in the simulation.

4.3.1 Healthy Condition

The three-phase line-to-neutral motor voltage waveforms obtained from closed-form
solutions, along with the corresponding simulation waveforms under healthy condition at
@ =60" and o =90° are depicted in Figure 4.3(a) and Figure 4.3(b), respectively. As one may
observe, the calculated waveforms are in good agreement with the simulation waveforms. It is
important to mention that the waveforms of Figure 4.3(a) are only valid for transient analysis,

which is the subject of this work, due to the fact that the induced EMF in the windings cannot be

neglected during the steady state operation.
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The computed healthy three-phase current waveforms and the corresponding simulation
waveforms at transient operating conditions of ¢ =60", a =90", and a motor speed of 200-

r/min are shown in Figure 4.4(a) and Figure 4.4(b). It can be seen from Figure 4.4 that the
analytical waveforms match reasonably well with the simulation waveforms, in so far as the
profiles and peak magnitudes are concerned. For further comparisons, the harmonic contents of
the motor phase voltages of Figure 4.3 and the motor phase currents of Figure 4.4 are given in
Table 4.3 and Table 4.4, respectively. Again, as one can see from the harmonic comparisons, the

analytical results are in close agreement with the simulation results.

The RMS values of the three-phase currents during the entire soft starting period obtained
from analytical solutions and dynamic simulations are depicted in Figure 4.5. As may be
observed from the figure, the analytical results are congruent with the simulation results during
soft starting. However, the analytical results begin to deviate from the simulations as the currents
are approaching their rated values. This is due to the fact that the induction motor is no longer

highly inductive as the motor is approaching its rated speed. Therefore, the phase angle, ¢ , is

approaching the power factor angle in the simulations, whereas this angle is kept constant at 60°
in the closed-form solution. Another reason is due to the assumption that the induced EMFs in the
windings are negligible in the closed-form analysis, which is no longer valid as the motor is
approaching its rated speed. Nevertheless, the objective of this work is to analyze the motor
transient performance during soft starting. Therefore, the analytical results presented here are

acceptable for this stage of the work.
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Figure 4.3: Healthy three-phase line-to-neutral motor voltage waveforms at operating conditions
of =60 and & =90°. (a) Analytical. (b) Simulation.
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and motor speed of 200-r/min. (a) Analytical. (b) Simulation.
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Table 4.3: Harmonic contents of healthy three-phase motor phase voltages — Analytical and

Simulation.
Analytical Simulation
Harmonic
Order Vima Vimb Vime Vima Vb Vime
(Volt) (Volt) (Volt) (Volt) (Volt) (Volt)
1 207.30 208.90 208.10 206.22 207.75 207.20
3 0 0 0 0 0 0
5 131.40 131.80 131.90 134.97 134.23 133.66
7 94.11 93.54 94.62 97.38 97.95 98.68
9 0 0 0 0 0 0
11 17.28 18.60 16.41 21.37 21.68 21.40
13 12.45 11.17 13.18 9.49 8.14 9.57
15 0 0 0 0 0 0
17 35.18 35.55 35.23 37.33 36.55 36.01
19 31.37 30.98 31.69 34.11 34.62 35.37
21 0 0 0 0 0 0

Table 4.4: Harmonic contents of healthy three-phase motor currents — Analytical and Simulation.

Analytical Simulation
Harmonic
Order Ima Imb Ime Ima Imb Imc
(Amps) (Amps) (Amps) (Amps) (Amps) (Amps)
1 14.255 14.340 14.326 14.212 14.180 14.234
3 0 0 0 0 0 0
5 2.021 2.027 2.028 2.077 2.035 2.032
7 1.036 1.030 1.042 1.073 1.085 1.109
9 0 0 0 0 0 0
11 0.121 0.131 0.115 0.151 0.159 0.157
13 0.074 0.066 0.078 0.056 0.054 0.059
15 0 0 0 0 0 0
17 0.160 0.162 0.160 0.169 0.161 0.154
19 0.128 0.126 0.129 0.139 0.137 0.149
21 0 0 0 0 0 0
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Figure 4.5: RMS values of healthy three-phase stator currents from analytical solution and
dynamic simulation.

4.3.2  Short-Circuit SCR Switch Fault Condition

The analytical waveforms of the three-phase line-to-neutral motor voltages, and the
corresponding simulation waveforms are illustrated in Figure 4.6(a) and Figure 4.6(b),
respectively. From the figures, one can state that the analytical waveforms are in good agreement
with the simulation waveforms, in so far as the profiles are concerned. Meanwhile, the computed

currents and its associated simulated three-phase motor currents at transient operating conditions
of p=60", =90, and a motor speed of 400-r/min are shown in Figure 4.7(a) and Figure

4.7(b), respectively. As one can observe, there is a certain degree of similarity between the
analytical and simulation waveforms. Furthermore, the harmonic breakdown of the motor phase
voltages of Figure 4.6 and the motor phase currents of Figure 4.7 are given in Table 4.5 and Table
4.6, respectively. As one can observe from the harmonic comparisons, the analytical results

match fairly well with the simulation results, except for some of the higher-order harmonic
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components for which the analytical results tend to over-estimate or under-estimate the higher
harmonic amplitudes. This may be due to the simplifying assumptions built into the analytical
model derivations. The RMS values of the three-phase currents during the entire soft starting
period obtained from analytical solutions and dynamic simulations are depicted in Figure 4.8.
Notice that the currents are unbalanced during starting which can be further validated by the
simulated three-phase currents under a short-circuit SCR switch fault, as illustrated in Figure 4.8.
These unbalanced currents will accordingly lead to undesired transient torque pulsations, as will

be demonstrated next.

Evidently, from the aforementioned results, the simulation work has confirmed the key
analytical results of this investigation. Such efforts validate the fidelity of the closed-form
analytical approach, which provides an alternative means of acquiring the transient motor

performance in lieu of pursuing the simulation approach.

4.4 Motor Performance under Fault Tolerant

Operations

In this section, the motor performance resulting from using the resilient closed-loop two-
phase control technique is compared with that when using the conventional symmetrical-
triggering open-loop three-phase as well as two-phase controls. The main thrust is to demonstrate
the efficacy of the present approach under switch fault conditions over the open-loop control

approach, with minimum starting torque transient.

The conventional three-phase soft starter using open-loop voltage control was first
simulated. The results of the three-phase motor currents are shown in Figure 4.9(a). As one may
observe therein, the motor currents have smooth starting profiles as the firing angle is decreasing,

with low starting currents. To demonstrate the voltage unbalance effects due to open-loop two-
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Figure 4.6: Three-phase line-to-neutral motor voltage waveforms at operating conditions of
¢ =60" and  =90° under a short-circuit SCR fault. (a) Analytical. (b) Simulation.
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Table 4.5: Harmonic contents of three-phase motor phase voltages under a short-circuit SCR

fault — Analytical and Simulation.

Analytical Simulation
Harmonic
Order Vima Vimb Vime Vima Vimb Vime
(Volt) (Volt) (Volt) (Volt) (Volt) (Volt)
1 259.30 220.80 318.80 270.97 200.22 300.35
3 54.98 52.48 107.50 48.46 41.81 102.99
5 116.60 116.20 43.55 117.73 124.22 39.75
7 82.65 82.85 32.03 75.70 72.70 36.03
9 17.12 19.23 36.30 49.33 20.35 29.35
11 15.62 16.70 5.64 35.88 27.28 28.45
13 10.67 9.60 4.31 41.29 44.65 6.55
15 10.88 8.60 19.44 4.82 15.20 17.05
17 31.60 31.24 11.32 3.73 4.96 2.30
19 27.35 27.55 11.01 9.32 13.15 7.18
21 6.11 7.98 14.03 9.48 15.35 14.73

Table 4.6: Harmonic contents of three-phase motor currents under a short-circuit SCR fault —

Analytical and Simulation.

Analytical Simulation
Harmonic

Order Ima Imb Ime Ima Imb Ime
(Amps) | (Amps) (Amps) (Amps) (Amps) | (Amps)
1 18.752 14.043 21.666 19.621 13.413 20.740

3 1.397 1.333 2.731 1.350 1.300 2.605

5 1.793 1.787 0.670 1.807 1.892 0.628

7 0.910 0.912 0.353 0.806 0.760 0.381

9 0.147 0.165 0.312 0.417 0.157 0.261
11 0.110 0.117 0.040 0.253 0.205 0.206
13 0.063 0.057 0.026 0.247 0.269 0.034
15 0.056 0.044 0.100 0.027 0.068 0.082
17 0.144 0.142 0.051 0.017 0.019 0.005
19 0.111 0.112 0.045 0.035 0.045 0.026
21 0.022 0.029 0.052 0.037 0.062 0.055
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Figure 4.8: RMS values of three-phase stator currents from analytical solution and dynamic
simulation under a short-circuit SCR fault.

phase operation, the control method applied to the three-phase soft starter was utilized except that
one phase of the back-to-back thyristors is always maintained in the “on” state. In reality, this is
equivalent to isolating the faulty switch by closing the corresponding by-pass contactor so that
there is a direct electrical connection between the ac mains and the associated motor phase. The
results of the motor phase currents are depicted in Figure 4.9(b). Notice the high motor current
unbalances during the starting transients. This is not the case for the present closed-loop two-
phase control, the results of which are illustrated in Figure 4.9(c). As may be noted in Figure
4.9(c), the three-phase motor currents have reasonably smooth starting profiles, which indicate
significant starting transient improvement, in comparisons to that of Figure 4.9(b) due to open-
loop two-phase control. Even though the currents of Figure 4.9(c) have a higher breakdown
current value than that of Figure 4.9(b), the starting inrush currents are lower as compared to that

of Figure 4.9(b).
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To further demonstrate the fineness of the present approach, the current space-vector plots of
the motor currents in the form of i, =i, + ji, =2/3-(i, + i,e/2” +i ') are given in Figure

4.10(a), (b), and (c), for the three-phase open-loop, the two-phase open-loop, and the proposed
two-phase closed-loop controls, respectively. The current space-vector plot due to three-phase
open-loop control, see Figure 4.10(a), exhibits a circular locus with the 12 distinct switching
states. On the other hand, the two-phase open-loop control results in an elliptic locus with higher
starting currents, as shown in Figure 4.10(b). Notice the 8 distinct switching states that the locus
presents due to this control method. An improved starting transient of the current space-vector
plot with a circular locus can be observed from Figure 4.10(c) for the proposed closed-loop two-

phase control approach.

The developed motor torque profiles for all three control cases are depicted in Figure 4.11.
Again, one can see a smooth starting profile with minimum torque pulsations in Figure 4.11(a).
However, this is not the case under open-loop two-phase control, as can be observed from Figure
4.11(b). An improved starting torque profile for the proposed approach is illustrated in Figure
4.11(c). It can be seen from the figure that the starting torque pulsations are significantly reduced

as compared to those of Figure 4.11(b).

4.5 Summary

The first part of this chapter is to verify the accuracy of the closed-form analytical results
versus the simulation results. It has been shown that the analytical results are in good
correspondence with the simulation results, which raises confidence in the fidelity and value of
the analytical approach. Such efforts provide an alternative means of analyzing the transient
performance of the motor besides using the simulation approach. The second part of the work

involves comparing the motor performance under three different control cases, namely, three-



Chapter 4: Circuit Simulations of Fault Tolerant Soft Starter 91

phase open-loop, two-phase open-loop, and proposed two-phase closed-loop controls. The
present fault tolerant resilient control has demonstrated reduced starting inrush currents, and
consequently reduced starting torque pulsations under thyristor fault in one phase of the soft
starter, as compared to the two-phase open-loop control case. These promising results
demonstrate the feasibility of the proposed strategy for improving the reliability of an industrial-

type three-phase soft starter system at a modest cost increase.
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R

Figure 4.10: Simulation results of current space-vector plots. (a) 3-phase open-loop control.
(b) 2-phase open-loop control. (c) Proposed 2-phase closed-loop control.
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Figure 4.11: Simulation results of motor developed torque. (a) 3-phase open-loop control.

(b) 2-phase open-loop control. (c) Proposed 2-phase closed-loop control.



95

CHAPTER 5

HARDWARE EXPERIMENTS OF FAULT

TOLERANT SOFT STARTER

5.1 Introduction

With the analytical and simulation portions of the present fault tolerant soft starter, including
the theoretical design of the soft starter controller, accomplished and documented in the foregoing
chapters, one is now at a stage of presenting the hardware experimental results. The test operating
conditions, as well as the controller design parameters, were set as close as possible to their
values given earlier in association with the simulation conditions. This was done for comparison
purposes between the simulation results given in Chapter 4 and the test results which will be
given here. For these purposes, some of the analytical and simulation results presented earlier are
repeated here for the convenience of the reader. The target test motor chosen for the experimental
testing is the 2-hp, 4-pole, three-phase induction motor, whose machine parameters were given
earlier in Chapter 4 and were used in the simulation work. Evidently from the experimental
results as will be shown later on, the fault tolerant control scheme alleviates the starting torque

pulsations under SCR switch fault condition. Accordingly, such promising results demonstrate
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the feasibility and validity of the present approach. In the following, the hardware prototype is

first described, followed by the test results.

5.2 Hardware Prototype

The configuration of the experimental setup is shown schematically in Figure 5.1. The setup
consists of a 460-Volt utility grid supply feeding a three-phase SCR bridge, which acts as a soft
starter to supply controlled voltages to a three-phase induction motor during soft starting. The
power rating of the SCR bridge is chosen such that the direct-online-starting current of the target
motor is within the limit of the current rating of the chosen SCRs. Typically, the maximum
current amplitude (rms) during line-starting of a motor is about 6 to 8 times of the motor rated
current value [22]. On the other hand, for the case of soft starting, typically the maximum current
amplitude (rms) is measured to be about 3 to 5 times that of the motor rated current value [22].
The SCR bridge was mounted on a oversized heat sink, originally intended for a 15-hp drive, see
Figure 5.2(a). With this oversized heat sink, along with the use of a fan as the cooling
mechanism, the thermal issues of the power structure were not of major concern. Sunbber circuits
in the form of RC elements were also incorporated to reduce any switching transients caused by
the process of commutation of the SCRs. Meanwhile, a DSP-based control board from Texas
Instruments (Model: TMS320F2812) were utilized to control the switching sequences of the SCR
switches [92]. Voltage and current feedbacks through the use of analog signal conditioning
circuits and current transducers (from LEM) are fed into the analog inputs of the DSP board, and
the firing pulses in the form of digital signals were accordingly generated. The gate drive
interface between the high power stages of the switches and the low power stages of the DSP was
realized by means of a set of pulse transformers. The main purpose of such type of interface is to
provide electrical galvanic isolations between the high and low power stages, as well as to

provide sufficient currents to the gates of the SCRs for turning-on. The EMI/EMC noise of the
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present hardware prototype was minimized through the use of decoupling capacitors in various
parts of the signal conditioning circuits. Digital software-based low-pass filters, of the 5™ order
Butterworth type [93], were also implemented in the DSP to suppress any EMI noise that might
be imposed on the measured signals. The data measurement was carried out using a data
acquisition (DAQ) system from National Instruments (Model: PCI-6052E) at a data measurement
sampling rate of 50 kSamples/sec [94]. This system allows measurements of up to 8 analog
signals, which are virtually impossible to achieve from an ordinary oscilloscope. Again, the
hardware prototype of the present configuration is depicted in Figure 5.2(a). Detailed designs and
specifications of the present hardware prototype, including circuit design and component

selections, are described in Appendix A of this dissertation.

As mentioned earlier, the test motor is a 2-hp, 4-pole, three-phase induction motor, with a
full-load rating of 8.169 Nm at a rated speed of 1744 r/min. This is the same motor that had been
used during the simulation process of this work. The motor is coupled to a dynamometer from
Magtrol Corporation through a love joy coupler, as shown in Figure 5.2(b). This Magtrol
dynamometer, which functions as a mechanical load, is capable of supplying up to 12 Nm. It is
important to mention that the load torque supplied by this dynamometer is a constant type, which
is different from the fan type of load used in the earlier simulation work in Chapter 4. The
specifications of the hardware prototype are listed in Figure 5.1, as well as in Table 5.1. For

further details, Appendix A should be consulted.

As was indicated in Chapter 3 of this dissertation, the present control scheme requires the
use of PI controllers for closed-loop feedback control purposes. The DSP-based controller
proportional gains for both the voltage and current feedback loops were selected to be the same as

those obtained from the theoretical analysis carried out in Chapter 3 and those used in the circuit

simulations. That is, k, =0.0013 for the voltage loop, and k, =0.3 for the current loop.

However, the DSP-based controller integral gains which were obtained from the theoretical
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Figure 5.1: Schematic of experimental setup of induction motor-soft starter system.
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Figure 5.2: Testrigs. (a) Soft starter. (b) Induction motor and dynamometer.
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Table 5.1: Specifications of hardware prototype.

Utility

Utility Input Voltage (Line-To-Line) | 460 Volts

Frequency 60 Hz

Line Resistance (4.8%) 0.7082 Q

Line Inductance (4.8%) 1.8786 mH

SCR Bridge

Current / Voltage Ratings (Max) 47 Amps / 1600 Volts (rms)
Snubber Circuits R=57Q,C=112pF
Induction Motor

Rated Power 2 hp (1492 Watts)
Rated Voltage (Line-To-Line) 460 Volts

Rated Current 3.0 Amps

Rated Frequency 60 Hz

Rated Speed 1744 r/min

Rated Torque 8.169 Nm

Phase 3

Number of Poles 4

Dynamometer (Magtrol)
Mechanical Load (Constant Type) Upto 12 Nm

DSP Board (T1 TMS320F2812)

Execution Cycle 10 kHz

Digital Low-pass Filter 5™ order Butterworth type
PI Gains for Voltage Loop k,=0.0013, k; =0.5
PI Gains for Current Loop k,=03, k =15

Anti-windup Gains for Both Loops k.=0.2

DAQ System (NI PCI-6052E)
System Sampling Rate 333 kSamples/sec

Acutal Measurement Rate 50 kSamples/sec

Number of Analog Input Channels 8

Current Transducer
Current Rating (Max) 300 Amps (rms)




Chapter 5: Hardware Experiments of Fault Tolerant Soft Starter 101

analysis, that is, k, =7.27 for the voltage loop and k; =32.3 for the current loop, have been

first reduced by a factor of 10. The reason for doing so is due to the fact that the circuit simulation
was carried out at a sampling frequency of 100 kHz, while the interrupt service routine in the
DSP main program is executing at 10 kHz. Hence, the designed integral gains need to be reduced

by one order of magnitude [90]. Further fine tuning, for the purposes of stabilizing the control

loop, as well as reducing noise susceptibility, results in the following integral gains: k; = 0.5 for

the voltage loop and k; =1.5 for the current loop. In addition, an anti-windup scheme was also

incorporated into the PI controller design. This is to avoid instability in the PI controller due to
saturation in the integral loop, especially during start up when the error between the reference

input and the control output is large [90]. The anti-windup gains for both the voltage and current

loops were accordingly chosen to be kK, =0.2.

5.3 Experimental Results

5.3.1 Comparisons with Simulation and Analytical Results

In Chapter 4 of this dissertation, the simulation results were compared with the analytical
results obtained from Chapter 3 under both healthy and faulty conditions. The resulting
comparisons indicated a good degree of similarity/agreement between the analytical and
simulation results. In this chapter, those results are repeated here for comparison with the
experimental test results for further verification purposes. This is in order to validate and

demonstrate the accuracy/fidelity of the analytical work being done thus far.

The test results of the healthy three-phase motor line-to-neutral voltages during soft starting
under full-load condition are depicted in Figure 5.3(a), along with the corresponding simulation

and analytical results given in Figure 5.3(b) and Figure 5.3(c), respectively. Notice the close
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agreement between each individual waveform for phases-a, b, and c. The corresponding healthy
three-phase motor currents under the same condition for the test, simulation, and analytical work
are shown in Figure 5.4(a), (b), and (c), respectively. It can be observed from Figure 5.4 that there
is a reasonable degree of agreement between those waveforms. Furthermore, the harmonic
contents of the motor phase voltages of Figure 5.3 and the motor phase currents of Figure 5.4 are
given in Table 5.2 and Table 5.3, respectively. Again, there is a considerable degree of similarity
between the trends of the harmonic components of the test, simulation, and analytical results,
except for some of the higher-order harmonics, and third harmonic as well as its multiples 9",
15" etc. This may be due to the fact that the machine’s magnetic core saturation effects are
neglected in the simulation and analytical work, while such saturation effects are inherently
present in the actual test motor. This is also the reason for the presence of a positive-sequence 3™
harmonic component and its multiples, as indicated in the test columns of the voltage and current

in both tables.

Meanwhile, the experimental work was repeated in the event of an SCR short-circuit switch
fault, by turning-on the SCRs of phase-C continuously, to emulate the effect of a bypass contactor
that would have been used in practice. The measured results of the three-phase motor phase
voltages are depicted in Figure 5.5(a). The associated simulation and analytical results are given
in Figure 5.5(b) and (c), respectively. Again, therein, one can notice the similarity between those
voltage waveforms in so far as the profiles are concerned. The experimental results also show the
unsymmetrical nature of the voltage waveforms under faulty condition. The corresponding three-
phase motor currents obtained from test, simulation, and analytical work under faulty condition
are illustrated in Figure 5.6(a), (b), and (c), respectively. It can be noticed from the test results in
Figure 5.6(a) that the measured currents exhibit the same unbalanced nature as the simulation and
analytical results, when subjected to a short-circuit switch fault. In addition, the harmonic

breakdown of the motor phase voltages of Figure 5.5 and the motor phase currents of Figure 5.6
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are listed in Table 5.4 and Table 5.5, respectively. Again, upon comparison, there is a certain
degree of agreement in trend among these results, except for some of the higher-order harmonic
components due to the effects of the machine’s magnetic saturation being present in the test, and
as mentioned earlier neglected in both the simulation and analytical models. The fact that the
impressed voltages on the motor windings are unbalanced, under faulty condition, is also a
contributing factor to the presence of the positive-sequence 3™ harmonic component and its

multiples in the test, simulation, and analytical results, see Table 5.4 and Table 5.5.

It should be mentioned here that due to the inaccessibility of the motor neutral connection,
the measured motor line-to-neutral voltages presented herein in the test data were indirectly
acquired through the use of the line-to-line voltage measurements, assuming a balanced three-
phase motor, which would lead to line-to-neutral voltages which can be expressed and computed

as follows:

Van = E(Vab ca)
1
Vbn =§(Vbc_vab) (5-1)
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Figure 5.3: Healthy three-phase line-to-neutral motor voltage waveforms. (a) Test. (b)

Motor Phase Voltage (V)

Motor Phase Voltages (V)

o

_Phase-a

o

o

Time (10 ms/div)
(a)

Simulation

500

500

-500

500

0.01 . 0.02 0.03
Time (sec)

(b)
Analytical

0.04

Time (sec)

(©)

Simulation. (c) Analytical.



105

Chapter 5: Hardware Experiments of Fault Tolerant Soft Starter

Test

Time (10 ms/div)

(@)

Simulation

(V) sjuammn) Houoa_z

0.33

0.32

Time (sec)

(b)

Analytical

0.33

0.32

=1 v

(V) sjuoun) Hoaow_z

Time (sec)

(c)
Figure 5.4: Healthy three-phase current waveforms. (a) Test. (b) Simulation. (c) Analytical.
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Table 5.2: Harmonic contents of healthy three-phase motor phase voltages — Test, Simulation,

and Analytical.
Test Simulation Analytical
Harmonic
Order Vma Vb Vime Vma Vb Vime Vima Vb Vime
(Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt)
1 19791 | 197.10 | 199.35 | 206.22 | 207.75 | 207.20 | 207.30 | 208.90 | 208.10
3 8.31 8.51 8.77 0 0 0 0 0 0
5 118.22 | 123.95 | 127.16 | 134.97 | 134.23 | 133.66 | 131.40 | 131.80 | 131.90
7 86.95 | 88.52 | 86.25 | 97.38 | 97.95 | 98.68 | 94.11 | 93.54 | 94.62
9 5.16 5.89 4.92 0 0 0 0 0 0
11 25.85 | 25.05 | 26.82 | 21.37 | 21.68 | 21.40 | 17.28 | 18.60 | 16.41
13 2295 | 2445 | 23.94 9.49 8.14 9.57 1245 | 11.17 | 13.18
15 4.76 4.51 4.92 0 0 0 0 0 0
17 27.55 | 2490 | 29.90 | 37.33 | 36.55 | 36.01 | 35.18 | 35.55 | 35.23
19 25.60 | 24.62 | 22.03 | 34.11 | 34.62 | 3537 | 31.37 | 3098 | 31.69
21 3.12 2.86 3.35 0 0 0 0 0 0

Table 5.3: Harmonic contents of healthy three-phase motor currents — Test, Simulation, and

Analytical.
Test Simulation Analytical
Harmonic
Order Ima Imb Ime Ima Imb Ime Ima Imb Ime
(A) (A) (A) (A) (A) (A) (A) (A) (A)
1 13.681 | 13.550 | 13.793 | 14.212 | 14.180 | 14.234 | 14.255 | 14.340 | 14.326
3 0.208 | 0.246 | 0.265 0 0 0 0 0 0
5 2.680 | 2.781 | 2.824 | 2.077 | 2.035 | 2.032 | 2.021 | 2.027 | 2.028
7 0.956 | 0.985 | 0.889 | 1.073 | 1.085 | 1.109 | 1.036 | 1.030 | 1.042
9 0.112 | 0.168 | 0.090 0 0 0 0 0 0
11 0.245 | 0.309 | 0.341 | 0.151 | 0.159 | 0.157 | 0.121 | 0.131 | 0.115
13 0.178 | 0.101 | 0.193 | 0.056 | 0.054 | 0.059 | 0.074 | 0.066 | 0.078
15 0.089 | 0.055 | 0.095 0 0 0 0 0 0
17 0.152 | 0.118 | 0.146 | 0.169 | 0.161 | 0.154 | 0.160 | 0.162 | 0.160
19 0.112 | 0.110 | 0.092 | 0.139 | 0.137 | 0.149 | 0.128 | 0.126 | 0.129
21 0.056 | 0.044 | 0.069 0 0 0 0 0 0
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Table 5.4: Harmonic contents of three-phase motor phase voltages under a short-circuit SCR

fault — Test, Simulation, and Analytical.

Test Simulation Analytical
Harmonic
Order Vima Vi Vine Vima Vb Ve Vma Vb Ve
(Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt) | (Volt)
1 282.35 | 240.68 | 335.55 | 270.97 | 200.22 | 300.35 | 259.30 | 220.80 | 318.80
3 60.61 56.23 99.70 | 48.46 | 41.81 | 10299 | 54.98 52.48 | 107.50
5 11820 | 115.25 | 43.67 | 117.73 | 124.22 | 39.75 | 116.60 | 116.20 | 43.55
7 89.38 84.26 | 45.25 75.70 | 72.70 36.03 82.65 82.85 32.03
9 36.85 30.95 25.68 49.33 20.35 29.35 17.12 19.23 36.30
11 32.45 25.22 2.85 35.88 27.28 28.45 15.62 16.70 5.64
13 4432 | 45.31 2.15 41.29 | 44.65 6.55 10.67 9.60 4.31
15 18.42 14.52 14.01 4.82 15.20 17.05 10.88 8.60 19.44
17 18.31 12.75 17.92 3.73 4.96 2.30 31.60 31.24 11.32
19 13.96 8.18 9.32 9.32 13.15 7.18 27.35 27.55 11.01
21 8.46 9.95 2.72 9.48 15.35 14.73 6.11 7.98 14.03

Table 5.5: Harmonic contents of three-phase motor currents under a short-circuit SCR fault —
Test, Simulation, and Analytical.

Test Simulation Analytical
Harmonic

Order Ima Imb Ime Ima Imb Ime Ima Imb Imc

(A) (A) (A) (A) (A) (A) (A) (A) (A)
1 21.280 | 16.452 | 23.045 | 19.621 | 13.413 | 20.740 | 18.752 | 14.043 | 21.666
3 1.821 | 1.543 | 2424 | 1.350 | 1.300 | 2.605 | 1.397 | 1.333 | 2.731
5 2023 | 1.631 | 0.740 | 1.807 | 1.892 | 0.628 | 1.793 | 1.787 | 0.670
7 1.255 1.060 0.458 0.806 0.760 0.381 0.910 0.912 0.353
9 0.351 0.311 0.246 0.417 0.157 0.261 0.147 0.165 0.312
11 0.225 0.192 0.075 0.253 0.205 0.206 0.110 0.117 0.040
13 0.249 0.252 0.008 0.247 0.269 0.034 0.063 0.057 0.026
15 0.125 0.152 0.188 0.027 0.068 0.082 0.056 0.044 0.100
17 0.095 0.066 0.078 0.017 0.019 0.005 0.144 0.142 0.051
19 0.039 0.031 0.048 0.035 0.045 0.026 0.111 0.112 0.045
21 0.024 0.042 0.020 0.037 0.062 0.055 0.022 0.029 0.052
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5.3.2 Motor Performance under Fault Tolerant Operations

In this section, the experimental results of motor performance resulting from using the
resilient closed-loop two-phase control technique are compared with those when using the
conventional symmetrical-triggering open-loop three-phase control approach as well as two-
phase control approach. The open-loop three-phase control approach and two-phase control
approach were carried out under the conditions of an initial locked-rotor torque percentage of
40%, and a soft start ramp time of 5 seconds. On the other hand, for the case of the proposed
closed-loop two-phase control technique, the test conditions were set at an initial voltage of 200-

Volt, a final voltage of 265-Volt, and a soft start ramp time of 5 seconds. The PI controller gains
were those given in Table 5.1. The initial firing delay angles for all cases were set at 110°.

Finally, all the testing was carried out under full-load motor condition.

Due to limited laboratory facilities, the present dynamometer setup of Figure 5.2(b) is not
equipped with a torque transducer. Therefore, an implicit method of obtaining the motor airgap or
developed torque was utilized here which can be expressed in terms of the measured motor

quantities, as follows [95]:

Tairgap =Ty, =%{(ia _ib)_”:Vca -R; (ic —1, ):I dt

_(ic _ia)j[vab -R; (ia —i, ):I dt}

(5.2)

where, P is the number of poles, and R, is the stator equivalent series resistance per phase. As

one can see from (5.2), the motor airgap or developed torque can be implicitly computed using

the measured motor quantities, which can be easily accessible from the present DAQ system.

First, the test results obtained under direct-line-starting are given in Figure 5.7(a) and (b) for
the motor phase currents and airgap (developed) torque, respectively, under normal/healthy motor

condition. As expected, the starting transients are characterized by high inrush currents and high
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torque pulsations. Next, the test waveforms of the three-phase motor currents under conventional
soft-starter 3-phase open-loop control, along with the corresponding simulation waveforms are
depicted in Figure 5.8(a) and (b), respectively. As one can observe from both figures, the test and
simulation waveforms are in good agreement with one another in so far as the starting profiles are
concerned. The currents from both figures, test and simulations, have a starting value of around
10 Amps and a peak value of around 20 Amps. The corresponding motor airgap (developed)
torque profiles computed from the experiment and simulation current and voltage data are shown
in Figure 5.9(a) and (b), respectively. One can notice that the test waveform of the torque profile,
see Figure 5.9(a), consists of more ripple contents than that of the simulation of Figure 5.9(b),
which can be attributed to a number of possible factors. The first factor can be due to the fact that
the machine’s magnetic core saturation was neglected in the simulation process owing to the use
of the dq reference frame representation of the induction motor, in which this assumption of
linearity is inherent. In reality, during starting, a motor is subjected to considerable magnetic
saturation effects owing to the high starting transient currents, which leads to the presence of
space/time harmonics imposed on the currents, and consequently the torque. The second factor
may be due to drift problems in the integrator terms of the torque expression of (5.2), which can
be attributed to the presence of small dc offsets in the measurements of the voltages and currents.
These dc offsets or errors, which can be caused by either the sensor itself or the data acquisition
system, will accumulate during the integration process associated with obtaining the torque
indirectly through the use of (5.2). As a result, these cumulative errors introduce noises in the
computation process. Nevertheless, both the measured and simulated motor torques have similar
starting profiles. One should also notice that the average starting torque values from both the test
and simulation are around 2 Nm, and their maximum values are both around 20 Nm, see Figure
5.9. Meanwhile, one can notice a discrepancy in the time scales of both the test (400 ms/div) and
simulation (100 ms/div) waveforms of Figure 5.8 and Figure 5.9. This is mainly due to the

different types of load used in the experimental and simulation work. Since a constant load torque
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(~ 8 Nm) was utilized in the experimental test, it is anticipated that the motor will take longer to
accelerate and reach its steady-state condition, as compared to the simulation results in which a

fan load was used to provide a mechanical load torque of 8.169 Nm at the rated speed.

The experiment was repeated under the same operating condition, except that the SCRs of
phase-Cc were always set in the “on” mode of operation. This is in order to emulate a short-circuit
switch fault. The measured and simulated three-phase motor currents are depicted in Figure
5.10(a) and (b), respectively. Again, the test waveforms match quite well with the simulation
waveforms, with similar unbalanced nature during starting. The corresponding measured and
simulated motor airgap (developed) torques, under 2-phase open-loop control, are given in Figure
5.11(a) and (b), respectively. Notice the pulsations present in the measured torque profile of
Figure 5.11(a). Moreover, there is a certain degree of similarity between the test and simulation
results, in so far as the starting profiles, torque pulsations, as well as the average starting torque
(around 5 to 6 Nm) and the maximum torque (around 21 to 22 Nm). Again, as mentioned earlier,
the discrepancy in the time scales of both the test (400 ms/div) and simulation (100 ms/div)
results is due to the fact that different types of load were used in the test (a constant load torque of

around 8 Nm) and simulation (a fan load providing 8.169 Nm at the rated speed).

In the final test of this work, the experiment was repeated under the same condition as the
previous case, that is the SCRs of phase-C are always maintained in the “on” state, while utilizing
the 2-phase closed-loop control technique. The experimental results of the three-phase motor
currents using such control technique are illustrated in Figure 5.12(a), along with the
corresponding simulated currents given in Figure 5.12(b). In spite of the fact that the measured
currents do not precisely match with the simulated currents, the test waveforms still exhibit
smooth starting profiles with low starting inrush currents in both test and simulation, regardless of
the short-circuit switch fault. The consequent measured and simulated torque profiles are depicted

in Figure 5.13(a) and (b), respectively. As may be observed from the measured torque profile of
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Figure 5.13(a), the starting torque pulsations are alleviated as a result of the present control
approach. Furthermore, the measured torque shows a smooth starting profile, which is in
relatively good agreement with the simulation case. Accordingly, the proposed control method
demonstrates its fault tolerant capability in the event of SCR switch faults, with reduced starting
currents and torque ripples. These claims by this investigator are strongly supported by the

experimental test results presented herein.

5.4 Summary

In the first part of this chapter, the measured results during the soft starting transients under
healthy and short-circuit switch fault conditions were compared with the analytical and
simulation results presented in Chapters 2 and 4, respectively. The objective is to verify the
accuracy of the analytical work that was carried out earlier in Chapter 2. The resulting
comparisons indicate good agreements between the test, simulation, and analytical waveforms.
The second part of this chapter involves comparing the motor performance obtained from both
the experiment and simulation, under 3-phase open-loop, 2-phase open-loop, as well as the
proposed 2-phase closed-loop controls. Overall, the experimental test results match reasonably
well with the simulation results. It is evident from both the test and simulation results given in
this chapter that the proposed fault tolerant soft starter has demonstrated its efficacy and
practicability for improving the reliability of an industrial-type three-phase soft starter system at a

modest cost increase.
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Figure 5.7: Test results obtained under direct-line-starting. (a) Three-phase motor currents. (b)

Motor developed torque.
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Figure 5.9: Motor developed torque obtained under 3-Phase Open-Loop Control. (a) Test. (b)

Simulation.
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Figure 5.11: Motor developed torque obtained under 2-Phase Open-Loop Control. (a) Test. (b)

Simulation.
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Figure 5.13: Motor developed torque obtained under 2-Phase Closed-Loop Control. (a) Test.

(b) Simulation.



121

CHAPTER G

ANALYSIS OF FAILURE MODE AND
EFFECT OF INVERTER SWITCH FAULTS

ON MOTOR PERFORMANCE

6.1 Introduction

One of the most common types of drive system faults is the loss of a power transistor switch
in one of the legs of the inverter which can be caused by either an open-circuit or short-circuit
fault. In practice, a short-circuit switch fault occurs more frequently than an open-circuit switch
fault [96], [97]. The open-circuit transistor switch fault is commonly due to either a malfunction
in one of the PWM output ports of the controller that is transmitting the switching patterns, or
sequences to the transistors, or a malfunction in the gate drive. On the other hand, the short-
circuit transistor switch fault can be caused by a breakdown of the snubber circuit or a loose wire,
resulting in a short-circuit fault. More specifically, the short-circuit transistor switch fault can
lead to a catastrophic failure of the drive if the complementary transistor switch of the same leg is
closed, resulting in a shoot-through or direct short-circuit of the dc bus link. On the contrary, for

the open-circuit transistor switch fault, the motor-drive system will still function but at a much
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inferior performance due to the significant torque pulsations introduced by the resulting

asymmetry in the electrical circuit of the motor-drive system.

In this chapter, a closer look at the impacts of such inverter failure modes on machine
performance is carried out. This is realized by means of the averaged switching function
modeling concept [98]. Such approach provides a constructive analytical understanding of the
extent of these fault effects. Meanwhile, time-domain simulation studies, in parallel with the
analytical approach, are also employed to solidify the conclusive outcomes resulting from this
study. Two distinct types of inverter transistor switch failure modes under investigation in this
work are: (1) a transistor short-circuit switch fault (F,), and (2) a transistor open-circuit switch
fault (F,), see Figure 6.1. It is important to mention that for the case of a transistor short-circuit
switch fault (F,), the complementary transistor switch of the corresponding inverter leg is turned-
off. This is in order to avoid shoot-through or direct short-circuit of the dc bus link. The motor

performance resulting from this action is accordingly investigated.

6.2  Averaged Switching Function Model

In this section, an averaged switching function model representation of an inverter circuit of
a three-phase standard drive was introduced [98]. This model allows one to easily compute the
design parameters, such as the voltage and current ratings of the power semiconductor devices,
which will serve as an easy-to-design tool for system design, stress evaluations, and component
selections. Moreover, the numerical convergence and long “run-time” problems associated with
detailed time-domain simulation models can be avoided. In this work, the inverter circuit
switching function model is adopted to investigate and visualize the extent of the impacts of

inverter transistor switch faults on the performance of induction motors.
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Figure 6.1: Types of inverter switch failure modes under investigation.
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Figure 6.2: Inverter circuit.
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6.2.1  Motor Phase Voltage Representations

A schematic of the drive inverter circuit is shown here in Figure 6.2. It consists of six power
transistors connected with six anti-parallel diodes (S; ~ Sg). The dc bus link consists of two dc
capacitors, and they are usually of the electrolytic type due to their high capacitance values and
high voltage ratings. The mid-point of the dc link is assumed here as the reference ground, which

is denoted in Figure 6.2 as “0”.

Referring to Figure 6.2, the pole voltages measured w.r.t. the reference ground can be

expressed as follows:

Vao = Van T V4

0
Vbo = Vbn + Vno (6- 1)
Vco = Vcn + Vno

where, V,,,V,,,V,, represent the motor phase voltages, and V,, is usually referred to as the

an> "bn> “cn
common-mode voltage. References should be made to Figure 6.2 with regard to the subscripts

above. Summing up the left-hand and right-hand sides of (6.1), one obtains the following:
VotV TV, =V, +Vp, +V,, +3V,, (6.2)

For a balanced motor, V,, +V,, +V,, = 0. Hence, (6.2) can be rewritten as follows:

1
Vno = E(Vao + Vbo +Vco) (63)

By substituting (6.3) in (6.1), the motor phase voltages can be expressed in the following manner:

=Vho = Vo = _(2Vbo ~Vao ~ Voo ) (6.4)
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6.2.2  Averaged Switching Function Formulations

The development of the PWM inverter can be greatly simplified by using the averaged
switching function model. This is due to the fact that the PWM switching frequency is much
larger than the power frequency of the desired inverter ac output voltages. Accordingly, one can
assume almost sinusoidal (rippleless) output waveforms since the higher-order frequency time
harmonics can be easily filtered out by the inherent low-pass filtering capability of the motor
windings, and the lower-order frequency space-induced time harmonic effects due to winding

layouts and core saturations are neglected during the analysis process.

In the analysis, the power switches are assumed ideal as is common in preliminary functional
analysis of switching power converters [98]. These assumptions include: (a) negligible forward
voltage drop of the switches in their on-state; (b) sufficient on-state current carrying capacity and
off-state voltage blocking capacity commensurate and compatible with the current and voltage
ratings of the system, respectively; and (c) negligible transition periods between the “turn-on” and
“turn-off” states of the switches which permit repetitive high frequency switching. In order to
maintain continuity of the three phase currents connected to the poles, only one of the switches
connected to any given pole is turned-on. In other words, at any given instant of time, no two
switches of the same inverter leg can be turned-on (which results in a shoot-through) or turned-

off.

Mathematically, these constraints may be expressed using switching function formulations

[98]. Let Hj(t) , 1=1,2,3,4,5,6, be the switching function of each of the corresponding
switches, S; ~ S, respectively. Furthermore, H J.('[) is expressed in a binary format, that is

H;(t) =1 when a switch is turned-on, and H,(t) =0 when a switch is turned-off. Accordingly,

in light of the constraints mentioned earlier, one can state the following switching function

conditions for inverter leg-a, leg-b, and leg-c, respectively, as follows:
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H+H,=1
H,+H, =1 (6.5)
H,+H, =1

Using the switching functions defined above, the pole voltages of Figure 6.2 can be

described as follows:

Voo = H, (Vi /2)+ H, (=Y /2)
Vo = Hy (Ve /2) + Hg (—Vie/2) (6.6)
= H5 (Vdc/2)+ Hz (_Vdc/z)

Depending on the switching states, equation (6.6) indicates that the pole voltages,

V0> Vio» Ve, » ONly can have the values of either V / 2 or =V, / 2 at any given time instant. In

ao” "bho> “co
addition, the states of the switching functions depend on the types of pulse-width modulation

(PWM) schemes being used. For simplicity of explanation, a carrier-based PWM, or the so-called

sine-triangle PWM, scheme is utilized here [84].

Considering only the power switch, S;, of Figure 6.2, the corresponding pole voltage,

Voo = H,(V/2), is graphically illustrated in Figure 6.3. The switching states of H,, at any

given time instant, depend on the comparison outcome between the reference signal, V.., and the

carrier (or triangle) signal, V cauier. In other words, H1 can be defined in the following manner:

ref carrier (6 ) 7)

H - 1 forV.,.>V
" 10  otherwise

Here, the reference signal, V., represents the duty ratio, d,, that varies in a sinusoidal
fashion which also represents the desired fundamental inverter output ac voltage waveform. On
the other hand, the carrier signal, Vy;, is a triangle wave that varies between -1 and 1 with a
switching frequency, fy,. In practice, each of these variables is typically scaled such that the actual

voltage level makes the best use of the hardware on which it is implemented.
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Figure 6.3: PWM switching function, H;, of switch, S;, of inverter leg-a.
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Figure 6.4: Switching function expressed over a switching period of switch, S;.
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Assuming that the switching frequency, fy, is sufficiently large, the duty ratio or Vi of
Figure 6.3 will appear as constant throughout a switching period, T, as depicted in Figure 6.4.
Therein, the duty ratio, d,, is shown as being constant even though it is in fact sinusoidal. This is
because of the assumption that the triangle wave is assumed to have a much higher switching

frequency than the duty ratio signal, da, (or V). For the purposes of analysis, it is convenient to
define the averaged switching function, |:|] , of H,, that is, the average value over of a period of

time, Tqy, as follows:

~ t,
H, () =—["H, (t) dt (6.8)
where, t,—t, =T, . From (6.8) and Figure 6.4, it can be demonstrated that the averaged

switching function, I—AIl , can be expressed in the following manner:

~ 1
H1=§(1+da) (6.9)
Using the earlier defined constraints which state that H, +H, =1, the averaged switching

function of H,, that is H 4+» 18 given as follows:

A, =1-H, =2 (1-d,) (6.10

In real practice, as mentioned earlier, the duty ratio, d,, is not constant and it is in fact

sinusoidal. Accordingly, one can choose a balanced set of desired three-phase duty ratio

(modulating) signals with amplitude, mj, (0 <m, < 1) , and angular frequency, @ =27 f , that

produce a set of sinusoidal, fundamental inverter output waveforms, as follows:

d, (t)=m, cos(t)
d, (t)=m, cos(wt—27/3) (6.11)
d. (t)=m, cos(wt —47/3)
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The amplitude, m,, of the duty ratio signal is also referred to as the modulation index. By varying
the modulation index and the angular frequency, one can vary the amplitude and frequency of the

desired fundamental component of the inverter output waveforms.

Accordingly, using the modulating signals as defined in (6.11), the averaged switching

functions, H,...H, of all six switches, S; ~ Sg, respectively, can be expressed as follows:

A

H, (t) :%(1+ m, cos(wt))

H, (t)= %(1— m, cos(wt —47/3))
H, (t)= l(1+ m, cos(wt —27/3))
5 (6.12)

N

H,(t)= %(1 —m, cos(ot))
H, (t)= %(1 +m, cos(wt —47/3))

H, (t) =%(1— m, cos(mt —27T/3))

By substituting the averaged switching functions of (6.12) into (6.6), one obtains the

following fundamental harmonic terms for the three-phase pole voltages:

ao

Vv, = % m,V,, cos(at)
Vio =%manc cos (ot —27/3) (6.13)
Vv, = % m,V,, cos(awt—47/3)

Substituting the pole voltages as defined in (6.13) into (6.4) yield the following set of

expressions for the fundamental motor phase voltages, as follows:
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V,, = % m,V,, cos(at)

an

V,, = % m,V,, cos(awt—27/3) (6.14)

cn

v :%mavdc cos (wt —47/3)

Examinations of (6.13) and (6.14) reveal a few important observations. First, in order to

synthesize a set of desired fundamental components of the motor line-to-neutral voltages

(V45 Vi Ve ) » ONE can realize these by specifying the desired reference duty ratio signals with the

preferred modulation index and output fundamental frequency. Second, only the fundamental
harmonic terms of the motor phase voltages are in congruence with those fundamental harmonic
terms of the pole voltages. This condition only holds true for a balanced three-phase motor. Third,

the maximum line-to-neutral motor voltage that one can realize from using the sine-triangle

PWM scheme in this work is V. / 2.

From the above illustrations, the outputs of a three-phase inverter circuit can be simply
described by a set of three-phase voltage expressions as given in (6.14) for the case of the sine-
triangle PWM scheme. The use of the switching function concept is extremely useful in analyzing
the behavior of switching power converters in general, as well as simplifying the control design
process in the small-signal environment. In the following sections, focus will be made on the
study of the impacts of inverter transistor switch faults on motor performance using both the

averaged switching function modeling concept, as well as the time-domain simulation approach.

6.3 Analysis of Failure Modes and Effects

In this section, the failure impacts of inverter transistor switch faults on the performance of
induction motors are investigated. Two distinct types of failure modes considered in this work

are: (1) a transistor short-circuit switch fault, and (2) a transistor open-circuit switch fault, see
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Figure 6.1. Analytical and simulation results, along with insights and discussions, are presented

here to provide a constructive understanding of the extent of the severity caused by such faults.

6.3.1 Short-Circuit Switch Fault

As mentioned earlier, a transistor short-circuit switch fault can instigate a catastrophic failure
in the electric drive system if the complementary transistor switch of the corresponding inverter
leg is turned-on, resulting in a shoot-through of the dc bus link. In this work, the running
performance of the motor when the complementary healthy transistor switch is turned-off in the
event of detecting a short-circuit switch fault in the same inverter leg is investigated. For the sake
of this analysis, a short-circuit fault is assumed to occur at switch S;, hence switch Sy is turned-

off.

Having the pole of the inverter leg-a tied directly to the positive rail of the dc link due to a
short-circuit fault, and assuming the PWM switching patterns of the remaining two healthy
inverter legs, that is leg-b and leg-c, remain unaltered during pre- and post-fault conditions, the
fundamental terms of the three-phase pole voltages, based on the earlier derivations, can be

written as follows:

1
v, ==V,
ao 2 dc
Vi = % m,V,, cos(awt—27/3) (6.15)

C

vy, :%mavdC cos (wt —47/3)

Accordingly, the motor line-to-neutral voltage of phase-a can be acquired using the earlier

derived voltage expression, that is V,, = (2V —Vio — Voo ) / 3, which yields the following:

ao

V,, = %Vdc +émanC cos () (6.16)

al
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Likewise, voltage expressions for phase-b and phase-C can also be determined in a similar

fashion, that is V,, = (2Vbo —V,, —Vy, ) / 3and v, = (2V

co

—V,o — Vo ) / 3. Hence, one obtains the

ao

following voltage expressions for phase-b and phase-c, respectively, as follows:

1., 7

V,, = _gvdc +?manC cos (ot —¢—1/2)

1., 7

= —ngc +?manC cos(wt+¢p+7/2)

(6.17)

where, ¢ = tan™' (1/3\/5)

Examinations of (6.16) and (6.17) indicates the presence of a significant dc (unidirectional)
component term in all the phase voltages. Due to an isolated motor neutral, these dc
(unidirectional) offsets in all phases will add up to zero. In addition, a close observation of both
(6.16) and (6.17) reveals that the dc component term is larger in magnitude than the fundamental
harmonic term in all the phase voltages. Such phenomenon introduces a significant negative
impact on the motor running performance. This is due to the fact that the dc voltage terms will
introduce a set of dc current terms in the corresponding phase currents, which will in turn
generate a resultant dc or stationary magnetic field in the machine. Since the dc magnetic field is
dominant over the rotating fundamental magnetic field, a significant braking torque will be
produced. Such phenomenon results in the motor speed to drop sharply. Furthermore, the
electromagnetic interaction between the dc component of the stator current and the fundamental
component of the rotor magnetic field generates a pulsating torque at a frequency equal to the
fundamental stator current frequency. Accordingly, this results in an oscillating torque with a zero
average torque and speed. A fault of such type introduces a high degree of severity due to the
high circulating dc (unidirectional) current in the motor windings. Consequently, this will cause a
temperature rise in the windings owing to excessive losses, and insulation breakdowns will

eventually occur. Using (6.16) and (6.17), these dc currents can be computed as follows:
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— Vdc/3
Ia(dc) R
V,, /6
L) =~ dR/ (6.18)
| _ Vdc/6
c(de) — R

where, R_ is the stator equivalent series resistance per phase. It should be noted that the

S
inductance terms in the T-equivalent circuit model are “shorted” (or zero) under dc condition,

which entails the expressions as delineated in (6.18).

6.3.1.1 Circuit Simulation Model

The simulation work was again carried out using Matlab-Simulink software package [91].
The power circuit structure of the induction motor-drive system is depicted in Figure 6.5. The
same 2-hp, 4-pole, 3-phase induction motor, that was used as the simulation target in the earlier
chapters, was again employed here in these simulations. Its machine parameters are given in
Appendix A. The power stages of the drive system consist of a three-phase diode rectifier bridge
at the drive front-end for the purpose of converting voltages from ac to dc, a split dc link
capacitor bank to act as an energy storage device and a dc filter, followed by a three-phase
inverter bridge for converting voltages from dc to ac in order to supply the motor. The snubber
circuits, which are not shown in the schematic, are implicitly defined inside the blocks of both the
rectifier and inverter bridges. The PWM modulation scheme is of the sine-triangle type. The

motor was simulated in the dq frame of reference representation under rated load (8.169 Nm) and

rated speed (1744 r/min) conditions. Meanwhile, the load is of the fan type: T = k,_a)nzq , Where
®,, denotes the motor speed in mechanical radians per second, and K is the load coefficient in

Nm/(mech. rad/sec)’. The complete simulation parameters and conditions are given in Table 6.1.
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Table 6.1: Simulation conditions of induction motor-drive system.

Utility

Utility Input Voltage (Line-To-Line) | 460 Volts
Frequency 60 Hz

Line Resistance (4.8%) 0.7082 Q
Line Inductance (4.8%) 1.8786 mH
DC Link (2 capacitors in series)

Capacitance Value 2000 uF per capacitor
Induction Motor

Rated Power 2 hp (1492 Watts)
Rated Voltage (Line-To-Line) 460 Volts
Rated Current 3.0 Amps
Rated Frequency 60 Hz
Rated Speed 1744 r/min
Rated Torque 8.169 Nm
Phase 3

Number of Poles 4

Stator Resistance, R, 3.850 Q
Rotor Resistance, R, 2.574 Q
Stator Leakage Inductance, L 17.5594 mH
Rotor Leakage Inductance, L, 17.5594 mH
Magnetizing Inductance, L, 0.372674 H
Moment of Inertia, J 0.028 kg.m”

Load (T, =k @?)

Load Coefficient, K,

0.24493x10° Nm/(m. rad/s)’

PWM Controller

Carrier-Based Sine-Triangle

Modulation Index, m,

0.9

Switching Frequency

5 kHz




Chapter 6: Analysis of Failure Mode and Effect of Inverter Switch Faults on Motor Performance 136

6.3.1.2 Analytical and Simulation Results

The analytical waveforms of the three-phase motor line-to-neutral voltages obtained using

(6.16) and (6.17), under transistor short-circuit switch fault at S;, are shown here in Figure 6.6(a),

under the conditions of m, =0.9 and V, =610 Volts. This is in order to match with the

simulation operating conditions. Again, it should be noted that the complementary transistor
switch, S, was turned-off in order to avoid a shoot-through. The corresponding simulation results
of the motor line-to-neutral voltages, at a low-pass filtering cutoff frequency of 120-Hz, are
depicted in Figure 6.6(b). The purpose of filtering the voltage waveforms is to be able to
meaningfully compare them with the analytical results that neglect the lower-order frequency
space/machine induced time harmonics, as well as the higher-order frequency time harmonics due
to the PWM switching. It can be observed from Figure 6.6 that the analytical waveforms are in
good agreement with the simulation waveforms. The FFT frequency spectra of the associated
simulated three-phase voltage waveforms are illustrated in Figure 6.7. The dc and the
fundamental harmonic voltage terms of all phases computed using (6.16) and (6.17), as well as
those obtained from the simulation frequency spectra of Figure 6.7 are given in Table 6.2. Again,

the analytical and simulation values match quite well with one another.

The simulation results of the three-phase motor currents during pre- and post-fault
conditions are depicted in Figure 6.8. As one can observe therein, a severe transient occurs at the
time instant when the fault is introduced at t=1.3 sec. As was expected from the earlier
analysis, a large positive dc (unidirectional) current is present in phase-a, and this dc current is
divided equally between phase-b and phase-c, as was shown in Figure 6.8. The FFT frequency
spectra of the corresponding motor phase currents during post-fault condition are illustrated in
Figure 6.9 for all three phases. Again, notice the large dc current components present in all
phases. To verify the earlier analysis, the dc current terms were acquired analytically using (6.18),

and they are given in Table 6.3, along with the simulation values obtained from Figure 6.9.
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Therein, the close agreement between the analytical and simulation results confirms or validates

the earlier analytical study.

To further investigate the motor performance during post-fault condition, the motor speed
and developed torque profiles are depicted in Figure 6.10(a) and Figure 6.11(a), respectively. The
associated FFT frequency spectra during post-fault condition are also shown in Figure 6.10(b)
and Figure 6.11(b), respectively. It can be observed from the speed profile, upon the occurrence
of fault at t =1.3 sec, that the braking torque introduced by the dc magnetic field causes the
speed to drop sharply. In addition, as mentioned above, the electromagnetic interactions between
the resultant stator dc field and the resultant rotor fundamental rotating field introduce a pulsating
torque, and subsequent speed ripples, at the fundamental power frequency. This phenomenon can
be observed from the FFT spectra as was illustrated in Figure 6.10(b) and Figure 6.11(b) for the
speed and torque profiles, respectively. Notice in the FFT spectrum of the torque profile shown in
Figure 6.11(b), the fundamental component of the pulsating torque has a peak value of 79Nm,
which is substantially high as compared to the average torque (8.2Nm) of the motor during the

pre-fault (healthy) state.

Evidently, the extent of the fault severity due to a short-circuit switch fault on the motor
performance has been shown to be severe. Hence, fault isolation along with remedial action need
to be performed in a minimum of elapse time in order to maintain, to the fullest extent, the
desirable motor performance characteristics during normal operation. This remedial action will be

detailed in the next chapter.
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Figure 6.7: FFT spectra of simulated three-phase motor phase voltages during short-circuit
switch fault condition. (a) Phase-a. (b) Phase-b. (c) Phase-c.
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Table 6.2: Harmonic contents of motor phase voltages under short-circuit switch fault condition

— Analytical and Simulation

Analytical Simulation
DC (V) Fundamental (V) DC (V) Fundamental (V)
Van 203.3 91.5 203 90.3
Von -101.7 242.1 -101.5 248
Ven -101.7 242.1 -101.5 249

Table 6.3:

Analytical and Simulation

Harmonic contents of motor phase currents under short-circuit switch fault condition —

Analytical Simulation
DC (A) DC (A)
I 52.8 52
I -26.4 -26
I -26.4 26
60 I \ T I T
—1l 1 1 1 1
11111 L L e E
L 1 1 :
S
Tﬂﬂm&‘ﬂﬂm'MTM{p N ffffff oo oo oemeeee

Motor Currents (A)
8 o

ArAnARRRRR
N
Lo o R G R R R UR LR TR R

Figure 6.8: Simulation results of three-phase motor currents during pre- and post-fault short-

2 2.2

circuit switch fault conditions (fault occurs at t = 1.3 sec).
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Figure 6.9: FFT spectra of simulated three-phase motor currents during short-circuit switch fault

condition. (a) Phase-a. (b) Phase-b. (c¢) Phase-c.



142

Chapter 6: Analysis of Failure Mode and Effect of Inverter Switch Faults on Motor Performance

2.2

1.8

1.6
Time (sec)

1.4

1.2

2000

(urw/x) paadg 103010

-500f --------
-1000

(a)

(urtuyx) opmruse N

T T T T T T T Q
I I I I I I I I —
I | | | | | | |
I | | | | | | |
I | | | | | | |
| | | | | | | |
I e i Bt S e e e
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
Fr-——---—-—-—-+-—--4-—-=--F-=——4-—=-——-—-——-—-+---—400
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
| | ! | | | | !
I | i | | i | i ~
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
i e e R i A B i AL
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
| | ! | | | | !
I | | | | | | | 10
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
e A S I e e e . I
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | 1 | I | | L
| | | | | | | | ™
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | | J
F——--1———-r---9----F---7--------r---4N
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
L " " " " " " -
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | |
I | | | | | | | QO
B s S A Ml I R
o o o o o o o o OD
[e0] N~ O Lo < (9] N -

Harmonic Order

(b)

Figure 6.10: Simulation results of motor speed during short-circuit switch fault condition (fault
occurs at t = 1.3 sec). (a) Time-domain profile during pre- and post-fault. (b) FFT spectrum

during post-fault.
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Figure 6.11: Simulation results of motor developed torque during short-circuit switch fault
FFT spectrum during post-fault.

condition (fault occurs at t = 1.3 sec). (a) Time-domain profile during pre- and post-fault. (b)
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6.3.2  Open-Circuit Switch Fault

Failure in either one of the PWM digital output ports of a DSP board or one of the isolation
amplifiers of the gate drive can lead to an open-circuit fault in the transistor switch, as shown in
Figure 6.1. A transistor open-circuit switch fault is a less severe type of fault as compared to the
short-circuit switch fault. Nevertheless, such type of inverter fault will still generate disturbances
in the form of pulsating electromagnetic torque and a substantial dc component in the stator
winding currents. This dc¢ current component will cause thermal problems, such as temperature
rise, in the windings. Eventually, insulation breakdown will occur if the fault is left unmitigated.

For the sake of analysis, an open-circuit fault occurring in switch, S;, is considered in this work.

A misfiring of the transistor switch, S;, will result in an inverter circuit topology, as
illustrated in Figure 6.12. Intuitively, through the observation of Figure 6.12, one can state that

there will not be any positive current flow into the motor for phase-a after the fault occurrence,

due to the absence or malfunction of switch S;. Hence, the resulting post-fault phase-a current, i_,

will consist of a dc (unidirectional) current component. If the motor has an isolated (floating)
neutral connection, this dc (unidirectional) current term will be divided between the currents of
the remaining two phases. As previously mentioned, the consequence of having a dc
(unidirectional) current circulating in the motor windings leads to the significant presence of

motor torque pulsations.

In the circuit of Figure 6.12, the pole voltage of phase-a is determined based on the phase-a

current, i, and the switching patterns associated with the switch, S,. If the switching patterns of

S4, as well as the other switches of phase-b and phase-C, remain the same after the fault

occurrence, the pole voltages, V,,,V,,,V,, , can be defined based on the earlier derivations of the

ao?
averaged switching functions, assuming that current is positive when flowing into the motor

terminal, as follows:
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Figure 6.12: Inverter circuit topology with an open-circuit fault at switch S;.

_\% fori, >0 (State-1)
_\% fori,<0andS, isON  (State-2)
v fori, <0 andS, is OFF (State-3)
%(vbo +V, +3e,) fori,=0 (State-4)
v % v, cos(at—27/3) 6.19)

C

1
Voo =3 m,V,, cos(wt —47/3)
where, €, represents the back emf of the phase-a motor winding.

As one can see from (6.19), there are four different states associated with the pole voltage of

phase-a. The first state, namely State-1, implies that V,, ==V, / 2 when i, >0. It should be

noted that this state only takes place when the phase-a current is positive during the time instant

of the fault occurrence. Hence, this state represents the time interval between the fault instant and

the first zero-crossing instant of the phase-a current, i,. During this time interval, the free-

wheeling diode, d,, will conduct current.
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The next two states, namely State-2 and State-3, occur during the negative half cycle of the

phase-a current. In these states, the phase-a pole voltage, V,,, alternates between V, / 2 and

ao

-V, / 2, depending on the switching patterns. Accordingly, from the averaged switching

function derivation, the line-to-neutral voltages of all three phases can be defined as follows:

an

V,, = % m,V,, cos (ot )

Vi = % m,V,, cos(awt—27/3) for State-2 and State-3 (6.20)

cn

1
Vo =5 m,V,, cos(awt—47/3)
Notice that the three-phase voltages of (6.20) take the healthy form as given previously in (6.14).

The last state, namely State-4, takes place when I, is zero, owing to the inaction of switch
S;. Therefore, during this state, the motor phase-a line-to-neutral voltage is equal to its back emf,

that is, V,,=€,. By virtue of the following expressions, V, =V, +V, and

an a

Voo = (Vo +Vp, +V,,)/3, the pole voltage of phase-a is as defined in (6.19). That is,

Vo :(Vbo +v,, +3e, ) / 2. Using (6.4), the line-to-neutral voltages of all three phases can be

expressed as follows:

Von == (Vo = Veo — €, ) for State-4 (6.21)

It is important to point out that only State-2 through State-4 are still valid after the on-set of the

fault transient.
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Figure 6.13: Simulation waveforms of motor quantities during pre- and post-fault conditions
(open-circuit switch fault occurred at switch S; at t = 1.3 sec).

Pictorial representations of the motor phase-a voltage (V,, ), back emf (€,), and current (i)

during pre- and post-fault conditions were obtained through simulation and are depicted in Figure

6.13. Here, the open-circuit switch fault occurred at switch S; at t = 1.3 sec. Note that the phase

current, i_, is multiplied by a factor of 20 for better and clearer visualization. As one can observe

B
therein, the fault occurred when the current is negative. Hence, State-1 will never be in effect
during the post-fault period. In addition, when the current is equal to zero (State-4), the phase-a
voltage (shown by the solid line in Figure 6.13) is in congruence with its back emf (shown by the
dotted line), which is in agreement with the foregoing development as given in (6.21). Moreover,

in the same figure, during the negative half cycle of the motor phase current (State-2 and State-3),

the phase-a voltage, V. , reverts to its healthy form, which again corresponds to the earlier

an ?
development as delineated in (6.20). An important observation worth noting from Figure 6.13 is
the presence of the negative dc (unidirectional) offsets in both the phase current and voltage.

Notwithstanding this fact, these dc (unidirectional) offsets are smaller in magnitude than their
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respective fundamental components. Thus, the braking torque will have less significant effect.
Nevertheless, a pulsating torque, at the fundamental power cycle frequency, with significant

negative impact on motor performance will still be present.

6.3.2.1 Simulation Results

Simulation results are presented here to demonstrate the impact of the failure of an open-
circuit switch fault on the motor performance. The 2-hp induction motor-drive system under
study was simulated here in a Matlab-Simulink environment [91], see Figure 6.5, with the
associated simulation conditions which were given in Table 6.1. The open-circuit fault location is
assumed at switch, S;, and the fault occurrence was introduced at time, t = 1.3 sec. Meanwhile,
the controller is of the open-loop constant volts per hertz PWM type, and the motor operation was

simulated under full-load condition, that is at an output torque of 8.169 Nm.

The simulation waveforms of the three-phase motor currents during pre- and post-fault
conditions are plotted in Figure 6.14(a) and Figure 6.14(b), respectively. As one can observe from
the post-fault result of Figure 6.14(b), a malfunction (open-circuit) of the switch, S;, results in the
elimination of any positive current flow in phase-a of the stator windings of the motor.
Consequently, a dc (unidirectional) offset is imposed on the current of phase-a, and this dc
(unidirectional) current is divided between the paths of the remaining two phases, provided that
the motor has a floating neutral connection. It should also be noted that due to the unbalanced
voltage excitations at the motor terminals as a result of the fault, negative sequence components

will also be introduced in the motor currents.

Meanwhile, the corresponding FFT frequency spectra of the motor phase currents are shown
in Figure 6.15(a) for the healthy case, and Figure 6.15(b) through (d) for the faulty case. Despite
the presence of the dc (unidirectional) current offsets in all three phases, their magnitudes are

smaller than their respective fundamental components, as depicted in Figure 6.15(b) through (d).
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Hence, the possibility of a motor stall is unlikely, which is not the case for a transistor short-
circuit switch fault as was previously illustrated in this chapter. Observation of Figure 6.15(b)
through (d) also indicates the presence of lower-order time harmonics imposed on the motor
currents. This can best be explained by examining the simulation waveform of the dc link voltage
and its corresponding FFT spectra, as illustrated in Figure 6.16(a) and Figure 6.16(b) and its
close-up (zoom) depiction in Figure 6.16(c), respectively. In a healthy three-phase electric drive,
the dc link voltage is composed of a dc component, as well as higher-order harmonic frequency
components that are multiple of six. However, as a consequence of asymmetry in the inverter
circuit, lower-order harmonics are generated in the dc link, particularly the fundamental harmonic
component at the main power cycle frequency. This can be observed in both the time-domain
waveform, see Figure 6.16(a), and the close-up view of the FFT spectrum, see Figure 6.16(c),

respectively.

To demonstrate the effects of these dc link harmonics on the motor phase voltages and
currents, the previously derived averaged-switching-function model is invoked. Considering a dc
bus voltage with dc, 1%, and 2" harmonic components, one can write the dc bus voltage

expression as follows:

Ve (1) =V, +Vy, cos(at +6)+V,, cos(20t+4,) (6.22)
where, V;, is the average dc bus voltage, V. and V,, represent the peak magnitudes of the first

(fundamental) and second harmonic components, whereas, @ and ¢, , represent their respective

phase angles. By substituting (6.22) in (6.14), one can obtain the three-phase line-to-neutral

V. ,and V__, as follows:

an®> “bn> cn ?

voltages, that is, V
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V,, = %ma [Vdc0 +Vy, cos(@t+¢)+V,,, cos(2wt+4, )] cos(wt)

Ve (t)

Vy, = %ma [Vd% +Vy, cos(@t+d)+V,, cos (2wt + 4, )] cos(wt —27/3) (6.23)

Vie ([)

v, = %ma [VdCO +Vy,, cos (a)t +¢)+ Vg, cos(2a)t + ¢, )] cos(a)t - 47[/3)

Ve (1)

Using the trigonometric identity, cos(a) cos (b) =1/2-cos (a - b) +1/2-cos (a + b) , one can

rewrite (6.23) in the following manner:

v, = %mavd% cos(awt)+ % m,Vy, cos (¢ )+cos(2wt+4,)

dc Term Positive-Sequence

Positive-Sequence 2" Harmonic Term

Fundamental Term

+ % M,Vy,, | cos (et +¢, )+ cos (3ot +¢,)

Negative-Sequence Positive-Sequence
Fundamental Term 3" Harmonic Term

vy, = %manCD cos(at —2;;/3)+%mavdcl cos (¢ +27/3)+cos (2wt + ¢ —27/3)

dc Term Positive-Sequence
2" Harmonic Term

Positive-Sequence
Fundamental Term

+%maVdcz cos(wt+¢, +27/3)+cos (3wt + ¢, —27/3)

Negative-Sequence Positive-Sequence
Fundamental Term 3" Harmonic Term

v, :%mavd% cos(a)t—47r/3)+%mavdcl cos (¢ +47z/3)+cos (2wt + ¢ —47x/3)

— dc Term Positive-Sequence
Positive-Sequence 2" Harmonic Term
Fundamental Term

(6.24)
1
tT M,Vy,, | cos (et +¢, +4x/3)+cos (3ot + ¢, —47/3)
Negative-Sequence Positive-Sequence
Fundamental Term 39 Harmonic Term

The first term given in all three voltage expressions of (6.24) represents the fundamental positive-
sequence component which contributes to the fundamental (useful) magnetic flux distribution in
the airgap. The corresponding second and third terms of (6.24) represent a dc offset and a 2™

harmonic positive-sequence term, respectively. These terms are resulting from the effect of the 1%
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harmonic component of the dc link voltage. The last two terms given in all three voltage
expressions of (6.24), which are due to the effect of the 2™ harmonic dc voltage term, represent a

fundamental negative-sequence term and a 3™ harmonic positive-sequence term, respectively.

Accordingly, the motor phase currents will be expected to consist of harmonic components
of corresponding nature to the order of harmonics that are given in (6.24). This is clearly
confirmed upon examination of the FFT spectra, as depicted in Figure 6.15(b) through (d).
Therein, the only harmonic term that is not shown in those spectral figures is the fundamental
negative-sequence component which leads to a flux component that is traveling in the airgap at an
angular synchronous frequency of —@ . It should be noted that the negative-sequence terms will
produce a negative torque (opposite to the motor’s rotation), which will reduce the overall
average torque of the motor. Also, one should not confuse the 3" harmonic positive-sequence
term given in (6.24) with the traditional 3" harmonic component referred to as common-mode or

zero-sequence component, where i, =i, =i, =1, cos(3wt), in which case, along with the

m
other triple (9, 15, 21, 27,...,etc.) harmonic components, do not exist in this motor-drive fault
setup. This is due to the fact that the motor has a floating neutral point connection, constituting no
path for such harmonic currents. The remaining lower-order time harmonics of the motor phase
currents shown in the spectral Figure 6.15(b)-(d), that is harmonic components higher than the 3™
order, can be explained in a similar manner using (6.22) and (6.23) by taking into account the

other higher harmonic terms of the dc link voltage.

The simulation results of the developed motor torque profile along with its corresponding
FFT spectra during pre- and post-fault conditions are given in Figure 6.17(a) and Figure 6.17(b)
and (c), respectively. The corresponding motor speed profile is also shown here in Figure 6.18.
As one can observe from the torque profile, see Figure 6.17(a), and speed profile, see Figure 6.18,
the effects of the presence of pulsations or ripples are clearly evident. These pulsations or ripples

are oscillating at a combination of several harmonic frequencies, with the main oscillating term
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being attributed to the fundamental harmonic term having a frequency equal to the power cycle

frequency. The cause of this torque component pulsating at @, ,, can best be described through a

set of pictorial illustrations of the airgap flux and rotor magnetic field space-vectors, as depicted
in Figure 6.19. It should be noted that the harmonic components, including the dc component, of
the airgap flux and rotor magnetic field space-vectors are originating from the harmonic
components of the stator currents, the spectra of which are depicted in Figure 6.15. In
conventional machine theory, it is known that in an induction machine, the airgap flux and the
rotor magnetic field consist of harmonic components that are rotating at the same angular
frequency (angular synchronous speed). Hence, according to Figure 6.19(a), the relative speed

between the dc flux of the airgap and the fundamental positive-sequence harmonic component of

the rotor field, and vice versa, is @, . Therefore, both of these interactions will produce a torque

component that pulsates at the fundamental harmonic frequency, @,,. On the other hand, in
Figure 6.19(b), the interactions between the dc airgap flux and the fundamental negative-
sequence harmonic component of the rotor field, and vice versa, will also produce a negative

pulsating torque at @, . Moreover, it can be seen from Figure 6.19(c) that the interactions

between the positive-sequence airgap fundamental flux and the 2" harmonic component of the
rotor field, and vice versa, will also produce a positive torque pulsation at @, . The same
phenomenon can be stated with regard to the interactions between the positive-sequence 2™ and

3" harmonic components of the airgap flux and the rotor field. Accordingly, the cumulative

effects of these electromagnetic interactions between the airgap flux and rotor field will result in a
torque component pulsating at @, . It should be noticed that the interactions between harmonic
components rotating at the same frequency produce a non-pulsating (or average) torque. A similar

argument can also be carried out to determine the cause of the other harmonic torque components

given in Figure 6.17(c). Meanwhile, it was calculated from the simulated torque profile of Figure
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6.17(a) that the peak-to-peak torque ripple is found to be about 190% of the post-fault average
torque. Clearly, this indicates that the continuous operation of the motor-drive system, upon the
occurrence of the fault, is highly undesirable in many applications. This is in order to avoid

mechanical damage to the motor bearings and shaft, as well as the mechanical load system.

In order to further investigate the motor performance due to an open-circuit switch fault, the
current space-vector locus, obtained by plotting id versus iq current components, under different
locations of the faulty transistor switch are plotted and shown here, along with the healthy case, in
Figure 6.20. It can be seen from these figures that the current space-vector locus under different
faulty switch locations exhibit different patterns, which are far from matching the circular locus
under healthy condition. Previous investigators have made use of these types of pattern indicators
to detect and locate the specific whereabouts of the open-circuit switch fault in an adjustable-

speed drive [76]-[82].
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Figure 6.14: Simulation results of three-phase motor currents during pre- and post-fault open-

circuit switch fault conditions. (a) Healthy. (b) Post-Fault.
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Figure 6.17: Simulation results of motor developed torque during open-circuit switch fault
condition (fault occurs at t = 1.3 sec). (a) Time-domain profile during pre- and post-fault. (b)

FFT spectrum during pre-fault. (c¢) FFT spectrum during post-fault.
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Figure 6.20: Simulation results of current space-vector locus.
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6.4 Summary

The main purpose of this chapter was to contribute to a better understanding of the impact of
various inverter faults, more specifically transistor/switch failures, on motor performance using a
combination of time-domain simulations and analytical derivations based on averaged switching
function modeling concepts. The two distinct types of inverter failure modes investigated herein
are: (1) a transistor short-circuit switch fault, and (2) a transistor open-circuit switch fault. In the
event of a short-circuit switch fault, the complementary switch of the same inverter leg has to be
instantaneously turned-off upon the on-set of such a fault in order to avoid the catastrophic event
of a dc link shoot-through situation. The resulting inverter circuit reconfiguration was accordingly
investigated. It was found from the study that the short-circuit switch fault produces a severe fault
impact on the motor performance. A dc (unidirectional) offset of high magnitude is imposed on
the motor current of each phase, which results in a braking torque that causes the motor speed to
drop sharply. In addition, huge torque pulsations are also generated as a result of such an event.
Moreover, the presence of a high magnitude circulating dc (unidirectional) current in the motor
windings will eventually lead to insulation failure if the motor is left unattended. As a
consequence, such a fault will require immediate shut-down of the motor-drive system in order to

prevent secondary failures.

On the other hand, it was demonstrated here that an open-circuit switch fault will still permit
the operation of the motor-drive system, but at a much inferior performance due to the presence
of significant torque pulsations. It was found from this specific simulation case study that the
peak-to-peak torque pulsations were computed to be about 190% of the post-fault average torque
for the case-study 2-hp motor. This clearly indicates that the operation of the motor-drive system,
after the fault occurrence, can only be extended for a short period of time. This is in order to

avoid damages to the mechanical portions of the motor-drive system. Analytical studies were also
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presented in this work to determine the causes of these torque pulsations. In the opinion of this
investigator, a detailed understanding of these fault impacts on machine performance is essential
when one proceeds to the design stage of developing remedial strategies for such types of faults,

which will be presented in the forthcoming chapter.
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CHAPTER /

A QUASI-CYCLOCONVERTER-BASED
TOPOLOGY AND CONTROL FOR

INVERTER FAULT MITIGATION

7.1 Introduction

The main idea leading to the development of the present approach as a potential solution for
motor-drive inverter switch fault mitigation was attributed to a discovery by this investigator,
while implementing the control algorithm of soft starters in the earlier work. Therein, it was
discovered by this investigator that proper control of the SCRs of the previously given topology
of a soft-starter, see Figure 7.1, in a specific switching pattern can produce a set of three-phase
positive-sequence voltages with a fundamental frequency other than the input supply frequency.
It was this specific discovery that led this investigator to conceive of the notion that such a
finding may serve as a potential remedial solution for inverter faults, by connecting the three-
phase SCR bridge whose configuration is shown in Figure 7.1 in parallel with the drive. In the
event of a fault, the drive will shut down by its own fault protection system, and the SCR bridge

will bypass the faulty drive to continue operation of the motor using the present control method.
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This idea of fault mitigation appeared to this investigator to be promising, in light of a
thorough investigation which was carried out on the existing fault tolerant solutions that were
previously proposed by other researchers [38]-[59], and which were discussed in detail earlier in
Chapter 1. For the convenience of the reader, these topologies proposed by earlier investigators
are depicted here in Figure 7.2. As mentioned earlier in Chapter 1, each of the topologies of
Figure 7.2 has its own merits and drawbacks. The merit of these topologies is their ability to
maintain continuous operation of the machine in the event of an inverter fault. On the other hand,
the drawbacks range from having the need for a redundant inverter leg for the topology of Figure
7.2(a), oversizing the dc capacitors and doubling the dc link voltage for the topology of Figure
7.2(b), to the need for a motor neutral connection as well as oversizing the dc link capacitors for

the topology of Figure 7.2(c).

Examination of those inverter topologies reveals one common thing. Namely that is the
mechanism, which enables the change in the status of the inverter into its post-fault configuration
in order to allow the fault mitigation control to be applied thereafter, consists of three sets of
back-to-back connected SCRs which resembles the configuration shown in Figure 7.1.
Accordingly, in comparison with the existing topologies of Figure 7.2, the present remedial
approach, based on the SCR bridge configuration of Figure 7.1, will not introduce any additional
cost on top of what had already been proposed by others in Figure 7.2. However, it will be
demonstrated later on that in order for the motor to operate at more selectable frequencies,
additional two sets of back-to-back connected SCRs are essential, resulting in a total of five sets
of back-to-back connected SCRs, as depicted in Figure 7.3. Nevertheless, the present approach is

still worth the effort for achieving a potential remedial solution for the case of inverter faults.

In fact, the present fault mitigation approach has the following attributes: (1) does not
require the accessibility of the neutral point of the motor which is normally not provided by motor

manufacturers except by special request, (2) does not need to double the dc bus voltage which can
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only be realized through either a de-dc boost converter or an active rectifier at the drive front-end,
and (3) does not need to oversize the dc link capacitors in order to sustain the desired voltage
level and minimize the voltage ripples due to the single-phase current circulating through the
capacitors. Another appealing feature of this new approach is its ability of potential use for
mitigating any other drive-related faults such as faults occurring in the diode rectifier bridge or
the dc-link capacitor because of the fact that this approach bypasses the entire drive system,
provided that such faults can be safely isolated. Despite the aforementioned merits, due to its
unique control operation, the present topology is only suitable for low-speed type of motor
applications, such as vehicle and ship propulsion systems, cement mills, mine hoists, rolling mills
and the like, where high torque at low speed is indispensable [101]. In addition, the appearance of
a pulsating torque will be evident from the motor performance as a result of the present approach.

Details of these will be explained further later-on in this chapter.

In light of the present topology structure and its operating principles, one can consider it as
an ac-to-ac frequency changer, or “cycloconverter”. The basic function of a cycloconverter is to
convert directly the incoming supply frequency to some different output frequency [99]. For most
practical purposes, the maximum attainable useful output frequency is less than the input
frequency. Hence, this is a fundamental limitation of a cycloconverter. The operation of a
cycloconverter is carried out by controlling the switching patterns of a plurality of static SCR
switches connected directly between the input ac system and the motor [99]. Unlike the standard
PWM drives, there is basically no energy storage element present in the converter. In real
applications, the cycloconverter is generally adopted for high power drive applications, in the
range of MegaWatts, such as power mills for grinding purposes in mineral processing plants
[102]. This is because of the high voltage and high current withstand ratings of SCR switches. A
typical three-phase cycloconverter consists of 6 SCR switches for each phase, resulting in a total

of 18 SCR switches. Hence, the present topology of Figure 7.3, with a total of 10 SCRs, can be
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Figure 7.3: Present topology based on quasi-cycloconverter configuration.

considered as a quasi-cycloconverter, or a reduced-switch-count cycloconverter, for three-phase

modes of operation.

In the event that during the post-fault operation the motor has to be brought to a halt, before
starting up again from standstill, the present topology can function as a soft-starter during the
initial speed ramp-up. This is before switching to the commanded speed using the present control
approach. The use of soft-starting is to reduce any high starting inrush currents, and consequently
any stressful high starting torque pulsations. Furthermore, by controlling the frequency and
“depth” of phase modulation of the firing angles of the SCRs, it is possible to control the
frequency and amplitude of the fundamental component of the output voltages. Hence, the
operation of the present topology resembles, to a certain extent, the operation of a typical volts-
per-hertz PWM drive. The only difference lies in the limitation of the present topology to operate
in a higher frequency range and with better torque performance. Nevertheless, this investigator
perceives that there is still a place in real practice for the present topology to “stand out” as a

potential means of mitigating any drive-related faults, based on its low-cost requirements as well
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as other merits that were previously mentioned above. Accordingly, the present topology with its
unique operation can be considered as a high-performance soft-starter and a moderate-
performance drive. Such technology is well-suited for users who are unwilling to bear the burden
of the high price of a typical PWM drive, and still hope to achieve with reduced requirements the
performance of variable speed operation at a lower affordable cost. In the following, the basic

principles of operation of the present topology and its control technique are set forth in detail.

7.2 Present Fault Mitigation Topology and Control

7.2.1 Operating Principle of Present Topology

The present solution for mitigating inverter faults is based on the topology given earlier in
Figure 7.3, and is re-illustrated here in Figure 7.4 with the inclusion of a standard PWM drive. In
this configuration, besides the PWM drive, the three-phase motor terminals are connected to the
ac supply mains terminals through a group of back-to-back connected SCRs. These SCRs are

segregated into two sets. The first set, namely “positive-connection switches”, consists of SCRs

that were labeled as Sg,, S;,, S, and S¢Z,. On the other hand, the second set of SCRs, namely
“negative-connection switches”, were labeled as Sg;, Sg,, Sc;, and S¢,. Notice that including
the operation of the S, and S,, set, the phase sequencing of the first set yields an abc positive

sequence switching. Meanwhile, including the operation of the S, and S,, set, the phase

sequencing of the second set yields an ach negative sequence switching. The main objective of
having positive-connection switches as well as negative-connection switches is not to achieve
forward or backward rotation control of the motor. In fact, its purpose is to provide a speed
control at more selectable frequencies such that the sequence of the fundamental components of

the voltages received at the motor terminals shall always possess a positive-sequence orientation
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Figure 7.4: Present topology for inverter fault mitigation.

in order to produce forward rotation of the motor. Nevertheless, the function of the negative-
connection switches can also provide a reverse rotation control of the motor, if both forward and

reverse rotations of the motor are essential for the specific application.

In the healthy pre-fault condition, the motor-drive system is assumed to be operating at rated
supply frequency under its normal rated conditions, with all the SCRs in the “turn-off” state. In
the event of an inverter fault, regardless of an open-circuit or short-circuit type, the whole drive is
completely shut down using its own fault protection/detection system by turning-off all the solid-
state power switches. In situations where the drive protection system could not react immediately
to a short-circuit switch fault, fast-acting fuses need to be incorporated in each inverter leg in
order to provide another means of isolating the fault [44]. In such a case, the remaining healthy
solid-state power switches will have to be accordingly commanded to revert to their “turn-off”

state. Thereafter, the set of SCRs corresponding to the “positive-connection switches” are turned-
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on (whereas, the SCRs associated with the “negative-connection switches” are turned-off) for a
normal forward rotating mode, which leads to the bypass transfer whereupon the motor is fed
directly from the ac supply mains. In order to maintain synchronization and to avoid any
interruption at the point of bypass transfer, the reference (modulating) waveforms employed in
the pulse-width modulation scheme of the drive have to be in synchronism with the ac supply

mains voltages using a phase-locked loop (PLL) scheme [100]. Again, it should be emphasized
that regardless of which set of switches are in action, the SCRs of phase-a, namely S,, and S,,,

will always be a part of the switching process, in order to provide a balanced three-phase

operation.

In order to realize fault tolerant operation in the adjustable-speed mode, besides the rated
frequency of the ac supply mains, a discrete-frequency control method is utilized here. Due to its
unique control scheme, the present approach is only suitable for low-speed motor applications. It
had been discovered by this investigator that selectively triggering of the SCRs in a specific

pattern can produce a set of three-phase voltages, and consequently three-phase currents, having a
fundamental output frequency, f ., which is an integer fraction of the frequency of the ac supply
mains, f,. That is, the output frequency, f, = (1/2) f,, (1/4) f,, (1/5) f,, (1/7) f,, (1/8) fg,

= fS/N ,where, N=2,4,5,7,8, 10, 11, 13, 14, 16, 17, 19,

0

(1/10) f,,...etc. In other words, f
20, 22, 23, 25,..., etc. Notice that frequencies where N = 3, 6, 9, 12, 15,..., etc. are unavailable
for reasons explained below.

A set of example current patterns at selected frequencies down to (1/ 8) f, are graphically

illustrated in Figure 7.5. As one can observe therein, by triggering the SCRs in a specific pattern

to produce a set of current pulses, one can obtain fundamental frequencies, as shown by the

dotted lines of Figure 7.5, that are lower than the ac supply mains frequency, f,. Hence, this

resembles very much the performance of a cycloconverter, which is the reason for referring to the
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Figure 7.5: Example current patterns using discrete-frequency control for adjustable-speed mode

operation for a supply mains frequency, f, =60Hz.

present topology as a quasi-cycloconverter-based topology. Since the available frequencies

resulting from this discrete-frequency control method are equal to or lower than half the rated

supply frequency, the present fault tolerant approach is mainly applicable to situations where low

speed operation is acceptable such as in emergency “limp-home” situations in vehicles and other

propulsion applications.

The importance of having two separate sets of SCRs, see Figure 7.3 and Figure 7.4, is

explained in the following discussion. Assuming a set of balanced, three-phase positive-sequence,

one per-unit waveforms, to be expressible as follows:

A (t) = cos(a)ot)

< <

<

¢ (t)=cos(aw,t—47/3)

s (t) =cos(w,t—27/3) (7.1)
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where, @, =27 f,, is the commanded output angular frequency, one can express the ac supply

mains angular frequency, @, =27 f , and @, = o, / N . Here, N is the set of acceptable integers

given above. Consequently, using (7.1), one can express a set of balanced, three-phase supply

mains voltages at the angular frequency, @, in the following manner:

Ve, (1) =V, cos(Na,t) =V, cos(at)
V,, () =V, cos| N(@,t—27/3) | =V, cos(m,t -27N/3) (7.2)
Ve, (t) =V, cos[ N (a,t —47/3) | =V, cos(a,t—47N/3)

where, V_ is the voltage peak (maximum) amplitude of the ac supply mains. As one can observe

in (7.2), the lag phase angles for phase-b and phase-c of the supply mains voltages determine the
overall voltage sequence order, whether it is an (abc) positive or an (ach) negative sequence. In
other words, for positive-sequence order, N =3k +1; while for negative-sequence order,
N =3k +2; and for zero-sequence order, N =3k +3, where k =0, 1, 2, 3, 4, 5,...,etc. Hence,
this implies that in order to produce a set of three-phase, positive-sequence output voltage

waveforms at an output frequency, f, = f, / N, the sequence order of the ac supply mains needs

to be varied depending on the commanded output frequency, f, . It is always considered in any

situation that the supply mains voltages always preserve a positive-sequence manner. Therefore,
in order to obtain a negative-sequence order of voltages from the ac supply mains, two phases of
the ac supply mains need to be interchanged. This can be realized using the set of “negative-
connection switches” for shifting the phase order of the ac supply mains, as depicted in both
Figure 7.3 and Figure 7.4. Clearly, it serves no purpose to achieve a zero-sequence order of
voltages from the ac supply mains for motor rotation. Hence, the available output frequencies that
can be obtained from using the proposed discrete-frequency control method can only be realized

forN=2,4,5,7,8,10, 11, 13, 14, 16, 17, 19, 20...,etc. This means that for the low-speed type of
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motor applications, there is a wider range of frequency to be selected, excluding N being a

multiple of “3”, which would lead to zero-sequence type abc voltages.

In order to re-emphasize the above concept, a graphical illustration is given in Figure 7.6(a)
and Figure 7.6(b) for 15-Hz and 30-Hz output waveforms, respectively. As shown in both figures,

the output waveforms have an amplitude of two per-units for clarity of demonstration purposes,

and they are labeled as V, , Vg, and V. . Meanwhile, the input supply mains have an amplitude of

one per-units also for clarity of demonstration purposes, and they are labeled as V,, Vg, and V. .

sa’
It can be seen from both figures that the output waveforms at either 15-Hz or 30-Hz frequency are
shown in a positive-sequence manner. On the other hand, the 60-Hz supply mains are shown in a
positive-sequence manner for the case of 15-Hz output (that is N = 4), and a negative-sequence
manner for the case of 30-Hz output (that is N = 2). That is, for N = 4, the ac supply has to appear

to the motor through the SCR bridge in its (abc) positive-sequence form to provide a positive-
sequence output set of voltages at the commanded frequency, f,. Meanwhile, for N = 2, the ac
supply has to appear to the motor through the SCR bridge in its (ach) negative-sequence form to

provide a positive-sequence output set of voltages at the commanded frequency, f, .

7.2.2 Discrete-Frequency Control Algorithm
The main objective behind this discrete-frequency control approach is to selectively trigger
or turn-on the SCRs in a specific pattern in order to achieve the desired output waveforms at the

commanded frequency, f, = f, / N . To demonstrate this concept, the switching patterns (trigger

signals) for the SCRs, S,, and S,,, of phase-a at commanded output frequencies of 30-Hz (N =

2), 15-Hz (N =4), and 12-Hz (N = 5) are shown in Figure 7.7(a), (b), and (c), respectively. As one
may observe therein, each output frequency requires a different switching pattern for the turn-on

of the SCRs in order to realize the desired motor current pattern. Furthermore, each of the SCR
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firing pulses is phase-delayed by an angle, ¢, with respect to the zero-crossing of the supply
voltage before the corresponding SCR is triggered/turned-on. The choice of the value of «
depends on the motor load condition, with lower values for heavier loads. It should also be noted
that the angle, « , dictates the fundamental amplitude of the output voltage waveforms. Hence,
by adjusting the frequency of the triggering pulse as well as the value of the angle, &, one can
control both the frequency and amplitude of the output voltages impressed upon the motor to
render the performance of the bridge resembling the operating principle of a constant volts-per-

hertz control of a standard adjustable-speed drive.

The block diagram of the discrete-frequency control algorithm is depicted in Figure 7.8. The

desired output voltage frequency, f, applied at the motor terminals at integer fractions of the
supply mains frequency, f, is first commanded, see Figure 7.8. Thereafter, a set of three-phase

positive-sequence waveforms, V at the commanded output frequency, f, = f, / N, is

ref >
synthesized as a result. Again, notice that N is an integer that is not a multiple of 3. Hence, N = 2,

4, 5,7, 8,10, 11, 13, 14,...,etc. This set of three-phase waveforms, V_., is used as reference

ref >

waveforms for generating a set of positive-sequence voltages applied at the motor terminals. In
order to ensure a proper sequencing of the triggering pulses during low-speed operation, these
reference waveforms have to be in synchronism with the ac supply mains voltages in such a way
that the reference waveforms have the same zero crossings as the corresponding supply voltages,

as shown previously in Figure 7.6. This is carried out by sensing the ac supply mains voltages,

Vg, Vg, and V

sa?

and applying the PLL routine to attain the three angles of the supply voltages

sc 2

for all three phases, that is &,, 6,, and 6, [100]. With these set of angles, 8,, 6,, and 6, , and

the commanded frequency, fo , the reference waveforms, V . , for each of the phases, a, b, and c,

ref >

can be synthesized accordingly.
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Figure 7.6: Graphical illustrations on the sequence order of input supply mains to achieve output

waveforms with different frequency. (a) 15-Hz output. (b) 30-Hz output.
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Figure 7.8: Block diagram of proposed control scheme for variable-speed operation.

To generate the proper sequencing of the triggering pulses for the SCRs, a phase-delayed
pulse generator was conceived. The input requirements for this phase-delayed pulse generator,
see Figure 7.8, are the three-phase reference waveforms for phases-a, b, and c, the angle, « , and
the zero-crossing time instants of all three phases of the supply voltages. The control logic (flow-
chart) of the phase-delayed pulse generator for phase-a of the present topology is illustrated in
Figure 7.9. The same control logic is also applied to phase-b and phase-c. It first begins by

sensing the phase-a supply mains, V_ , and applying the zero-crossing detection scheme to the

sa?

measured signal. When a zero crossing of the voltage, V_,, is detected, a phase-delayed angle

sa
counter will be initiated to begin counting. Once the phase-delayed angle counter has reached the
value of the angle, ¢, a single firing pulse is generated by either the positive pulse generator or
the negative pulse generator depending upon the nature of the zero crossing. If the zero crossing
occurs during the instant when the polarity of the voltage changes from negative to positive, the

positive pulse generator will be selected, and vice versa. Once a train of pulses has been

generated, the last and crucial step is to decide the proper instant of triggering the SCRs, S, and

S,, - This is carried out by monitoring the polarity of the reference waveform, V. , for phase-a.

ref >

If v, >0, the firing pulse generated by the positive pulse generator is sent to the gate of S, for

ref
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the turn-on, while Szz remains off. On the contrary, if V_ <0, S;z will be turned-on by the

ref
firing pulse generated by the negative pulse generator, and S,, will be in its turn-off state. A

simple graphical illustration for the case of the 15-Hz output waveform is shown in Figure 7.10.
As may be observed in this figure, a train of pulses is generated by both the positive and negative

pulse generators, after a phase-delay by an angle, «, with respect to the zero crossings of the
supply voltage. Depending upon the polarity of V., of phase-a, the SCRs, S, and S,,, are

selectively triggered accordingly, to produce a 15-Hz output waveform. Meanwhile, the same
control logic is also applicable for phase-b and phase-c of the SCRs shown in Figure 7.4 using

V. of phase-b and phase-C, respectively. The only difference lies in the selection of either the

positive-connection switches or the negative-connection switches, the decision of which is
depending upon the commanded output frequency. According to the aforementioned criteria, the
positive-connection switches are selected for N =4, 7, 10, 13, 16, 19, 22...., (3k+1), whereas the
negative-connection switches are selected for N =2, 5, 8, 11, 14, 17, 20,..., (3k+2), where, k =0,

1,2,3,4,5,..., etc.

As illustrated in Figure 7.5 or Figure 7.7, the three-phase motor currents obtained using the
present discrete-frequency control approach exhibit non-sinusoidal waveforms, which will entail
some torque pulsations in the motor performance, as will be elaborated later-on in simulation and
test results in the next chapter. Nevertheless, the average torque at the desired motor operating

condition will still be maintained.
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7.3  Summary

In summary, a fault tolerant strategy is presented herein as a potential solution for
overcoming the negative impact of inverter switch fault on motor performance. The present
approach requires minimum hardware modifications at a modest cost to the conventional off-the-
shelf three-phase PWM drive, as compared to the existing topologies proposed by others. These
modifications require only the addition of electronic components such as SCR switches and fast-
acting fuses. Due to its circuit configuration and control principles, the present fault tolerant
approach is suitable for “limp-home” low-speed motor applications such as in vehicle and
propulsion systems. In addition, the present approach does not suffer from drawbacks such as the
need for accessibility to a motor neutral, larger size dc link capacitors, or higher dc bus voltage.
Another “upside” element of the proposed approach is its potential use for mitigating other drive-
related faults that can potentially occur in the diode-rectifier bridge or the dc-link of the drive

because of the fact that this approach bypasses the entire drive system, provided that such faults
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can be safely isolated. Furthermore, the present topology can also function as a soft-starter during
the post-fault operation in situations in which the motor has to be brought to a stop before
starting-up again from standstill, as a result of the malfunction of the drive. The effect of soft-
starting the motor reduces any high inrush currents and consequently high starting torque
pulsations. The major downside of the present approach is the presence of pulsating torques due
to the non-sinusoidal nature of the motor current waveforms. The simulation results on the motor
performance using the proposed topology, as well as corresponding experimental results, are

given in the upcoming chapter.

In light of the above, it is to be understood that within the scope of this work regarding
mitigating inverter switch faults, the present technology may be applied to applications other than
as specifically described herein. In such other practical applications, one may envision the present
topology as a high-performance soft-starter and a moderate-performance drive. Such technology
is well-suited for users who are unwilling to bear the burden of the high price of a typical PWM
drive, and still hope to achieve with reduced requirements the performance of variable speed

operation at a lower affordable cost.
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CHAPTER 8

SIMULATION AND EXPERIMENTAL
RESULTS OF INVERTER-MOTOR FAULT

TOLERANT OPERATION

8.1 Introduction

In this chapter, the circuit simulation results of the inverter-motor system, as well as the
corresponding experimental test results are given. Namely, the inverter-motor fault tolerant
operations using the conceived and implemented quasi-cycloconverter based configuration are
presented. The simulation work was carried out using a commercially available circuit simulation
software package, namely Matlab-Simulink [91]. A prototype replica of the simulation model was
built and tested in the laboratory for experimental verification/validation purposes. A 2-hp, 460-
volt, 4-pole, 60-Hz, three-phase, case-study induction motor was used as the subject for both the
simulation and experimental work. The dynamic behavior of the conceived and implemented
quasi-cycloconverter topology during initial soft-starting to the final desired speed operation was
also simulated and tested in the laboratory. This is in order to emulate the starting performance of

an adjustable-speed PWM drive having constant volts-per-hertz control. Practical application
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considerations and opportunities for practical use of the present conceived design are also
discussed herein. This is in order to highlight the potentials of the present design as a possible
fault-tolerant solution for drive-related faults, as well as the potential utilization of this type of

design as a low-cost, moderate-performance drive with high reliability.

8.2 Simulation Performance

8.2.1 Circuit Simulation Model

The Matlab-Simulink simulation model of the power circuit structure of the induction motor-
drive system is depicted in Figure 8.1. A three-phase back-to-back connected SCR bridge is
connected in parallel with the drive system to provide fault tolerant / “limp-home” operation in
the event of a fault occurring in the drive using the discrete-frequency control algorithm
conceived here in this work. The machine parameters of the induction motor used here in the
simulation were those corresponding to the characteristics of the 2-hp test motor used in the
experimental setup (see Appendix A). This induction motor was simulated in the dgq frame of

reference. The complete simulation model parameters and conditions are listed in Table 8.1.

The system block diagram of the proposed discrete-frequency control algorithm is depicted
in Figure 8.2. A predetermined firing angle, « , along with the zero-crossing time instants of the
three-phase utility voltages, are the necessary parameters for generating a train of triggering
pulses for turning-on the SCRs of each of the phases. Thereafter, a reference waveform of each of
the phases at the commanded output frequency is synthesized. Using the generated reference
waveforms and the train of firing pulses, the SCR associated with each of the phases is triggered
at the specific time instant. This is in order to produce a set of output voltages whose fundamental
frequency corresponds to the commanded output frequency. The simulation work was carried out

at a time step of 10 sec. The results using the present control approach are presented next.
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Figure 8.1: Schematic of induction motor-drive power structure with “limp-home” capability in
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Table 8.1: Simulation conditions of induction motor-drive system.

Utility

Utility Input Voltage (Line-To-Line) | 460 Volts
Frequency 60 Hz

Line Resistance (4.8%) 0.7082 Q

Line Inductance (4.8%) 1.8786 mH

DC Link (2 capacitors in series)

Capacitance Value 2000 wF per capacitor
Induction Motor

Rated Power 2 hp (1492 Watts)
Rated Voltage (Line-To-Line) 460 Volts (rms)
Rated Current 3.0 Amps (rms)
Rated Frequency 60 Hz

Rated Speed 1744 r/min
Rated Torque 8.169 Nm
Phase 3

Number of Poles 4

Stator Resistance, R, 3.850 Q

Rotor Resistance, R, 2.574 Q

Stator Leakage Inductance, L 17.5594 mH
Rotor Leakage Inductance, L, 17.5594 mH
Magnetizing Inductance, L 0.372674 H
Moment of Inertia, J 0.028 kg.m’

PWM Controller

Carrier-Based Sine-Triangle

Modulation Index, m,

0.9

Switching Frequency

5 kHz
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8.2.2  Simulation Results

8.2.2.1 The No-Load Case

The simulation results of the motor performance using the present quasi-cycloconverter
topology at different output frequencies under no-load condition are first presented here. This is
in order to demonstrate the concept/theory of the conceived discrete-frequency control algorithm.
The output frequencies of the test cases were commanded at f = 30-Hz, 15-Hz, 12-Hz, 8.57-Hz,
7.5-Hz, and 6-Hz. The corresponding synchronous speeds of the case-study 2-hp, 4-pole
induction motor at the commanded frequencies, accordingly, are: 900-r/min, 450-r/min, 360-
r/min, 257-r/min, 225-r/min, and 180-r/min, respectively. The simulation waveforms of the motor
phase currents, voltages, and speeds at the aforementioned frequencies are depicted in Figure 8.3
through Figure 8.8, respectively. As one may observe from these figures, the unique pattern of
each motor phase current waveform of Figure 8.3(a) through Figure 8.8(a) at the specific
frequency matches with the ideal current pattern as presented in Figure 7.5 of the previous
chapter, in so far as the number of current pulses at each specific frequency are concerned.
Observation of the voltage waveforms of Figure 8.3(b) through Figure 8.8(b) reveals the presence
of low-frequency harmonic components, whose frequencies correspond to the commanded output
frequencies. In addition, it is clearly evident from the speed profiles of Figure 8.3(c) through
Figure 8.8(c) that the motor reaches the desired speed associated with the commanded output
frequency. Hence, the simulation results presented herein under no-load condition clearly verify
the soundness of the theory of the conceived discrete-frequency control algorithm being applied
on the present quasi-cycloconverter power structure. Meanwhile, it should be highlighted that the
smooth starting of the motor, as can be observed from the initial transient of the speed profiles, is
due to the soft-starting capability that the present topology possesses. Such feature presents an
“upside” (advantage) of the present topology. Details on this under motor loading condition will

be elaborated on later. An interesting phenomenon can be observed in the speed profiles of Figure
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8.5(c) through Figure 8.7(c) at the commanded frequencies of 12-Hz, 8.57-Hz, and 7.5-Hz,
respectively, in which the motor overshoots the desired speed during soft-starting before the
conceived control scheme is applied. Despite the overshoot, the motor reverts to its desired speed
in a smooth manner upon the initiation of the discrete-frequency control mode at the time instant,
t = 0.6 sec. This clearly demonstrates the dynamic behavior of the present approach beginning
from soft-starting mode until the discrete-frequency control mode is reached. This is namely in
the event in which the motor requires starting-up from standstill. Hence, this very much

resembles the starting behavior of a typical constant volts-per-hertz PWM drive.

8.2.2.2  Limp-Home Operation of the Conceived Topology under
Inverter Fault Case
Three simulation case studies were performed at full-load (8.169Nm) under different speed
conditions, namely at 60-Hz, 30-Hz, and 15-Hz. An open-circuit inverter switch fault is assumed
to occur at t = 1 sec, followed by the “limp-home” operation at t = 1.3 sec. The drive control is of

the open-loop constant volts-per-hertz PWM type during the healthy inverter state.

The first case study was simulated at rated 60-Hz supply frequency. The three-phase motor
currents, developed torque, and motor speed during pre-fault and post-fault 60-Hz operating
conditions under transistor open-circuit switch fault occurring at switch, Sy, are depicted in Figure
8.9(a), Figure 8.9(b), and Figure 8.9(c), respectively. The open-circuit switch fault was triggered
at t = 1 sec after the motor has reached steady-state condition. As previously discussed in Chapter
6, during the faulty period, the current in phase-a is negative for half a cycle when the
corresponding phase voltage is negative, and zero for the other half cycle when the corresponding
phase voltage is positive, see the period fromt = 1 sec to t = 1.3 sec in Figure 8.9(a). This is due
to the malfunction of the top switch, S;, which prevents any positive current flow into the motor

terminal of phase-a. Accordingly, this induces a dc (unidirectional) offset in the phase-a current.
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Figure 8.7: Simulation, 7.5-Hz operation.
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Figure 8.9: Simulation results of motor performance at 60-Hz operation during pre- and post-

fault conditions. (a) Three-phase currents. (b) Developed torque. (c) Motor speed.
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This dc (unidirectional) offset is divided between the paths of the remaining two healthy phases,
given that the motor has an isolated (floating) neutral connection. The electromagnetic interaction
between the stator current dc (unidirectional) component and the fundamental component of the
rotor magnetic field generates a pulsating torque at the stator line current frequency, as illustrated
fromt =1 sec tot = 1.3 sec in Figure 8.9(b), and the consequent corresponding speed ripples are
shown in Figure 8.9(c). Moreover, the dc (unidirectional) component of the stator current
generates unequal current stresses in the upper and lower transistor switches which may have
thermal consequences in these transistors and may need further consideration. As one may
observe from Figure 8.9(a), the phase currents revert to their healthy state when the SCRs are
commanded to turn-on at t = 1.3 sec to perform the bypass transfer in which the motor is now
being energized directly from the supply mains. Also, one can notice that there were no
significant interruptions during the point of bypass transfer in the motor phase currents, torque,
and speed profiles, owing to the fact that the inverter PWM reference (modulation) waveforms

are in synchronism with the supply mains through a PLL routine.

In order to demonstrate variable speed operations using the proposed discrete-frequency
control technique, the simulations were carried out under rated-load condition (8.169 Nm) at two
other frequencies, namely at 30-Hz and 15-Hz. The three-phase motor current waveforms during
pre- and post-fault operating conditions for the 30-Hz control are shown in Figure 8.10(a), and
the corresponding detail (zoom) of the steady-state “limp-home” post-fault current is shown in
Figure 8.10(b). It may appear from Figure 8.10(a) that the post-fault currents have increased by
more than twice their values of the healthy currents at rated-load condition. This is in fact not true
when the total rms value of the post-fault current of Figure 8.10(b) is computed and given, along
with the corresponding harmonic contents of the “limp-home” post-fault motor phase voltage and
current, in Table 8.2. From the harmonic contents, the total rms value of the current was

computed to be 4.261 Amps, which is about 1.42 times that of the rated case-study motor phase
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current which is 3 Amps (rms). Despite the need for the increased currents to obtain the desired

full-load torque, the amount of current increase is still less than that of the previous method

proposed by other researchers [49]-[51], which is \/§ times that of the rated motor phase current.

In fact, the increased current value by a factor of \/3 in the topology of [49]-[51] will result in a
motor neutral current of 3 times that of the rated motor phase current. Also, no motor neutral
connection is necessary for the presently conceived approach. Due to the non-sinusoidal nature of
the “limp-home” post-fault currents, torque pulsations and speed ripples will arise, as can be seen
from Figure 8.10(c) and Figure 8.10(d), respectively. Nevertheless, the torque pulsations are
significantly reduced, as compared to the faulty case, upon introducing the control algorithm of
the “limp-home™ strategy. In addition, the motor is able to maintain the desired speed associated

with the 30-Hz frequency during the “limp-home” operation.

The same simulation was carried out for the case of 15-Hz frequency control at full-load
motor condition. The results are depicted in Figure 8.11 for the motor phase currents, developed
torque, and motor speed. Again, torque pulsations and speed ripples, as a result of the “limp-
home” operation, are evident from Figure 8.11(c) and Figure 8.11(d), respectively. The harmonic
contents of the motor phase voltage and current, along with their rms values, are given in Table
8.3. The total rms value of the motor phase current for the 15-Hz control operation was calculated
to be 4.392 Amps, which is about 1.464 times that of the rated rms current value (3 Amps rms) at
full-load condition. Again, this amount of increase in the motor phase current is still considerably
less than the necessary increase (1.73 times) required by the previously reported method of [49]-
[51] for full-load motor condition. Table 8.4 summarizes the torque pulsation in percent for both
the cases of the 30-Hz and the 15-Hz operations, during pre- and post-fault full-load conditions.
Due to the presence of torque and speed ripples, the present approach that may be acceptable for
“limp-home” purposes, such as in vehicles and other propulsion applications, fans, cement mills,

mine hoists, rolling mills and the like, is not suitable for applications such as paper mills or
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Figure 8.10: Simulation results of motor performance at 30-Hz operation during pre- and post-
fault conditions at full-load. (a) Three-phase currents. (b) Steady-state “limp-home” post-fault
current. (c) Developed torque. (d) Motor speed.

Table 8.2: Simulation results of harmonic contents of motor phase voltage and current during
post-fault limp-home at 30-Hz operation under full-load (8.169 Nm) condition.

Harmonic Harmonic Frequency | Motor Phase Voltage | Motor Phase Current
Order (Hz) (rms value - Volts) (rms value - Amps)

1 30 156.80 2.780

2 60 35.24 2.514

4 120 43.75 1.633

5 150 37.02 1.127

7 210 12.55 0.275

8 240 1.67 0.031
10 300 14.13 0.217
11 330 13.58 0.190
13 390 3.02 0.036
14 420 3.64 0.040
16 480 9.35 0.090
17 510 7.66 0.069
19 570 1.08 0.009
20 600 4.63 0.036
Total RMS Value: 173.19 4.261
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Table 8.3: Simulation results of harmonic contents of motor phase voltage and current during
post-fault limp-home at 15-Hz operation under full-load (8.169 Nm) condition.

Harmonic Harmonic Frequency | Motor Phase Voltage | Motor Phase Current
Order (Hz) (rms value - Volts) (rms value - Amps)

1 15 64.48 2.341
2 30 8.394 1.016
4 60 37.21 2.655
5 75 5.633 0.223
7 105 36.01 2.002
8 120 16.25 0.696
10 150 20.16 0.795
11 165 8.101 0.252
13 195 3.114 0.072
14 210 11.02 0.288
16 240 4.580 0.164
17 255 22.05 0.488
19 285 0.928 0.015
20 300 14.38 0.267

Total RMS Value: 94.54 4,392
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Table 8.4: Simulation results of torque pulsations during pre- and post-fault “limp-home”
conditions at full-load (8.169 Nm).

Commanded Torque Ripple % of Average Torque
Output ) Post-Fault
Frequency Pre-Fault Durlng Fault Limp-Home
30-Hz 10.18 % 270.49 % 52.64 %
15-Hz 5.49 % 239.57 % 65.11 %

conveyor belt-driven types of applications where torque pulsation constitutes a major concern.
All things considered, the present approach is still able to maintain the desired motor speed

associated with the commanded output frequency during the post-fault “limp-home” operation.

8.2.2.3  Starting Performance of the Conceived Topology

An “upside” of the present topology is its ability to start-up with reduced starting currents
and minimum starting torque transients. With this feature, the present topology can function as a
drive with starting behavior that is comparable to that of a typical constant volts-per-hertz PWM
drive. This is carried out using the soft-starting algorithm that was presented in the earlier
chapters. The notion is to soft-start the motor before using the discrete-frequency control scheme
to control the motor to the desired speed that is associated with the commanded output frequency.
The starting performance of the present topology is demonstrated here for the case of 15-Hz and

12-Hz operations under half-load (4.084 Nm) and full-load (8.169 Nm) conditions.

The starting performance of the motor phase currents, developed torque, and motor speed for
the case of 15-Hz control under full-load (8.169 Nm) condition is shown in Figure 8.12(a)
through Figure 8.12(c), respectively. As one can observe from Figure 8.12(a), the motor
experiences reduced starting inrush currents during starting, which consequently result in reduced
starting torque pulsations, see Figure 8.12(b), and reduced speed ripples, see Figure 8.12(c). At

the time instant, t = 0.6 sec, the discrete-frequency control scheme which is initiated at that
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instant causes the motor to approach the desired speed at the commanded 15-Hz frequency. As
can be seen from the torque and speed profiles, there is a slight transient before the motor reaches
the desired speed. The same simulation was carried out at 15-Hz operation under half-load (4.084
Nm) condition. The results of the motor phase currents, developed torque, and motor speed are
depicted in Figure 8.13(a) through Figure 8.13(c), respectively. Again, one can see a similar trend
in the starting performance as compared to the full-load case, that is with reduced starting
currents and torque transients. A simulation was carried out at a different output frequency of 12-
Hz to demonstrate the starting behavior of the present conceived topology. The simulation results
of which are illustrated in Figure 8.14 and Figure 8.15 for the case of full-load and half-load
conditions, respectively. Conclusion similar to those mentioned above regarding the starting
performance of the present motor-inverter topology can be reached for these results shown in
Figure 8.14 and Figure 8.15. The steady-state motor performance, in terms of phase current rms
value, torque ripple %, and speed ripple %, of the results presented in Figure 8.12 through Figure

8.15 are summarized in Table 8.5.
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Figure 8.13: Simulation results of soft-starting performance of present topology for 15-Hz

operation at half-load (4.084 Nm) condition. (a) Motor phase current. (b) Torque. (c) Speed.
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Table 8.5: Simulation results of steady-state motor performance under full-load and half-load
conditions for 15-Hz and 12-Hz motor operations.

Commanded Torque Ripple Speed Ripple
Output T?;sf_(ijr;re;t (% of Full-Load (% of Average
Frequency P Torque) Speed)
Full-Load (8.169 Nm)
15-Hz 4392 A 65.11 % 1.34 %
12-Hz 4.504 A 70.14 % 2.33 %
Half-Load (4.084 Nm)
15-Hz 3.237 A 33.48 % 0.71 %
12-Hz 3.339A 39.61 % 1.18 %

8.3 Experimental Validations

A hardware prototype of a PWM drive along with the conceived quasi-cycloconverter
power topology was built and tested in the laboratory, as depicted here in the circuit schematic of
Figure 8.16 and the photographs of Figure 8.17. The quasi-cycloconverter has the same power
configuration as the soft starter prototype that was utilized in the earlier experimental work as
reported in Chapter 5. For more details on the configurations and specifications of the quasi-
cycloconverter and the PWM drive, Appendix A should be consulted. Since the soft starter power
circuit topology consists of only three sets of back-to-back connected SCRs, two more sets of

similar SCRs are required for the conceived quasi-cycloconverter to operate at more selectable
frequencies/speeds, that is at f = fS/N , where N = 2, 5, 8, 11, 14, 17, 20, 23, 26, 29,...,
3k+2,...,etc. Here, k = 0, 1, 2, 3, 4,...,etc. Therefore, instead of adding two more sets of SCR
switches to the hardware prototype, two of the phases of the utility mains that are connected to
the SCR bridge are manually interchanged whenever the need to test the prototype at the

aforementioned commanded output frequency arises.
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Figure 8.17: Test rigs. (a) PWM drive and quasi-cycloconverter power topology. (b) Induction
motor and dynamometer.
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8.3.1 The No-Load Case

Experimental results of steady-state motor performance at no-load condition obtained from
using the conceived quasi-cycloconverter power circuit topology for the different cases of
commanded output frequencies, that is at f = 30-Hz, 15-Hz, 12-Hz, 8.57-Hz, 7.5-Hz, and 6-Hz,
are presented first. These test results at the aforementioned frequencies are depicted in Figure
8.18 through Figure 8.23, respectively. As one may observe from these test figures, the measured
current waveforms match reasonably well with the simulation current waveforms given in Figure
8.3(a) through Figure 8.8(a), in so far as the profiles are concerned. The same observation can be
made for the measured waveforms of the motor phase voltages shown in Figure 8.18(b) through
Figure 8.23(b), in comparison with the simulation phase voltage waveforms given in Figure
8.3(b) through Figure 8.8(b), for the different commanded output frequencies. Notice from the
voltage waveforms the presence of a low-frequency harmonic component which corresponds to
the commanded output frequency. Hence, the experimental results presented herein clearly verify
the soundness of the theory of the conceived discrete-frequency control algorithm being applied

using the conceived quasi-cycloconverter power circuit topology.

8.3.2 Limp-Home Operation of the Conceived Topology under
Inverter Fault Case

The test results of the motor performance under inverter switch fault case are first presented.
The measured three-phase current waveforms at 15-Hz output frequency and 25% load condition
(~ 2 Nm), in the event of a transistor open-circuit switch fault at S;, are depicted in Figure 8.24.
These current waveforms are in good agreement with the simulation waveforms, as depicted in
Figure 6.14(b) of Chapter 6, in so far as the profiles are concerned. In order to further investigate
the motor performance due to an open-circuit switch fault, the current space-vector locus,

obtained by plotting the measured waveforms of 14 versus i, current components, under different
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Figure 8.20: Experimental results, 12-Hz operation.
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Figure 8.21: Experimental results, 8.57-Hz operation.
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Figure 8.24: Measured three-phase motor current waveforms at 15-Hz output frequency, 25%
load condition under an inverter open-circuit switch fault at S;.

locations of the faulty transistor switch are plotted and shown here, along with the healthy case,
under the condition of 15-Hz output frequency and 25% load, in Figure 8.25. Again, these current
space-vector loci match reasonably well with those obtained from the simulation results, as given

earlier in Figure 6.20 of Chapter 6.

In order to experimentally validate / verify the “limp-home” motor performance using the
conceived approach, the experimental work was carried out at 15-Hz output frequency under 25%
load (~ 2 Nm) condition. The test was first run in the healthy PWM drive condition, and
thereafter an open-circuit switch fault was deliberately introduced at switch, S;. After one second
from which the fault had occurred, the “limp-home” strategy was initiated. The test result of the
three-phase motor current waveforms demonstrating pre-fault, during fault, and post-fault cases is
depicted in Figure 8.26. As one may observe from Figure 8.26, the seamless transition from one
case to another is in considerably good agreement with the simulation waveforms in profiles,
given in Figure 8.11(a), for the case of 15-Hz output frequency. The differences in the rms

current magnitudes of the simulation and test results during pre-fault and post-fault conditions are
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Figure 8.26: “Limp-home” motor performance of measured phase currents at 15-Hz, 25% load
condition in the event of an inverter open-circuit switch fault at S;.

due to the fact that the simulation was carried out under full-load condition, whereas the test was

carried out at 25% load condition.

The test results of the steady-state post-fault motor performance using the conceived “limp-
home” strategy under motor loading conditions at full-load and half-load for the case of 15-Hz (N
= 4) and 12-Hz (N = 5) motor operations are presented next. For the case of 12-Hz motor
operation, two phases of the supply mains are manually interchanged in the test setup in order to
impress negative-sequence voltages at the input terminals of the SCR bridge. The purpose of this
interchange is to ensure that the sequence of the fundamental components of the voltages received
at the motor terminals from the output of the SCR bridge shall always possess a positive-
sequence to produce the same forward rotation of the motor, as a result of using the present
control scheme. The measured waveforms of the motor phase current, voltage, and developed
torque for the full-load and half-load conditions are given here in Figure 8.27(a)-(c) and Figure
8.28(a)-(c), respectively. Notice that the developed (airgap) torque illustrated here was acquired
implicitly from the measured motor terminal quantities (currents and voltages) using the

expression in (5.2) given in Chapter 5 of this dissertation [95]. The measured current waveforms
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of Figure 8.27(a) and Figure 8.28(a) have similar shapes to the steady-state portion of the
simulation phase current waveforms given earlier in Figure 8.12(a) and Figure 8.13(a), which are
repeated here in “zoom” form in Figure 8.29(a) and Figure 8.30(a), for the full-load and half-load
cases, respectively. Due to the non-sinusoidal nature of the current waveforms, torque ripple
contents are clearly evident from the developed (airgap) torque computed from the experimental
readings of the motor terminal operating conditions, which are shown in Figure 8.27(c) and
Figure 8.28(c) for the different load cases. The “zoom” forms of the corresponding simulation
torque profiles, given earlier in Figure 8.12(b) and Figure 8.13(b), are repeated here in Figure

8.29(b) and Figure 8.30(b), respectively, for comparison purposes.

To further demonstrate the performance of the motor using the conceived topology and
control strategy, the experimental work was carried out at the commanded output frequency of
12-Hz, the results of which are depicted in Figure 8.31 and Figure 8.32 under full-load and half-
load conditions, respectively. Again, the test results match considerably well with the steady-state
portions of the simulation waveforms of the motor phase currents and developed torques shown
in Figure 8.14(a)-(b) and Figure 8.15(a)-(b), with their corresponding “zoom” forms given in
Figure 8.33(a)-(b) and Figure 8.34(a)-(b), under full-load and half-load conditions, respectively.
The motor performance in terms of torque ripple (%) and total rms current values for both the
simulation and experimental results for the case of the 15-Hz and 12-Hz motor operations under
full-load and half-load conditions are summarized in Table 8.6. It can be seen from this table that
the simulation results are in fairly good agreement with the experimental test results. Even though
the torque ripples are considerably higher at full-load condition, these torque ripples are reduced
by about one-half under half-load condition. Furthermore, the motor rms phase currents are also
reduced to near their rated value at half-load condition. Hence, this implies that the present
approach is most suitable for light motor-load applications. Practical application considerations

and opportunities for use of the present design will be further detailed in the forthcoming section.
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developed torque.
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operation at full-load (8.169 Nm) condition. (a) Motor phase current. (b) Torque.



Chapter 8: Simulation and Experimental Results of Inverter-Motor Fault Tolerant Operation 217

15

=
o

[4)]

Motor Current (A)

KN
o

N
(=3

o

N

|y
N

=

s

®

=

o

N

-
oh----
>

1.9
Time (sec)
(a) rms value =3.237 A
25 T T T T
| | | |
| | | |
| | | |
/é\ | | | |
| | | |
%20 ””””” o o o ]
o l l l l
s | | | |
S5 P R R IR
2 l l l l
o l l l l
© 10f -~~~ P el Il b
8“ | | | |
| | | |
E : : : :
8 5 l ‘ l l
!
| | | |
| | | |
01 1.2 1.4 1.6 1.8 2

Time (sec)
(b) Average torque = 4.084 Nm

Figure 8.30: Steady-state “zoom” form of the simulation results of Figure 8.13 for 15-Hz
operation at half-load (4.084 Nm) condition. (a) Motor phase current. (b) Torque.



218

Chapter 8: Simulation and Experimental Results of Inverter-Motor Fault Tolerant Operation

1

(AIp/V §) JUaLIND) 100N

<
2o~
p—
S5
m4
Il
S o
D=
o g
£ o
= g
=
=
N

(AIP/A 00T) 98eI[OA aseyd I010

0 ms/div)
=101.04V

Time (5
(b) rms value

| |

| |

| | P—

| |

| | <

| | ———

| | o ——

| | |

| | m—— |

| | i ——|

| | = |

| | —_— ]

| | —

| | —

| | = |

| | —
\\\\\ A-—-———-—r - - =3 |

| |

| | — 1

| | ——

| | |

| | — |

| | —— |

| | —
R B S — |

| |

| | — |

| | = |

| | — |

| | p——————

| |

| | —— ]

| | i
\\\\\ L = T~ T T T 7|

| | i |

| |

| | ——

| |

| | = |

| | e |

| | T |

L 1 1

(Ap/wN G) anbioJ, padojoaag

Time (200 ms/div)

(c) Average torque = 8.211 Nm

Figure 8.31: Experimental results of post-fault limp-home motor performance for 12-Hz
operation at full-load condition. (a) Motor phase current. (b) Motor phase voltage. (c) Motor

developed torque.



219

Chapter 8: Simulation and Experimental Results of Inverter-Motor Fault Tolerant Operation

(ATp/vV

¢) JudLIN)) I0J0JN

<
.Wﬂ
=
m3
I
S o
/.o\m
o >
=
= E
=
<
N

(AIP/A 00T) 93eI[OA aseyd I010

ms/div)
(b) rms value =76.73 V

ime (50

T

T T T ——
| | |
| | | T
| | | —
| | |
| | | —_
| | | —
| | |
N S S SURIR - _
| | | —
| | | —
| | |
| | | —
| | | —
| | |
| | |
| | | T—=
\\\\\ B e I ————Sa |
| | | -
| | | —
| | | n—
| | | <
| | | —
| | | —
| | |
I B Y B -
| | | —
| | |
| | | 5
| | | —
| | | p——
| | |
| | |
| | | —
\\\\\ I —_— |
| | |
| | | —
| | | —
| | |
| | | —
| | | —
| | | <
1 1 1

(Ap/wN G) anbioJ, padojoaag

Time (200 ms/div)

(c) Average torque = 4.054 Nm

Figure 8.32: Experimental results of post-fault limp-home motor performance for 12-Hz
operation at half-load condition. (a) Motor phase current. (b) Motor phase voltage. (c¢) Motor

developed torque.



220

Chapter 8: Simulation and Experimental Results of Inverter-Motor Fault Tolerant Operation

ﬁ ﬁ , i i e
I I =
I I
| | —
! ! ! I I - |
I I I I , , - ,
! ! —— ! I I —
! I I o , , ,
\\\\\\\\\\\\\\\\\\ Lo _Jo | | ——
. ! ! - L_____ JE .~ (S
I I
I I |
” ! ” ” I I |
— I I I
” ” | | | e ——
I I < I
I I ! | o , , 3 ,
\\\\\ e ] I I i
I I I I < , , = ,
! ! = ! <t L L ——]
| | | I ~e T R i
! ! 8 | | = |
| | I I L < , , - ,
~— ! ! ! S,Nu\ | | = |
\\\\\ P e 1] | | = \
| | | - O o , , = |
I [ | | m
I I = |
! ! = s — = I I —_—
| | | | = S
| | , - N A [ L= : ]
| | | E——
I I [ I %) , ,
\\\\\ o — __l____ 1% m | |
| i T I - , ,
T I I —_ , ,
| | | | < | | f
— I I ~
I I |
| I I , , —
! : ! L I [ Lo = =
I I I ) | , = |
\\\\\ e e , , —
I I | I — | | = |
I I —
I | —
I I | , , = ,
I I | I , , = |
! ! ! I I ——
I I
e T B ” ”
1] E] o © w ] o o ) =) ) )

25

AEzZu o:_w_uo L &QBQ&Q

1.8

(b) Average torque = 8.169 Nm

12
operation at full-load (8.169 Nm) condition. (a) Motor phase current. (b) Torque.

Figure 8.33: Steady-state “zoom” form of the simulation results of Figure 8.14 for 12-Hz
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Table 8.6: Comparisons between simulation and experimental results for the case of 15-Hz and
12-Hz motor operations.

Simulation Experiment
Coglrjrggrsj(tjed Current (rms) Torque Ripple Current (rms) Torque Ripple
Frequency (% of Full-Load (% of Full-Load
(Amps) Torque) (Amps) Torque)
Full-Load
15-Hz 4.392 65.11 % 4.297 64.49 %
12-Hz 4.504 70.14 % 4317 73.11 %
Half-Load
15-Hz 3.237 33.48 % 2.934 30.90 %
12-Hz 3.339 39.61 % 3.032 36.29 %

8.3.3 Starting Performance of the Conceived Topology

The starting performance of the motor from standstill when using the conceived topology
was also verified / validated experimentally. The test results of the starting transient of the motor
phase current and the motor developed torque are presented in Figure 8.35(a) and (b),
respectively, for the case of 15-Hz operation at 25% load (~ 2 Nm) condition. The motor was first
energized using the open-loop symmetrical-triggering soft-starting control, before being driven
using the conceived discrete-frequency control scheme to achieve the desired speed that
corresponds to the commanded output frequency. As one can observe from Figure 8.35(a), the
motor experiences reduced starting inrush currents during starting, which consequently result in
reduced starting torque pulsations, see Figure 8.35(b). Also, one can notice from the torque
profile that there is a slight transient before the motor reaches the steady-state condition. It is
evident from the experimental results that the conceived topology clearly demonstrates smooth
starting performance, which in a sense emulates the starting behavior of a PWM drive which

utilizes volts per hertz control.
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8.4 Application Considerations and Opportunities

In many industrial applications, the average load factor of electric motors is estimated to be
less than 60% [101], [103]. In other words, these electric motors only operate up to 60% of their
rated conditions. In fact, in some industrial applications, the average load factor can be as low as
25% [103]. This means that the motor selected for any specific application is usually oversized.
Meanwhile, there are numerous applications in which low-speed operations are required, such as
vehicle and ship propulsion systems, cement mills, mine hoists, rolling mills and the like. Based
on these low-speed applications and the fact that oversized motors are usually selected according
to industrial standard, the present conceived approach is a good candidate for these types of low-
speed applications at partial motor-loading conditions. This is due to the fact that the present
approach, which is designed for low-speed operations, exhibits moderately low torque
ripples/pulsations at partial motor-loading conditions which makes it a perfect fit for “limp-
home” operations in such types of applications. Evidence supporting this claim is presented in the

following analysis.

An investigation was performed to study the nature of the torque ripple/pulsation resulting
from the conceived approach with regard to the motor frequency and the effect of the load torque
level. The motor torque ripple in percentage representation of the full-load motor torque was
obtained through simulation that was carried out under different output motor frequencies at
different load levels, the results of which are depicted in Figure 8.36. Examination of Figure 8.36
clearly shows that the torque ripple is dramatically reduced with decreasing load level. In
applications where a load factor of only 25% is required [103], the torque pulsation resulting from
this study can be seen to be less than 25% of the full-load torque, which may be tolerable for
“limp-home” operation for a certain period of time. One can also notice from the figure that the

torque pulsation increases as the motor output frequency decreases. This is due to the fact that the
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Figure 8.36: Simulation results of torque-ripple percentage of full-load torque at different load
levels.

motor’s moment of inertia, which behaves as a low-pass filter, filters out the higher-order torque
harmonics. This reduction of higher-order torque harmonics is extremely evident when the motor
is operating at a higher frequency. Similar study with regard to motor torque ripple/pulsation
calculation was also carried out using the experimental test results that were presented earlier.
The torque ripple/pulsation calculation from the test results, along with those from the
corresponding simulation results acquired from Figure 8.36, for the cases of 30-Hz, 15-Hz, and
12-Hz motor operations are illustrated in Figure 8.37. It is evident that one can see a considerably
good agreement between the computed torque ripple/pulsation in percentage between the

experimental test and simulation data.

Meanwhile, the rms phase currents of the test and simulation results under the foregoing
conditions were plotted in Figure 8.38 in per-unit representation of its rated value as a function of
the load torque. From Figure 8.38, one can see a reasonable degree of agreement in the rms phase

current values between the test and simulation results. Further examination of Figure 8.38 also
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indicates that the rms phase currents of the motor are within or below its rated current value when
the motor is operating at less than 50% of its rated condition. Therefore, thermal issues are not of
a major concern when the motor is operating at low-load condition using the conceived approach.
Hence, the curves presented in Figure 8.36 through Figure 8.38 support the earlier claim in which
it is safe to operate the motor at low-load conditions using the present conceived torque-speed
control approach with acceptable motor performance for reasonably limited periods of “limp-

home” operating time.

It has been reported earlier in [104]-[107] that it is a well-known fact that induction
machines could exhibit a region of instability when supplied by an adjustable-speed PWM drive.
The range of unstable operating frequencies is typically between 10-Hz and 35-Hz for a 60-Hz
rated frequency, and the size and range of this unstable region is dependent upon the variation of
motor parameters under operating conditions, motor inertia, switching dead-time, PWM carrier
frequency, rectifier-inverter link parameter variations, and the load [104]-[107]. This instability
was observed during low-frequency motor-drive operation, and translates itself into undesirable
oscillations in the motor phase currents, which leads to an oscillating torque. Therefore, it appears
that the present conceived control approach could provide a better “limp-home” solution than
previously reported methods proposed by other researchers [38]-[59], when low-speed operation
constitutes the main concern. In addition, the present approach does not suffer from drawbacks
such as the need for accessibility to a motor neutral, larger size dc link capacitors, or higher dc
bus voltage. Another “upside” element of the conceived approach is its potential use for
mitigating other drive-related faults that can potentially occur in the diode-rectifier bridge or the
dc-link of the drive because of the fact that this approach bypasses the entire drive system, which
is not possible with the previous methods given in [38]-[59]. Therefore, the conceived approach
presents itself as a low-cost solution for prolonging the life of the motor-drive system in the event

of a fault in the drive, allowing the motor to function under limited torque-speed control means.
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8.5 Summary

In this chapter, the simulation and experimental test results of the conceived quasi-
cycloconverter-based “limp-home” strategy under inverter switch faults have been presented. The
presented simulation and test results have demonstrated the soundness and validity of the
conceived approach for practical use. Practical application considerations and opportunities for
use of the conceived design were also investigated. The results of the study suggest that the
conceived approach is best suited for partial motor-loading operating conditions, which is
normally the case for many practical industrial applications in which the motors are usually
oversized. Accordingly, this investigator perceives that there is still a place in real practice for the
present topology to “stand out” as a potential means of mitigating any drive-related faults, based
on its low-cost requirements as well as other merits that were previously mentioned and discussed

above.
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CHAPTER 9

CONCLUSIONS, CONTRIBUTIONS, AND

SUGGESTED FUTURE WORK

9.1 Summary and Conclusions

In this chapter, the summary of the accomplishments of this work and main contributions of
this dissertation are reviewed. This is followed by recommendations and suggestions regarding

possible directions of future research topics.

In Chapter 1, the background and motivation of this work have been described with
emphasis on the importance of incorporating fault tolerant or “limp-home” capability for
prolonging/extending the life of an ac motor-drive system. A literature survey of the previous
research work performed by other investigators has been presented. Based on a simple
functionality categorization of the “limp-home” strategies of three-phase ac motor-drive systems,
some of the strategies have been briefly reviewed for some of the categories, with greater
emphasis on strategies that have been applied on the standard three-phase, six-switch inverter
type of adjustable-speed PWM drives. Such type of drives is the focal research element in this
work. Through this survey, it has been shown that the existing “limp-home” methods have their

own merits and drawbacks. The merits are the ability to maintain rated motor performance, while
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the drawbacks are the essential system cost increase for maintaining continuous motor operation
in the event of an inverter switch fault. Also, these methods are only applicable for mitigating
inverter-type switch fault. To the knowledge of this investigator, no prior work has been done on
both the investigation of the effect of SCR switch fault of soft starters on motor performance and
the development of their corresponding remedial strategies during the occurrence of such fault.
Hence, this opens a door to this investigator to pursue his research area in the development of
low-cost fault-tolerant solutions for both the soft starters and adjustable-speed PWM drives. This
chapter is then concluded with the main objectives and contributions that this work brings about,

followed by the organization of this dissertation.

In Chapter 2, an analytical closed-form solution describing the transient performance of a
motor-soft starter system under healthy and faulty conditions has been presented. The types of
faults under study are the SCR open-circuit and short-circuit switch faults occurring only in one
phase of the soft starter system. Analytical closed-form expressions for the non-sinusoidal phase
voltages impressed upon the motor windings under both healthy and faulty soft starter operating
conditions have been derived. According to these closed-form voltage expressions, the well-
known T-equivalent circuit motor model was utilized to obtain the motor phase currents for the
fundamental voltage term and each subsequent harmonic voltage term. Superposition was then
applied to express the resulting motor phase currents in a Fourier series form. The closed-form
analytical studies demonstrate that the short-circuit SCR fault produces undesired fault response
on motor performance with unbalanced, high starting currents which accordingly result in high
starting torque pulsations. On the contrary, it is shown here that the open-circuit SCR switch fault
results in no starting torque from the motor. Hence it constitutes a total failure of motor starting.
On the other hand, it does not expose the soft starter elements to the severity of motor current
unbalances and the severity of motor torque pulsations. Evidently, the use of the conventional

open-loop symmetrical-triggering control in a two-phase switching mode under faulty condition
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contribute to detrimental impacts on motor performance which result in disruption of normal
operation of the motor-load system during soft starting. With a better understanding of these fault
impacts, a remedial strategy was then developed to minimize the negative effects resulting from

such faults during normal soft starting operation.

In Chapter 3, the above mentioned remedial strategy consisting of a simple low-cost fault
tolerant solution capable of mitigating SCR open-circuit and short-circuit switch faults for soft
starters has been presented. Minimum hardware modifications are required for the existing
commercially available soft starter in order for the fault tolerant operation to be possible. It
should be emphasized that such essential modifications do not significantly increase the cost and
size of the existing system. One of the essential changes involves adding a set of three-phase
voltage transducers on the motor end of the soft starter for acquiring the motor terminal voltages
needed for fault tolerant control purposes. The second hardware modification involves the
replacement of the existing 3-pole synchronously-controlled modular bypass contactor with a set
of individually-controlled 1-pole contactors for all three phases. These contactors are used for
fault isolation purposes in such a way that the soft starter can switch into a two-phase switching
mode in the event of an SCR switch fault occurring in any one of the phases. As for the conceived
two-phase control approach, two types of feedback control loops were adopted and utilized
concurrently. Namely, these are the voltage and current feedback loops, respectively. The voltage
feedback control is responsible for the starting acceleration of the motor, while the current
feedback loop is responsible for mitigating the unbalanced effects of the starting currents under
thyristor switch fault condition. In fact, by adopting the proposed control technique, a low-cost
soft starter with only two-phase switching mode can be developed and produced in the market for
consumers at a lower cost with reasonably good performance, as compared to the existing three-

phase soft starter products.
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In addition, small-signal modeling of the motor-soft starter controller system was developed.
More specifically, the open-loop and closed-loop transfer functions of the voltage and current
control feedback loop systems were derived. The main thrust of this small-signal modeling
approach was to design the PI regulators in the voltage and current loops so as to achieve the
desired bandwidth to render a good dynamic and fast transient response. Upon designing the PI
controllers, the entire system was simulated under large-signal conditions to evaluate the stability

and response of the controllers.

In Chapter 4, the accuracy of the closed-form analytical results from Chapter 2 was verified
versus the corresponding simulation results. It has been shown that the analytical results are in
good correlation with the simulation results, which raises confidence in the fidelity and value of
the analytical approach. Such efforts provide an alternative means of analyzing the transient
performance of the motor in lieu of using the elaborate simulation approach. In the same chapter,
the motor performance under three different control cases, namely, three-phase open-loop, two-
phase open-loop, and the newly conceived method with two-phase closed-loop controls were
simulated and compared. The newly conceived fault tolerant method with resilient control has
demonstrated reduced starting inrush currents, and consequently reduced starting torque
pulsations under SCR fault in one phase of the soft starter, as compared to the two-phase open-
loop control case. These promising results demonstrate the feasibility of the conceived strategy
for improving the reliability of an industrial-type three-phase soft starter system at a modest cost

Increase.

In Chapter 5, the measured results during the soft starting transients under healthy and short-
circuit switch fault conditions were compared with the analytical and simulation results presented
earlier in Chapters 2 and 4, respectively. The objective was to verify the accuracy of the
analytical and detailed simulation work that was carried out earlier in Chapters 2 and 4,

respectively. The resulting comparisons indicate good agreements between the test, simulation,
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and analytical waveforms. In the same chapter, the motor performance obtained from both the
experiment and simulation, under 3-phase open-loop, 2-phase open-loop, as well as the newly
conceived 2-phase closed-loop controls were compared. Overall, the experimental test results
match reasonably well with the simulation results. It is evident from both the test and simulation
results given in this and earlier chapters that the present newly conceived fault tolerant soft starter
has demonstrated its efficacy and practicability to be retrofitted into industrial-type three-phase

soft starter systems.

In Chapter 6, the focus was redirected to analyzing the impact of various inverter faults,
more specifically transistor/switch failures, on motor performance using a combination of
detailed time-domain simulations and analytical derivations based on averaged switching function
concepts. The two distinct types of inverter failure modes investigated herein are: (1) a transistor
short-circuit switch fault, and (2) a transistor open-circuit switch fault. In the event of a short-
circuit switch fault, the complementary switch of the same inverter leg has to be instantaneously
turned-off upon the on-set of such a fault in order to avoid the catastrophic event of a dc link
shoot-through situation. The resulting inverter circuit reconfiguration was accordingly
investigated. It was found from the study that the short-circuit switch fault produces a severe fault
impact on the motor performance. A dc (unidirectional) offset of high magnitude is imposed on
the motor current of each phase, which results in a braking torque that causes the motor speed to
drop sharply. In addition, huge torque pulsations are also generated as a result of such an event.
Moreover, the presence of a high magnitude circulating dc (unidirectional) current in the motor
windings will eventually lead to insulation failure if the motor is left unattended. As a
consequence, such a fault will require immediate shut-down of the motor-drive system in order to

prevent secondary failures.

On the other hand, it was demonstrated here that an open-circuit switch fault will still permit

the operation of the motor-drive system, but at a much inferior performance due to the presence
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of significant torque pulsations. It was found from this specific simulation case study that the
peak-to-peak torque pulsations were computed to be about 190% of the post-fault average torque
for the case-study 2-hp motor. This clearly indicates that the operation of the motor-drive system,
after the fault occurrence, can only be extended for a short period of time. This is in order to
avoid damages to the mechanical portions of the motor-drive system. Analytical studies were also
presented in this work to determine the causes of these torque pulsations. In the opinion of this
investigator, a detailed understanding of these fault impacts on machine performance is essential

when one proceeds to the design stage of developing remedial strategies for such types of faults.

In Chapter 7, a fault-tolerant strategy for remedy of inverter faults based on a quasi-
cycloconverter-based topology and control was presented as a potential solution. This strategy
was conceived with the goal of overcoming the negative impact of inverter switch fault on motor
performance, hence extending the life of a motor-drive system for a period of time before
maintenance is called upon. The newly conceived approach requires minimum hardware
modifications at a modest cost to the conventional off-the-shelf three-phase PWM drive, as
compared to the existing topologies proposed by others. These modifications require only the
addition of electronic components such as SCR switches and fast-acting fuses. Due to its circuit
configuration and control principles, the present fault-tolerant approach is suitable for “limp-
home” low-speed motor applications such as in vehicle and propulsion systems. In addition, the
present approach does not suffer from drawbacks such as the need for accessibility to a motor
neutral, larger size dc-link capacitors, or higher dc-bus voltages. Another “upside” element of the
newly conceived approach is its potential use for mitigating other drive-related faults that can
potentially occur in the diode-rectifier bridge or the dc-link of the drive because of the fact that
this approach bypasses the entire drive system, provided that such faults can be safely isolated.
Furthermore, the present topology can also function as a soft-starter during the post-fault

operation in situations in which the motor has to be brought to a stop before starting-up again
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from standstill, as a result of the malfunction of the drive. The effect of soft-starting the motor
reduces any high inrush currents and consequently high starting torque pulsations. The major
downside of the present approach is the presence of pulsating torques due to the non-sinusoidal
nature of the resulting motor current waveforms. The simulation results of the motor performance
using this newly conceived topology, as well as the corresponding experimental results are

addressed next.

In Chapter 8, the simulation and experimental test results of the newly conceived quasi-
cycloconverter-based “limp-home” strategy under inverter switch faults have been presented. The
simulation and test results presented have demonstrated the soundness and validity of this
conceived approach for practical use. Practical application considerations and opportunities for
use of the newly conceived design were also investigated. The results of this study suggest that
this conceived approach is best suited for partial motor-loading operating conditions, which is
normally the case for many practical industrial applications in which the motors are usually
oversized. The reason for choosing to operate under such conditions is the resulting reduced
torque pulsations that the motor will experience when supplied by the newly conceived topology
at light-load conditions. Accordingly, this investigator perceives that there is still a place in real
practice for the present topology to “stand out” as a potential means of mitigating any drive-
related faults, based on its low-cost requirements, as well as the fact that this approach is

unencumbered by the drawbacks that other methods experience.

In light of the above, it is to be understood that within the scope of this work regarding
mitigating inverter switch faults, the present technology may be applied to applications other than
as specifically described herein. In such other practical applications, one may envision the present
topology as a high-performance soft-starter and a moderate-performance drive. Such technology

is well-suited for users who are unwilling to bear the burden of the high price of a typical PWM
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drive, and still hope to achieve with reduced requirements the performance of variable speed

operation at a lower affordable cost.

9.2 Contributions of this Work

The contributions made in this dissertation can be summarized as follows:

1.

A closed-form analytical solution has been conceived to investigate the transient
performance of induction motors during soft starting when experiencing
thyristor/SCR switch faults. The two distinct types of failure modes under
investigation in this work are: (1) short-circuit SCR fault, and (2) open-circuit SCR

fault, which occur only in one phase of the soft starter.

A low-cost fault-tolerant approach capable of mitigating SCR open-circuit and
short-circuit switch faults for soft starters has been conceived. The conceived
approach can be easily retrofitted into the existing commercially-available soft
starters with only minimum hardware modifications. Hence, this makes the
conceived approach an attractive and feasible means as a potential fault-tolerant

solution.

An investigation of the impact of inverter switch failure on machine performance
was carried out using the averaged switching function modeling concept. Such an
approach provides a constructive analytical understanding of the extent of these fault
effects. Meanwhile, detailed time-domain simulation studies, in parallel with the
analytical approach, were also employed to solidify the conclusive outcomes
resulting from this study. The two distinct types of inverter transistor switch failure
modes under investigation in this work are: (1) a transistor short-circuit switch fault,

and (2) a transistor open-circuit switch fault.
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4. A low-cost fault-tolerant strategy, based on a quasi-cycloconverter-based topology
and control, as a potential solution for overcoming the negative impact of an inverter
switch fault on motor performance was newly conceived. The newly conceived
approach requires minimum hardware modifications at a modest cost to the
conventional off-the-shelf three-phase PWM drive, as compared to the existing
fault-tolerant topologies proposed by others. In fact, the present approach is also
capable of mitigating other drive-related faults that can potentially occur in the
diode-rectifier bridge or the dc-link of the drive because of the fact that this
approach bypasses the entire drive system, provided that such faults can be safely

1solated.

9.3 Future Investigations

Despite the progress made in this dissertation as well as in the earlier research work by
others, fault tolerant operation is still a topic of ongoing investigation. Significant work remains
to identify the most effective approaches at an affordable cost without jeopardizing the desirable
motor performance. Hence, feasibility, performance, and cost issues are the deciding factors in
the adoption of the various methods conceived thus far for real practical use. Accordingly, one of
the possible topics for future research is the continuing effort to develop more advanced “limp-
home” strategies for various types of faults that can potentially occur in the drive. This includes
faults in the rectifier bridges, capacitor links, inverter bridges, sensors, control boards, or even the
input and output terminals of a drive. Meanwhile, one should not neglect the type of fault that can
occur at the motor side, such as the commonly occurring stator winding fault. Hence, another
possible research area is the development of fault mitigation strategies for stator winding faults in
a three-phase / poly-phase induction motor. The main challenge here is to devise a method that

can reduce the induced current in the shorted loop, while still providing acceptable motor
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performance. This can be achieved through either modifying the control algorithm or redesigning
the winding layout of the machine to minimize the mutual flux couplings between each stator

phase, thereby reducing the induced emf in the shorted loop.

As for the soft starter, one of the research areas that this investigator is very keen on
developing further in the near future is to apply the newly conceived closed-loop control
approach to the IGBT-based soft starter. Recently, IGBT-based soft starters have been introduced
but no investigative effort has been spent on this type of topology. This investigator believes that
IGBT-based soft starters will demonstrate a better performance than traditional SCR-based soft
starters, especially in the case of heavy loads or high-inertia loads. Lastly, “limp-home” or “life-
extending” operation of ac motor-drive systems is a very challenging issue which will continue to

receive a lot of attention in the coming years.
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APPENDIX A

DESIGNS AND SPECIFICATIONS OF

HARDWARE PROTOTYPE

A.l1 Introduction

In this appendix, detailed designs and specifications of the hardware prototypes of both the
fault-tolerant soft starter and the fault-tolerant adjustable-speed drive are set forth. These include
a complete listing of the specifications of each of the hardware components utilized in the
implementation of the test prototypes, as well as the design schematics and circuit wiring

diagrams of the power topologies and their associated signal conditioning circuits and gate drives.

A.2 System Descriptions

A digital photo of the overall system topology, including the PWM drive, the soft starter, the
induction motor, and its mechanical load, is shown in Figure A.l. The corresponding circuit
wiring schematics and the component/device specifications of the fault-tolerant soft starter and

the fault-tolerant PWM drive are depicted in Figure A.2 and Figure A.3, respectively.

The experimental test setup consists of the following elements:



Appendix A: Designs and Specifications of Hardware Prototype 251

e Three-phase induction motor and the dynamometer (constant mechanical load), see

Section A.2.1.

e Three-phase SCR bridge (for both the soft starter and the quasi-cycloconverter), see

Section A.2.2.

e Six pulse-transformers to serve as gate drive for the SCR bridge, see Section A.2.2.

e Three-phase RC snubber circuit for the SCR bridge, see Section A.2.2.

e Three-phase PWM drive (with precharge mechanism), see Section A.2.3.

e IGBT gate drive for the PWM inverter bridge, see Section A.2.3.

e DSP controller board, see Section A.2.4.

e Voltage and current sensing devices and their signal conditioning circuits, see

Section A.2.5.

e Data acquisition system, see Section A.2.6.
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Figure A.1: Photos of the overall system. (a) Power electronic circuit. (b) Motor-load system.
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A.2.1 Motor Design Specifications and Datasheets

The design features of the case-study 2-hp induction motor are listed in Table A.1. The
corresponding datasheets used for computing the motor T-equivalent circuit parameters are given
in Figure A.4. The process of computing these T-equivalent motor parameters is described in

detail in the steps given below.

According to the datasheet given in Figure A.4(a), the line-to-line measurement of the stator

winding resistance for a high-voltage, series-connection winding type is given as 7.7CQ2. Hence,

the per-phase stator resistance can be computed as follows: R, =7.7/2 =3.85Q.

With references to [88] as well as the class notes of EECE-123, the equivalent rotor

resistance, R, and rotor leakage reactance, X, , referred to the stator side in the T-equivalent

Ir>

circuit are defined as follows:

R — 3V1§1 Smax
' 2wsynTmax
(A.1)
X Ir = Rr
25

max

where, V,, represents the fundamental component of the motor phase voltage, T,

.ax Tepresents the

a

represent the motor slip at T

max

breakdown (pull-out) torque, S, and @, represents the

X

angular synchronous speed in mechanical radians per second. From the datasheet of Figure

A.4(a), the above parameters of (A.1) are computed as follows:

V,, = 460/~/3 =265.5811 Volt

T =522% of Full-Load Torque = %(5.99 Ib.ft) =31.2678 Ib.fi

— 42,393 Nm @ 1450 t/min %)

m;

S nsyn - r]@T . 18001450
e n 1800

=0.19444 , and o, =188.50 m.rad/sec
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By substituting the computed parameters of (A.2) into (A.1), the rotor resistance and rotor

leakage reactance are found to be: R, =2.574€2 and X, =6.61988C2. Assuming the stator and

rotor leakage reactance are identical, the corresponding stator and rotor leakage inductances are

computed to be: L, =L, = X, (or X,.)/377=17.5594 mH

At no-load condition, see Figure A.4(a), the motor phase current, |, is given as 1.8 Amps, the
motor phase voltage, V, is given as 265.58 Volt, and the power factor, PF, is given as 7.60%. In
phasor representation with the motor phase voltage being the reference, V =265.582£0° Volt
and | =1.82—85.64° Amps . As an approximation, one can assume R /S —> oo at the no-load
condition. Hence, one can compute the sum of the stator leakage reactance and the magnetizing

reactance to be: X+ X = imaginary(\7/f) =147.118Q2. Knowing the value of X, from

above, the magnetizing inductance, L, = X,, /377, is found to be: L, =0.372674 H.

Table A.1: Design specifications of 2-hp induction motor.

Rated Power 2 hp (1492 Watts)
Rated Voltage (Line-Line) 460 Volts

Rated Current 3.0 Amps

Rated Frequency 60 Hz

Rated Speed 1744 r/min

Rated Torque 8.169 Nm

Phase 3

Number of Poles 4

Stator Resistance, R, 3.850 Q

Rotor Resistance, R, 2.574 Q

Stator Leakage Inductance, LIS 17.5594 mH
Rotor Leakage Inductance, L 17.5594 mH
Magnetizing Inductance, L, 0.372674 H
Moment of Inertia, J 0.028 kg.m’

Load Coefficient, K _, where T, =K @’ | 0.24493x10” Nm/(m. rad/s)’
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Figure A.4: Datasheets of 2-hp induction motor. (a) Performance data. (b) Performance curves.
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A.2.2 Soft Starter and Quasi-Cycloconverter Designs

A digital photo of the three-phase SCR bridge and its corresponding circuit diagram with
wiring labels are depicted in Figure A.5. Its gate drive, which serves as the interface between the
SCR bridge and the controller, is shown in Figure A.6. A set of pulse transformers is used to
implement the gate drive function, whose purpose is to provide electrical galvanic isolations
between the high and low power stages, as well as to provide sufficient currents to the gates of
the SCRs to achieve the “turn-on” status. Meanwhile, a photo of the snubber circuit is also shown

here in Figure A.7.

Ay By Cy
1 2 7 9 13 14
W R W R W R
SCR Module (SK45UT/16)
W — white
R —red
R W R W R W
15 16 20 22 27 28
A By Co
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Figure A.5: Three-phase SCR bridge. (a) Digital photo. (b) A drawing of the SCR bridge with
terminal labels. (c) Circuit diagram with wiring labels.
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B -> black
BR -> brown
O -> orange
Y -> yellow
R ->red
W -> white 612G
Pulse Transformer D2 R2 ®)
1:1
> AN = >> Gate
DC Power Supply (B) ) 1NAGOG 4.7 ohms (5%)
45Vdc — R3 < 82 ohms
©)
= (BR) ! o) > Cathode
Building Ground
R1 TIP120 N
D1
WAV Ot 75 1N5362
TI DSP (TMS320F2812) 220 ohms (5%)
|
Vi=0
V2=33
PER = {1/10000}
PW = {0.5/10000} 1
" DSP Ground
(b)

Figure A.6: Gate drive of the SCR bridge. (a) Digital Photo. (b) Circuit diagram.

Resistor

Figure A.7: Digital photo of the RC snubber circuits (R = 572 and C = 112pF).
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A.2.3 PWM Drive

A digital photo of the three-phase PWM drive and its “closed-up” view are shown in Figure
A.8(a) and Figure A.8(b), respectively. A precharge device, which consists of a contactor and a
20002 power resistor, is used to precharge the dc-link capacitors during the initial start-up. Both
the diode and inverter bridge are obtained from Semikron. In order to turn-on/off the IGBTs, a
Semikron gate drive is utilized to provide the interface between the IGBTs and the controller. The
block diagram and the connection schematics of the gate drive are depicted in Figure A.9. Since
the input to the gate drive for turning-on is 5V and turning-off is 0V, and the fact that the DSP
controller board only outputs PWM signal which goes from 0 to 3.3V, an opto-coupler is utilized.
Its purpose is to convert the 0 — 3.3V of the PWM signals from the DSP board to 0 — 5V to the
gate drive. The gate drive will then output the PWM signals to the IGBTs at -6.5V to +15V for
turning-off and turning-on, respectively. The circuit diagram of the opto-coupler is depicted in

Figure A.10.

A.2.4 DSP Controller Board

A digital photo of the Texas Instruments (TI) DSP board is shown in Figure A.11, and its

specifications are given in Table A.2.

Table A.2: Specifications of TI DSP board.

Generation TMS320F2812

CPU C28x, 32-bit, fixed-point
Frequency 150 MHz

PWM 16 channels

ADC 16 channels at 12-bit each

ADC Conversion Time 80 ns

10 Supply / Core Supply 33V/19V

Flash 256 KB

Timers 3 32-bit General-Purpose Timers
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Precharge ',
Device

(a)

Figure A.8: Photos of the PWM drive. (a) Drive and precharge device. (b) Closed-up view.

9 1
e oo ) 109000000000
e o Primary XXX
20 10 2
Secondary
Topa Bottomy, Topg Bottomg Topc Bottom¢
2 4
o0 o0 o0 o0 o0 o0
o o o o o o e o o e o 0 o o o ...}
1 39
(a)
+15vV  Ta Tg Tc 2. 4

G = gate
E = emitter

U1 PR
s

GND]stn_ B Bg Bc

(b) Note: GND; 5y is not tied to DSP Ground. (©

Figure A.9: Gate drive of the inverter bridge. (a) A drawing of the gate drive. (b) Primary side
connection diagram. (c¢) Secondary side connection diagram.
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01 8 O
02 7 4
HP2502
03 6 O
m 50
()
5V
(Blue)

7.5k (5%)

» To Inputs of Gate Drive
(TA1 BA1 TBa BB1 TC'I BC)

DSP
PWM
Signals
(Red,White)

(b) Note: GNDsy is not tied to DSP Ground.

Figure A.10: Opto-coupler. (a) Block diagram. (b) Circuit diagram (GNDsy is tied to GNDsy).

Figure A.11: DSP controller board.
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A.2.5 Signal Conditioning Circuits

In this setup, there are two signal conditioning boards. The first board, which is depicted in
Figure A.12(a), consists of a set of three-phase measurement circuits of the supply voltages (see
Figure A.12(b) for per-phase circuit), a 1.5Volt dc-offset circuit (see Figure A.12(c)), an A/D
calibration circuit (see Figure A.12(d)), and a speed sensing circuit (see Figure A.12(e)). Since
the analog inputs of the DSP board only accept signals ranging from 0 to 3Volt, a 1.5Volt dc-

offset circuit is used here to provide the necessary dc offset to the measured ac signals (£ 1.5V).

Measured
Voltage

(

(@
~
L-N Voltage  RL R2 R3 R4 R5 R7 M2X4167
' MV 2% MV MV M\ + MW
Vin 1M 1M 1M M M 150K (1%) Analog Input to DSP
(1% Precision Resistor) —>> Vout
R6 < 10k (1%) 2
= = DSP Ground
Transformer Neutral = Building Ground VREF )
. e R8
(Building Ground is tied to DSP Ground) 1.5 Vidc (Offset)
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Figure A.12: Signal conditioning board #1. (a) Digital photo. (b) Voltage circuit. (c) 1.5Volt
dc-offset circuit. (d) A/D calibration circuit. (e) Speed circuit.
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Meanwhile, the second signal conditioning board, which is shown here in Figure A.13(a),
consists of a set of three-phase measurement circuits of the motor terminal voltages (see Figure
A.13(b) for per-phase circuit), a set of three-phase signal conditioning circuits for the motor phase

currents (see Figure A.13(c) for per-phase circuit), and a 1.5Volt dc-offset circuit (see Figure

A.13(d)).
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Figure A.13: Signal conditioning board #2. (a) Digital photo. (b) Voltage circuit. (c) Current
circuit. (d) 1.5Volt dc-offset circuit.

A.2.6 Data Acquisition System

The data acquisition (DAQ) system used in this work is a state-of-the-art technology

hardware and software developed by National Instruments (NI). The high accuracy and precision

of the NI-DAQ system makes it a very attractive and reliable data collection tool. The high

sampling rate and high resolution of the DAQ system allow the user to obtain very precise and

accurate data structures.
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The DAQ system uses an E-Series technology (PCI-6052E) to deliver high performance,
reliable data acquisition capabilities to meet a wide range of application requirements. It provides
a sampling rate of 333 kSamples/sec and 16-bit resolution on 16 single-ended analog inputs.
Depending on the type of hard disk of the computer, the NI PCI-6052E can stream to hard disk at
rates up to 333 kSamples/sec. This DAQ board features analog and digital triggering capability,
as well as two 24-bit, 20 MHz counter/timers, 8 digital Input/Output (I/O) lines, and two 16-bit

analog outputs. Table A.3 summarizes the overall features of this DAQ system.

Table A.3: Features of NI DAQ system.

Family PCI-6052E

Bus PCI

Analog Input 16 Single-Ended
Resolution 16 Bits

Sampling Rates 333 kSamples/sec
Input Range +0.05to £ 10 Volts
Analog Output 2

Resolution 16 Bits

Output Rate 333 kSamples/sec
Output Range + 10 Volts

Digital I/O 8

Counter / Timers Two 24 Bit, 20 MHz
Triggers Analog and Digital




