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Permanent magnet synchronous machines (PMSMs) are gaining increasing
popularity in various applications due to their advantages, such as high efficiency, high
power density, and superior control performance. A well-designed machine control
algorithm is indispensable for a PMSM system to secure its good performance.

In this work, enhanced control algorithms in PMSMs are developed. Online
machine current trajectory tracking, source power management, hardware overcurrent
regulation, and machine current sensor fault detection and isolation (FDI) are included in
the developed algorithms. The online machine current trajectory tracking ensures the
maximum torque per ampere (MTPA) or maximum torque per voltage (MTPV) control in
a PMSM to maximize system efficiency or torque. The source power management
regulates the power flow between a power source and a PMSM to enhance the reliability
of power source and PMSM subsystems. The hardware overcurrent regulation limits the
maximum machine current in a PMSM to reduce overcurrent risk in power inverter and
electric machine. The sensor FDI checks various machine current sensor fault scenarios
in a PMSM including single and multiple machine current sensor faults under the
disturbance of non-sensor fault(s) to avoid unexpected system shutdown caused by

machine current sensor fault(s).



The developed enhanced control algorithms in PMSMs have the advantages of
providing online machine current MTPA/MTPV trajectory tracking without offline
calibration, providing enhanced hardware protection for power source, inverter and
electric machine, and mitigating the impact of machine current sensor fault(s) considering

non-sensor fault(s) disturbance.



ACKNOWLEDGMENT

I would like to thank Dr. Yi Qian and Dr. Sohrab Asgarpoor for their support on
my PhD study. I was fortunate to have met them during my journey to pursue an
advanced degree in Nebraska.

I would also like to thank Dr. Hamid Sharif and Dr. Benjamin Terry for their
valuable comments on my PhD research. Their support has been an indispensable
resource for the successful completion of this work.

I am grateful to many of the faculty, staff and friends I have met, who helped
build up a wonderful life experience in the past days. Special gratitude goes towards: Dr.
Jerry Hudgins, Dr. Shu Liu, Dr. Ning Zhu, Prerit Pramod, Zhitong Guo, Claremont Park
Old Boys, and California Book-Writing Club.

Lastly, I would like to thank my parents, Zhengyin Shao and Deyan Li, for their

love, which encourages me to always seek what I truly love in my life.

Haibo Li
San Jose, CA

03/31/2020



Table of Contents

Chapter 1 : INtrOdUCHION ......cccuiieeiie ettt e e e e e e aaeeenaeeenaeeenens 1
Lol OVEIVIEW ..ttt ettt ettt et b et st e st et e entesbeenbesatesbeannens 1
1.2 Background of Machine Current Management in PMSMS ........cccccoceviininiencnnen. 4
1.2.1 Reference Frame Transformation ............ccccevveveinienieneenienienieeeeeseeie s 5
1.2.2 PMSM SYSEEIM ....viieiiieeiiie ettt ettt e et e st e et e e st e enbeeenaseesnaeesnneeas 7

1.3 Background of Machine Current Sensor FDI in PMSMS........c.ccoccoviiniininiencnnen. 8
1.3.1 Machine Current Sensor Faults...........cccoeriiiiiiiiiiiiiiiec e 8
1.3.2 NOn-Sensor Faults .........cociiiiiiiiiiii e 8

1.4 ReSEArch ODJECHIVES.....couiiuiiriiiiieiiiiete ettt sttt ettt ettt sae e 9
1.5 Outline of DiSSeItation........cccueeuieriieiiieiiiiitie ettt ettt 11
Chapter 2 : Literature REVIEW .....ccuieiuiieiiiiiiiiiieeieeicesiee ettt siee b eaeesnee e 14
2.1 Machine Current Management ............ceecuveeeriieeriiieeeiiieeeieeeeieeesreeesneeeeveeeneaeeenee 14
2.1.1 MTPA/MTPV Current Trajectory Tracking..........ccccceeevuviercieenciieenieeeniee e 14
2.1.2 Source Power Management ............cccueeerieeerieeeiiieeeieeeieeeeieeesveeesveeennvee e 16
2.1.3 Hardware Overcurrent Regulation ............ccoccueveiiieeiieeniieceie e 17

2.2 Machine Current Sensor FDI.........ccccooiiiiiiiiiiieeeee e 18
2.2.1 Single Machine Current Sensor FDI..........cccoocoiiniiiiniinieeiceee, 18
2.2.2 Multiple Machine Current Sensor FDI ..........cccccoviiiiiiiiiiniiiiicieeeeeeis 20
2.2.3 Machine Current Sensor FDI under Disturbance of Non-sensor Fault........... 22

2.3 SUIMNIMATY «..eeeiiiieeiiee ettt ettt e ettt e ettt e st e e st e e st teesabeeesabeeesabeesnseesanbeesnneesanee 23
Chapter 3 : Online MTPA/MTPV Trajectory Tracking ..........cccccveevevveercieeenieeenieeeeieens 25

3.1 PMSM MO L ...t 25



3.2 PMSM Control AlgOrithm ........ccceeviiiiiiiieiie e 28
3.3 Proposed MTPA/MTPYV Trajectory Tracking Method...........ccceevviieiieiecneeennnen. 31
3.4 Simulation RESUILS ........cocuiriiiiiiiiiiiii e 35
3.4.1 MTPA and MTPV OpPErations ........ccceeeecvveeeiueeenieeesrieesieeesreeesereesssseesnsseesnnns 36
3.4.2 MTPA/MTPV Trajectory Tracking .........cccceevveriieviienieeiienieeieesee e 39

3.5 SUMMATY ..eeiiiiieiiieece et ettt e ettt e st e st e e s beessabeeessbeesnnseesnseas 40
Chapter 4 : Source Power Management............co.ccoeeierieneiniinieneenienieneeieeeesie e 41
4.1 Power Flow in @ PMSM SysStem......c..ccoieiiriiiiiniiiiiieeicieeieneenieeieeeeeie e 41
4.2 Proposed Source Power Management Method..........ccccocuevieiiniiniininicnicnenne 43
4.3 Critical Region ModifiCation ...........coceeiiiieiiiiniinieiieiccieeeeeese e 46
4.4 Simulation RESUILS .........cceiiiiiiiiiiiiiie e 47
4.4.1 Current Trajectory Tracking with Source Power Management...................... 48
4.4.2 DISCUSSIONS ...eeuviiiienrieniiintieitenteetesite st ete et e bt estesseeste e bt easesbeestesaeesbeenseeanesseennes 50

4.5 SUIMNIMATY ...vieeeiieeiieeietieeesieia it eeesteeeseteeasseeeseeesnsaeeasseessseeessseeessseesasseesasseesnsseesnes 51
Chapter 5 : Hardware Overcurrent Regulation ............coceveeviriinieiinieneinenienccienenne 53
5.1 Proposed Hardware Overcurrent Regulation Method ............ccoceviiiiiiiniinennene. 53
5.2 Simulation RESUILS ........coiiiiiiiiiiiiiiiieieeeee e 55
5.2.1 Current Trajectory Tracking with Hardware Overcurrent Regulation............ 55

5.2.2 Hardware Overcurrent Regulation and Source Power Management at the

SAME TIIME ..ttt ettt et ettt et e st e enbeesaees 57

5.3 SenSItIVILY ANALYSIS ..viieiiiieeiiieeiiieeeiieeeieeeeieeeeteeeetee et eesree e reeeaaeessreeennaeeennneas 61
R 11111100 F: 1 ) PRSP 66
Chapter 6 : Single Machine Current Sensor FDI...........ccccoviiiiiiiiiiiiiiieceeeee 68

6.1 Power Conservation EValUAtION. .....ccooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeens 68



6.2 Proposed Sensor FDI Method..........cooooiiiiiiieeiieceeeeeee e 70
6.2.1 Sensor Fault DeteCtion .........cccccecuiieiiiiiiiiieeciie et 71
6.2.2 Sensor Fault ISOlation ..........ccceeecuiieiiiiiiiie e e 73
6.2.3 Selected Thresholds .......c.uieeciiiieciiiecieececee e e 77

6.3 Simulation RESUILS ........coeiiiiiiiiiiiiieieee e 79
6.3.1 Machine Current Sensor FDI.........ccccooiiiiiiiiiiiiiiieceecee e 79
6.3.2 FDI under Variable Speed and Load ............cccceeviieviieniiiiieieeieecee e, 82
6.3.3 NON-SeNSOT FDI....cocuiiiiiiiiiiii et 85
6.3.4 FDI Performance Evaluation ............cc.coooeiiiieniiniencnienceeeeecee e 86
6.3.5 DISCUSSIONS ...cuveiuiiiieiieieeiiesteete ettt et cie et ent e atesteeneeseee st e besatesbeensesneenseensens 89

6.4 SUITIMATY ..c.etieiiiiiie ettt st ettt e b st e e seneesaneenneenanes 90

Chapter 7 : Multiple Machine Current Sensor FDI .........cccccccoeiiiiiiiiiiniiicieeee 92

7.1 Proposed Multiple Machine Current Sensor FDI Method............ccccoeiiiinnenee. 92

7.2 SImulation RESULES .........ooiiiiiiiiiii e 96
7.2.1 Multiple Sensor FDI .........coooiiiiiiiiieeeeeeeee et 98
7.2.2 Comparison with EXiSting WOrKS ........cccceeviiiiiniiiiiriieiiieciee e 103
7.2.3 DISCUSSIONS ...uveiniiiiuiieiiieeieeniteeiee st et e sttt e bt e sttesabeesate e bt esbeesabeesbeeesneesbeesaneens 104

7 TN 101401 1 0 SRR 105

Chapter 8 : A Sensor Fault Isolation Scheme for Co-existence of PMSM Current Sensor

and Non-sensor Imbalance Faults...........ccccooiiiiiiiiiiiiiieee 106
8.1 Proposed Sensor Fault Detection..........cc.ceecuveeiiieiiiiieeniie e 106
8.2 The Maximum Capability of Proposed Scheme...........c.ccoocvvvriiiiniiiiiiieeieee, 109
8.3 Simulation RESUILS .....c..ooiiiiiiiiii e 110

8.3.1 NO-TAUIL CONAILION - oo e e e e e e ereeraaeeeeas 112



v

8.3.2 Co-existence of Machine Current Sensor and Non-sensor Imbalance Faults in

Different Machine PRaSES .....uuuneeeieeeeeeeeeeee e e e e e e e e e aenaees 112

8.3.3 Co-existence of Machine Current Sensor and Non-sensor Imbalance Faults in

the Same Machine Phase ...........coeeiiiiiiiiiiiiiceeeee e 116

B4 SUMMATY ..ottt ettt et e et e s tbee s abeeeabeessseeennee 118
Chapter 9 : Conclusions, Contributions and Recommendations for Future Work ........ 119
9.1 Conclusions and CONIIDULIONS ........eervieriiieriieiieeiieete ettt 119
9.2 Recommendations for Future Work ...........cccoooiiiiiiiiiiiiiieeee 120
BIDLHOGIAPNY ..o ettt 123

SEIECTEA PUBLICATIONS -t et e e e e e e e e e e e e e e e e e e e e e e eaeaeeeaeaaaaaeaaaaaeeas 137



ADAS

COKF

EB

FDI

FFT

FOC

FTC

GFM

GKSVM

M

LCC

LUT

MTPA

MTPV

o&M

PMSM

PWM

SOC

SRM

SVPWM

List of Acronyms

advanced driver-assistance system
combined observer and Kalman filter
estimation-based

fault detection and isolation

fast Fourier transform

field-oriented control

fault tolerant control

general fault model

Gaussian kernel support vector machine
induction machine

life cycle cost

look-up table

maximum torque per ampere

maximum torque per voltage

neural network

operation and maintenance

permanent magnet synchronous machine
pulse width modulation

state of charge

switched reluctance motor

space vector pulse width modulation



UAV

UDC

Eop
Eon
Fp
Je

ib

ip
Ib,max
Ib,max]
Ib,maxZ
id

ip
. o%
ld
. *
1d final

. *
ld MTPA

. *
ld MTPV
. *
ld RII
Iy
Im

im

unmanned aerial vehicle

up-down counter

one turn-off loss under Iy and V' condition
one turn-on loss under /y and ¥ condition
false detection rate

machine stator frequency

measured DC link battery current (source current)

estimated DC link battery current
maximum source current
maximum source supply current
maximum source regenerative charging current
d-axis current

current going through device
d-axis current command

final d-axis current command
MTPA d-axis current command
MTPYV d-axis current command
region II d-axis current command
synchronous machine field current
machine phase current amplitude

machine current vector

vi



ima

A

i ma,b

A

l.mzu’
imb

A

i mb,a

A

inzb,c
Imc

~

Lme,a

A

itnr,b
Im,max
im,min
Iy

Iq

.ok

lq

. *
lg final
iq,max

. *
lg, MTPA

. *
lg MTPV
. *
lq,RH

J

phase A machine current

estimated phase A current from phase B measurement
estimated phase A current from phase C measurement
phase B machine current

estimated phase B current from phase A measurement
estimated phase B current from phase C measurement
phase C machine current

estimated phase C current from phase A measurement
estimated phase C current from phase B measurement
maximum machine current

minimum machine current

device current rating

g-axis current

g-axis current command

final g-axis current command

maximum g-axis current

MTPA g-axis current command

MTPV g-axis current command

region II g-axis current command

moment of inertia of rotor

torque factor

back EMF constant

vil



La

Ldm

Pcon

Pe

Pin

Pinv,loss

Pm

Pm,loss

Psw

Va,b

ra,c

Ib,a

rb,c

Vea

viii
stator d-axis self-inductance
stator d-axis magnetizing inductance
stator leakage inductance
stator g-axis self-inductance
stator g-axis magnetizing inductance
missed detection rate
iteration number
number of semiconductor devices in inverter
number of pole pairs in PMSM
conduction loss of one semiconductor device
PMSM input electrical power
DC link power
inverter power loss
output mechanical power
machine losses
switching loss of one semiconductor device

phase A current residual between inq and 7.
phase A current residual between inq and 7ma.c
phase B current residual between iy and 7.
phase B current residual between i,y and 7.

phase C current residual between inc and i,



Veb

Vib

Vib,a

Vib,b

Yib,c
Vib,a,b,c_a
Vib,a,b,c b
Vib,a,b a,c
Vib,a,b _c,c
Vib,a_b,b,c
Vib,a_c,b,c
R

Ron

T, max
Ty
Te
T."
Tefinal

Te,max

Tn

X
phase C current residual between i and ime.»

DC link battery current residual

DC link battery current residual from i, imba , and T
DC link battery current residual from i, T , and Tmes
DC link battery current residual from iyc, imee, and [

DC link battery current residual from iug, im», and e
DC link battery current residual from ima, imp, and 7.
DC link battery current residual from ima, ims.. , and imc
DC link battery current residual from ima, ims.., and imc
DC link battery current residual from 7,.., , ims, and ine
DC link battery current residual from 7,..., ims, and imc
machine stator resistance

device on-state resistance

time

maximum allowable torque under /p,mqx constraint
fault detection time

electromagnetic torque

torque command

final torque command

maximum torque

mechanical torque from machine shaft



T max maximum allowable torque under 7, mqx constraint

Ts switching period

Vd d-axis voltage

Vbc DC link voltage

Vim machine phase voltage amplitude

Vi machine voltage vector

VIl machine line-to-line voltage amplitude

Vi, llmax maximum machine line-to-line voltage amplitude
Vi, max maximum machine phase voltage amplitude

Vn device voltage rating

Vq g-axis voltage

Vr device threshold voltage

Xa phase A signal in abc frame

Xb phase B signal in abc frame

Xc phase C signal in abc frame

Xd d-axis signal in dq rotating frame

Xq g-axis signal in dg rotating frame

a angle between machine current vector i, and d-axis
Oib DC link battery current residual threshold

Oim phase current residual threshold

Ov angle between machine voltage vector v, and d-axis



AT
Oo
o,
Ads
Am
Ags
We

Wm

machine stator d-axis self-inductance variation
machine stator g-axis self-inductance variation
machine stator resistance variation

permanent magnet flux linkage variation
torque updating step

initial rotor position of an electric machine
rotor position angle of an electric machine
d—axis stator flux linkage

permanent magnet flux linkage

g—axis stator flux linkage

PMSM electrical angular speed

PMSM mechanical angular speed

x1



xii
List of Figures

Figure 1.1. Transformation of variables from abc stationary to dq rotating reference

FTAIMIC. 1.ttt 5
Figure 1.2. A PMSM system with field-oriented control. ...........ccccceeeiiieiiiiiiiieieieeeiee 7
Figure 1.3. Overview of proposed enhanced control algorithms in PMSMs.................... 11

Figure 3.1 Synchronous machine dg-axis dynamic model in rotating reference frame: (a)
d-axiS and (D) G-aXIS. ccvveieiiieeiieeeiie et e e 26
Figure 3.2. Illustration of FOC in @ PMSM drive System.........c..ccoceevervienienernenneneenens 28
Figure 3.3. Salient PMSM operation trajectory analysis: (a) PMSM operation modes, (b)
MTPA operation point under given torque, (¢) MTPA trajectory, and (d)
PMSM voltage capability. .......cccceeviriiririiiiiiiiieiieniereeeeeee e 29
Figure 3.4. Proposed online MTPA/MTPV trajectory tracking method. .............cccee. 33
Figure 3.5. Salient PMSM MTPA operation point analysis at fixed torque command and
speed: (a) machine current amplitude and (b) voltages........cccceeeeereieiennnen. 37
Figure 3.6. Salient PMSM currents and voltages trajectory under MTPA condition at
fixed speed: (a) machine currents and (b) voltages. .........ccoecveevueerieniiiennnnne. 37
Figure 3.7. Salient PMSM MTPV operation point analysis at fixed speed: (a)
electromagnetic torque, (b) machine currents, and (c) voltages.................... 37
Figure 3.8. Salient PMSM torque, currents, and voltages trajectory under MTPV

condition: (a) electromagnetic torque, (b) machine currents, and (c) voltages.



Xiii

Figure 3.9. MTPA/MTPYV trajectory tracking in a salient PMSM: (a) torques, (b) machine

currents, (c) voltages, and (d) SOUICE CUITENL. .......ccccvveerrieerieeerieeeeiee e 38
Figure 4.1: Power flow in @ PMSM SYStEML. ......ccccuiiiiiieeiiieeiiieeeiee e 42
Figure 4.2. Proposed source power management method. ...........cccoeeevveeeiieiiiiecnieeeneen. 44
Figure 4.3. A detailed example of pre-regulation block and feedback loop.................... 45
Figure 4.4. A detailed example of check and feedback block. ...........ccceeevvireiieecneennnnnn. 46
Figure 4.5. MTPA/MTPV trajectory tracking with source power management in a salient
PMSM: (a) torques, (b) machine currents, (c) voltages, and (d) source
CUTTEIE. ettt ettt ettt et e et e e e beeeab e e e sttt e abeeesubeesbbeesbbeesbneesnneenas 47
Figure 4.6. Source power management with various 7 na: (2) torques and (b) source
CUTTEIE. 1ttt ettt ettt ettt e ettt e sttt e et e e e sab e e e e it e e e sabeeeeabeeebbeesbbeesbaeesnneenas 49
Figure 4.7. Algorithm improvement in critical region: (a) algorithm failure without
critical region modification and (b) algorithm failure avoided with critical
1eg10N MOAIFICATION. ..e.viiiiiiiiiiiiiiiiert e 50
Figure 5.1. Proposed hardware overcurrent regulation method in PMSMs. .................... 54

Figure 5.2. MTPA/MTPV trajectory tracking with hardware overcurrent regulation: (a)

torques, (b) machine currents, (c) voltages, and (d) source current. ............. 56

Figure 5.3. Machine current amplitudes with various i, max. ....c.cceeeerveeruereenericneeneenncns 57

Figure 5.4. MTPA/MTPYV trajectory tracking with hardware overcurrent regulation and

source power management at the same time: (a) torques, (b) machine currents,

(c) voltages, and (d) SOUICE CUITENL. .......cevureriieriieeiieriieeieeeiie e 58



X1v
Figure 5.5. Hardware overcurrent regulation and source power management with various
Lnmax and Iy max: (a) torques, (b) machine current, and (c) source current. .... 59
Figure 5.6. MTPA/MTPYV trajectory tracking with hardware overcurrent regulation and
source power management at the same time under constantly changing speed
and torque: (a) torques, (b) machine currents, (¢) voltages, and (d) source
CUTTEIE. ¢ttt ettt ettt ettt e sat e e et e e bt e e eabeesbbeesbteesbaeesnneenas 61
Figure 5.7. Algorithm sensitivity analysis under changing machine stator resistance: (a)
final torque command, (b) d-axis current, (¢) g-axis current, (d) machine
current amplitude, and (€) SOUICE CUITENL. ......eeeriirierieeeriieeeieeeereeeeree e 62
Figure 5.8. Algorithm sensitivity analysis under changing flux linkage: (a) final torque
command, (b) d-axis current, (¢) g-axis current, (d) machine current
amplitude, and (€) SOUICE CUITENL. .......eeevrreeiieeeiieerieeeereeeereeesereeeeveeeneee e 63
Figure 5.9. Algorithm sensitivity analysis under changing machine stator d-axis
inductance: (a) final torque command, (b) d-axis current, (c) g-axis current,
(d) machine current amplitude, and (e) source current............ccceevveereeennnnnne. 65
Figure 5.10. Algorithm sensitivity analysis under changing machine stator g-axis

inductance: (a) final torque command, (b) d-axis current, (c) g-axis current,

(d) machine current amplitude, and (e) source current............ccceeveeereeennnnne. 66
Figure 6.1. Proposed fault detection method. .........c..cooeeiiriiiiniiniiniicee 72
Figure 6.2. Proposed PMSM current sensor fault isolation method. ...........c.ccccevvenennin. 76

Figure 6.3. Simulation results of FDI for PMSM phase A current sensor fixed +5A offset

fault from #=0.5s: (a) faulty PMSM phase A current sensor signal, (b) PMSM



XV
currents in dqg reference frame, (c) measured and estimated DC link battery
currents and residual 7, (d) current residuals 75, and 74, and (e) current
1ESIAUALS 74,5 ANA 72,h. cevnrveieeieiie et 78

Figure 6.4. Simulation results of FDI for PMSM phase B current sensor random scale
fault from #=0.5s: (a) faulty PMSM phase B current sensor signal, (b) PMSM
currents in dq reference frame, (c) measured and estimated DC link battery
currents and residual 7, (d) current residuals 75, and 74, and (e) current
1ESIAUALS 74,5 ANA 7ebe cevenvreiiieiiie et s et e e 81

Figure 6.5. Simulation results of FDI for PMSM phase C current sensor 75% fixed scale
fault from 1=0.5s: (a) faulty PMSM phase C current sensor signal, (b) PMSM
currents in dq reference frame, (c) measured and estimated DC link battery
currents and residual 7, (d) current residuals 75, and 74, and (e) current
1eS1IAUALS 745 ANA 7o be convrrieieiiiiee e 82

Figure 6.6. Simulation results of FDI for PMSM phase A current sensor random scale
fault from r=0.5s: (a) PMSM rotor electrical angular speed, (b) faulty PMSM
phase A current sensor signal, (¢) PMSM currents in dq reference frame, (d)
measured and estimated DC link battery currents and residual 7, (€) current
residuals 75, and 7.4, and (f) current residuals 745 and 7cp..coeveeeeveeecneeennnee.. 83

Figure 6.7. Simulation results of FDI for PMSM phase C random scale non-sensor
(imbalance) fault from #=0.5s: (a) PMSM phase C current waveform under

imbalance fault, (b) PMSM currents in dq reference frame, (c) measured and



XVvi
estimated DC link battery currents and residual 7, (d) current residuals 7,4
and 7.4, and (e) current residuals 745 and 7ep. veevevveeevieeniiieeie e 84
Figure 7.1. Proposed fault isolation method considering multiple sensor faults. ............. 93
Figure 7.2. Simulation results of FDI for PMSM phase A current sensor random scale and
phase B current sensor random negative offset faults from =0.5s: (a) faulty
PMSM phase A current sensor signal, (b) faulty PMSM phase B current
sensor signal, (c) PMSM currents in dqg reference frame, (d) measured and
estimated DC link battery currents and residual 7, (€) current residuals 75,4
and 7. q, (f) current residuals 74 and 7, and (g) 7in,a, Fiv,p, aNd Fibcnnnvee...... 97
Figure 7.3. Simulation results of FDI for PMSM phase A current sensor 125% fixed scale
and phase C current sensor random scale faults from /=0.5s: (a) faulty PMSM
phase A current sensor signal, (b) faulty PMSM phase C current sensor signal,
(c) PMSM currents in dq reference frame, (d) measured and estimated DC
link battery currents and residual 75, (€) current residuals 75, and 7.4, (f)
current residuals 74,5 and 75, and (g) 7iv,a, Fib,b, ANA Fibce vvvereeeeiiaiiieiieinene. 99
Figure 7.4. Simulation results of FDI for PMSM phase B current sensor 75% fixed scale
and phase C current sensor random positive offset faults from /=0.5s: (a)
faulty PMSM phase B current sensor signal, (b) faulty PMSM phase C
current sensor signal, (c¢) PMSM currents in dq reference frame, (d) measured
and estimated DC link battery currents and residual 7, (€) current residuals

rba and 7¢q, (f) current residuals 7,5 and 75, and (g) 7,4, 7ivp, and rip.c. ..... 101



Xvii
Figure 7.5. Simulation results of FDI for PMSM phase A, phase B and phase C current
sensors random scale faults from =0.5s: (a) faulty PMSM phase A current
sensor signal, (b) faulty PMSM phase B current sensor signal, (c¢) faulty
PMSM phase C current sensor signal, (d) PMSM currents in dq reference
frame, (¢) measured and estimated DC link battery currents and residual 7;p,
(f) current residuals 75 and 4, (g) current residuals 7,5 and 7, and (h) 7ip,q,
) 1 (e I 7 RSP 102
Figure 8.1. Proposed sensor fault isolation scheme under co-existence of PMSM current
sensor and non-sensor imbalance faults. ............ccooeeiiiiiiiiiii, 109
Figure 8.2. Simulation results of FDI for PMSM current sensors under no-fault condition:
(a) PMSM phase A current sensor signal, (b) PMSM phase B current sensor
signal, (¢) PMSM phase C current sensor signal, (d) PMSM currents in dg
reference frame, (e) measured and estimated DC link battery currents and
residual 7, (f) current residuals 75, and 7.4, and (g) current residuals 7, and
FCbe vveertereeeeeeeeurreeeeeeeeeaeaee—a——aaaaeeeeaaa———attaaaeeeaaaa—a——aataeeeeaaatraaaaaaeeeeeaaaarrrens 111
Figure 8.3. Simulation results of FDI for PMSM phase A current sensor random scale
fault and phase C 75% fixed scale non-sensor imbalance fault from =0.5s: (a)
faulty PMSM phase A current sensor signal, (b) PMSM phase C current
waveform under imbalance fault, (c) PMSM currents in dq reference frame,
(d) measured and estimated DC link battery currents and residual 7, (€)
current residuals 75, and 7.4, (f) current residuals 74, and 75, (g) 7ir and
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Figure 8.4. Simulation results of FDI for PMSM phase B random scale non-sensor
imbalance fault and phase C current sensor fixed -5A offset fault from =0.5s:
(a) PMSM phase B current waveform under imbalance fault,(b) faulty
PMSM phase C current sensor signal, (c) PMSM currents in dg reference
frame, (d) measured and estimated DC link battery currents and residual 75,
(e) current residuals 754 and 74, (f) current residuals 7,5 and 7., (g) ri» and
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Figure 8.5. Simulation results of FDI for PMSM phase A current sensor fixed +5A offset
fault and phase A random scale non-sensor imbalance fault from =0.5s: (a)
faulty PMSM phase A current sensor signal, (b) PMSM currents in dg
reference frame, (c¢) measured and estimated DC link battery currents and

residual 75, (d) current residuals 74, and 7.4, and (e) current residuals 7,5, and
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