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Abstract

Matrix converters have received continued research attention as a result of
their possibility of higher power density, controllable input power factor, and
removal of DC-Link component. However due to the numerous semiconduc-
tor power switches used in such circuits there is a high possibility of switch

failures.

This thesis considers both the direct matrix converter (DMC) topology
and the indirect matrix converter (IMC) topology. The DMC and IMC sys-
tem behaviour under an open circuit switch fault condition is investigated
and given in detail with the aim of contributing more expert knowledge to
a fault diagnosis method for a DMC or IMC system. The expert knowl-
edge can effectively avoid false diagnosis in DMC and IMC systems. Several
expert-knowledge-based fault diagnosis methods are developed in this thesis
to diagnose open circuit switch faults in DMC system and IMC system with
finite-control-set model-predictive-control (FCS-MPC) strategy or space vec-
tor modulation (SVM) strategy. An experimental prototype of the DMC has

been built to validate the proposed fault diagnosis methods.



Acknowledgment

I would like to thank my supervisors Prof. Pat Wheeler, Prof. Lee Empring-
ham and Dr. Liliana De Lillo for their guidance throughout this study. Many
thanks to my external assessor Prof. Bob Betz and my internal assessor Dr.
Alessandro Costabeber for their correction advice to my thesis. Also, I would
like to thank Prof. Christian Klumpner for reviewing and correcting my final
thesis. I would also like to thank Dr. Christopher Brunson, Dr. Hanbing
Dan, Prof. Marco Rivera, Dr. James Bowden and Dr. Manju Vijayagopal
for their instruction and help.

Thanks to Fausto Stella, Zhenyu Wang, Xiaochen Zhang, Yunpeng Tang,
Usman Nasir and many other friends in the PEMC group for all the happy
memories.

Finally, I want to thank my beloved wife Xinning Gao for her support

and encouragement.

ii



Contents

1 Introduction 1
1.1 Motivation . . . . . . . . . 1
1.2 Contribution . . . . . . . . . . . 3

1.2.1  Open Circuit Fault Diagnosis for Direct Matrix Con-
verters with Finite Control Set Model Predictive Con-
trol Strategies . . . . . . ... ... 4
1.2.2  Open Circuit Fault Diagnosis for Direct Matrix Con-
verter with Space Vector Modulation Strategies . . . . 4
1.2.3  Open Circuit Fault Diagnosis for Indirect Matrix Con-
verter with Finite Control Set Model Predictive Con-

trol Strategies . . . . . . . ... L 5

1.3 Thesis Structure. . . . . . .. ... Lo 5
2 Matrix Converter Topologies 8
2.1 Introduction . . . . . . ... ... 8
2.2 Direct Matrix Converter Topology . . . . . . . . .. ... ... 9
2.3 Indirect Matrix Converter Topology . . . . . . . . . . ... .. 11
2.4 Matrix Converter Structure . . . . .. .. ... .. ... ... 13
2.4.1 Bidirectional Switches . . . . .. ... ... ... 14
2.4.2 Clamp Circuit . . . . . . ... ... 15
243 Input Filter . . . . . .. ... oo 16

2.5 Bidirectional Switch Commutation Techniques . . . . . . . . . 17
2.6 Summary ... 19

il



3 Matrix Converters Failure Mechanisms and Fault Diagnosis 20

3.1 Introduction . . . . . . . . ... ... 20
3.2 Open Circuit Faults Mechanisms in Matrix Converter Systems 21
3.2.1 Power Devices Reliability Issues . . . . . .. ... ... 22
3.2.2 Power Devices Failure Mechanisms . . . . . ... . .. 23
3.2.3 Gate Driver Fault Mechanism . . . .. ... ... ... 25
3.3 Power Electronics Condition Monitoring Methods . . . . . . . 25
3.3.1 On-State Voltage-Based Condition Monitoring . . . . . 26
3.3.2 Temperature-Based condition monitoring . . . . . . . . 26
3.3.3 Gate-Signal-Based Condition Monitoring . . . . . . . . 27
3.3.4  System Level Condition Monitoring Methods . . . . . . 27

3.4 Open Circuit Fault Detection and Diagnosis in Matrix Con-
verter Systems . . . . ... Lo 28
3.4.1 MC Signal Processing Based Diagnosis . . . . . . . .. 28
3.4.2 MC Analytical Model Based Diagnosis . . . . . . . .. 31
3.5 Summary ... ... 36
4 Matrix Converter System Modulation and Control 38
4.1 Introduction . . . . . . . ... ... ... 38
4.2 Space Vector Modulation for Direct Matrix Converters . . . . 38
4.2.1 SVM switching vectors . . . . . .. ... ... ... .. 39

4.2.2 Direct Matrix Converter SVM Strategy Switching Se-
QUENCE . . . v vt e 43

4.2.3 Direct Matrix Converter SVM Strategy Duty Cycle
Calculation . . . ... ... ... .. ... ....... 45
4.3 Model Predictive Control for Direct Matrix Converters . . . . 50
4.3.1 Direct Matrix Converter Model . . . . . .. ... ... 51
4.3.2 Input Filter Model . . . . . ... ... ... ... ... 54
4.3.3 Output Load Model . . . . .. ... ... ... .... 55
4.3.4 FCS-MPC Strategy . . . . .. ... ... ... .. ... 56
4.3.5 FCS-MPC Algorithm Cost Function . . ... .. ... 60
4.4 Model Predictive Control for Indirect Matrix Converters . . . 61
4.4.1 Indirect Matrix Converter Model . . . . . . . ... .. 62

v



4.4.2 Input Filter Model . . . . . ... ... ... ... ... 63

4.4.3 Output Load Model . . . . . ... ... ... .. ... 64
444 FCS-MPC Strategy . . . . .. ... ... .. ... ... 64
4.4.5 Comparison between SVM and FCS-MPC . . . . . .. 67
4.5 Summary ... ... 67

Fault Detection and Diagnosis Strategies in Matrix Con-

verter Systems 68
5.1 Introduction . . . . . . . ... ... 68
5.2 Open Circuit Fault behaviour Analysis for Direct Matrix Con-
VETEETS . . . . . . 69
5.2.1 Mathematical Model of Open Circuit Fault behaviour
for Direct Matrix Converters . . . . . . . . . ... ... 69
5.2.2  DMC Current Recirculating Analysis Under Single Switch
Open Circuit Fault Condition . . . ... .. ... ... 75
5.2.3 Type 1 Current Recirculating Path . . . . . . . . . .. 76
5.2.4  Type 2 Current Recirculating Path . . . . . . . . . .. 7
5.2.5  Comparison between Type 1 and Type 2 current recir-
culating paths . . . . . . ... ... oL 79
5.2.6 False Diagnosis . . . . . ... ... ... ... ... 80

5.2.7 Quantitative Analysis of the Relationship Between Fault
Diagnosis Speed and Clamp Circuit Capacitor Design . 81

5.2.8  Open Circuit Switch Fault Scenarios for Direct Matrix
Converters . . . . . . . . . .. ... 87

5.3 Open Circuit Fault behaviour Analysis for Indirect Matrix

Converters . . . . . . . . . 88

5.3.1 Inverter Stage Fault Operation . . . .. .. ... ... 89

5.3.2 Rectifier Stage Fault Operation . . . .. .. ... ... 91
5.4 Open Circuit Switch Fault Detection and Diagnosis Method

for Direct Matrix Converter . . . . . . . .. .. .. ... ... 93

5.4.1 Open Circuit Switch Fault Detection and Diagnosis
Method for Direct Matrix Converter with SVM Strategy 103



5.4.2 Open Circuit Switch Fault Detection and Diagnosis
Method for Direct Matrix Converter with FCS-MPC

Strategy . . . . . .. 105
5.5 Open Circuit Switch Fault Detection and Diagnosis Method

for Indirect Matrix Converter with Model Predictive Control

Strategy . . . . . . L 106
5.5.1 Inverter Stage Fault Detection . . . . . . .. ... ... 106
5.5.2 Rectifier Stage Fault Detection . . . .. .. ... ... 110
5.6 Summary .. o. ... 111

Matrix Converter System Simulation Study and Results 113

6.1 Introduction . . . . . . . .. ... Lo o 113
6.2 Direct Matrix Converter System Simulation and Results . . . 114
6.2.1 Direct Matrix Converter System Simulation with Space

Vector Modulation Strategy . . . . . .. ... .. ... 114
6.2.2 Direct Matrix Converter System Simulation with FCS-
MPC Strategy . . . . . .. ..o 131
6.3 Indirect Matrix Converter System Simulation and Results. . . 137
6.3.1 Indirect Matrix Converter System Simulation with Model
Predictive Control Strategy . . . . .. ... ... ... 138
6.4 Summary . . . ... 145
Experimental Results 147
7.1 Introduction . . . . .. .. ..o 147
7.2 Three Phase Direct Matrix Converter System with Model Pre-
dictive Control Strategy . . . . . . . .. ... ... ... ... 147
7.2.1 Healthy Operating Condition . . . . .. ... ... .. 149

7.2.2  Single Bidirectional Switch Open Circuit Fault Condition152
7.2.3 Statistic Analysis of Fault Diagnosis Performance Un-

der Random Noisy Condition . . . .. ... ... ... 162

7.3 Three Phase Direct Matrix Converter System with Space Vec-
tor PWM Strategy . . . . . . .. .. ... L. 164
7.3.1 Healthy Operating Condition . . . . . ... ... ... 166

vi



7.4

7.5

7.3.2  Single Bidirectional Switch Open Circuit Fault Condition167

Fault Detection and Diagnosis Methods Evaluation and Com-
PAarisSOn . . . . . ...

SUMMATY . . . . v v o e e e

Conclusion and Future Work

8.1
8.2
8.3

Conclusion . . . . . . . . . ...
Future Work . . . . . . . . . ...
List of Publication . . . . . .. .. ... ... ... .. ...,
8.3.1 Journal Paper . . . . . . ... ... ... L.
8.3.2 Conference Papers . . . . ... ... .. ... .....

Bibliography . . . . . .. ..

Appendix

9.1
9.2

9.3

Simulation Schematics . . . . . .. . ... ... ... ...
Direct Matrix Converter System Experimental Rig Set Up
9.2.1 The Three Phase Direct Matrix Converter System Pro-
totype . . . ..o
9.2.2 Power Circuit . . . . . .. ... ... ... ... ...
9.23 Clamp Circuit . . . . . . .. ... ...
9.2.4 Low Bandwidth Current Sensor . . . .. .. ... ...
9.2.5 High Bandwidth Current Sensor . . . . . . . .. .. ..
9.2.6 Matrix Converter Control Platform . . . . . . ... ..
Experimental Fault Diagnosis Results for Statistic Analysis

Purpose . . . . . .

vil

178
178
180
181
182
182
182

194
194

. 196



List of Figures

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

2.9

3.1
3.2
3.3

3.4

3.5

4.1
4.2
4.3
4.4
4.5
4.6

Direct matrix converter topology . . . . . . . ... ... ... 10
Indirect matrix converter topology . . . . . .. .. ... ... 12
Common emitter bidirectional switch . . . . . . ... ... .. 14
Common collector bidirectional switch . . . . . . .. ... .. 14
Clamp circuit of DMC . . . . . . . . ... .. ... 15
Clamp circuit of IMC . . . . . . .. ... ... ... 16
Input filter of MC . . . . . . .. ... 17

Output-current-direction based four step commutation with
positive direction current . . . . ... ..o oL 18

Output current direction based four step commutation with

negative direction current . . . . . . ... ... 19
Failure distribution in power electronics [1] . . . . . . . . . .. 23
Cross-sectional view of an IGBT . . . . . ... ... ... ... 25

Current spectra of matrix converter during normal and open-
circuit condition . . .. .. ..o L oo 29

Lissajous curve of the matrix converter output current Park

vector during healthy and open-circuit operation . . . . . . . . 30
Clamp circuit current sensor placement . . . . . . . ... ... 34
Output line-to-neutral voltage sectors . . . . . . . . .. .. .. 41
Input line current sectors . . . . . . . .. ... ... ... ... 41
Output voltage space vectors representation . . . . . . . . .. 42
The 3-Zero-SVM switching sequence . . . . . ... ... ... 43
The 2-Zero-SVM switching sequence . . . . .. .. ... ... 44
The 1-Zero-SVM switching sequence . . . . . .. ... .. .. 44

viii



4.7 Output voltage vector 1 . . . . . . . ... ... ... ...
4.8 Input current vector 1 . . . . . . . . ... ...
4.9 Direct matrix converter topology . . . . .. .. .. ... ...
4.10 The time diagram of the FCS-MPC algorithm . . . . . . . ..
4.11 Indirect matrix converter topology . . . . . . . .. .. .. ..
4.12 The time diagram of the FCS-MPC algorithm . . . . . . . ..

5.1 DMC open circuit fault behaviour model variables . . . . . . .
5.2 Type 1 current recirculating path . . . . . ... .. ... ...
5.3 Type 2 current recirculating path . . . . . .. ... ... ...
5.4 Input voltage sectors . . . . . . . . . .. ... ... ..
5.5 Equivalent circuit when iz, (0 . . . . .. ...
5.6 Equivalent circuit when iz, O . . . . . .. ... ... ... ..
5.7 IMC inverter stage open-circuit fault operation . . . . . . ..
5.8 IMC rectifier stage open-circuit fault operation . . . . .. ..
5.9 Output current sensors located behind the clamp circuit to
measure the output load current . . . . . . ... ... ... ..
5.10 Output current sensors located ahead of the clamp circuit to
measure the direct matrix converter output phase current . . .
5.11 Type 1 faulty current recirculating path without healthy phase
current cancellation . . . . . .. ... .00
5.12 Type 2 faulty current recirculating path with healthy phase
current cancellation . . . . . .. ... o000
5.13 Flow chart of the fault detection for phasea . . . . . ... ..
5.14 Flow chart of the fault detection for phaseb . . . . . ... ..
5.15 Flow chart of the fault detection for phasec . . . . . . .. ..
5.16 Output current over-sampling technique for SVM strategy
5.17 Output current sampling technique for FCS-MPC strategy . .
5.18 Indirect matrix converter system . . . .. ... ... ... ..
5.19 IMC inverter stage open-circuit fault operation . . . . . . ..

5.20 Rectifier stage of the indirect matrix converter system . . . . .

6.1 Direct matrix converter simulation block diagram with SVM

strategy . . . . ..o

X



6.2
6.3

6.4

6.5

6.6

6.7
6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

Direct matrix converter system with a clamp circuit . . . . . .
Direct matrix converter input source phase voltages with SVM
strategy . . ... oL
Direct matrix converter output phase voltage u,, with SVM
strategy . .. L. oL
Direct matrix converter output phase voltage wu,, with SVM
strategy . . ... Lo
Direct matrix converter output phase voltage u,. with SVM
strategy . . . . ..o
Direct matrix converter output currents with SVM strategy
Direct matrix converter output currents i, with SVM strategy
under switch S4, open circuit condition . . . . . . . . ... ..
Direct matrix converter magnified output currents 7, with SVM
strategy under switch Sy, open circuit condition . . . . . . . .
Direct matrix converter system magnified clamp circuit diode
currents ipy and ipys with SVM strategy under switch S 4, open
circuit condition . . . . . . ...
Direct matrix converter system magnified clamp circuit diode
currents ips and ips with SVM strategy under switch S 4, open
circuit condition . . . . . . ...
Direct matrix converter system magnified clamp circuit diode
currents ip3 and ipg with SVM strategy under switch S 4, open
circuit condition . . . . . . ... Lo
Direct matrix converter system magnified clamp circuit diode
currents ip7; and ip;p with SVM strategy under switch Sy,
open circuit condition. . . . ... ... Lo
Direct matrix converter system magnified clamp circuit diode
currents ipg and ipy; with SVM strategy under switch Sy,
open circuit condition. . . . .. .. ... Lo
Direct matrix converter system magnified clamp circuit diode
currents ipg and ipjo with SVM strategy under switch S4,

open circuit condition. . . . . ... ...



6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24
6.25

6.26

6.27

6.28

6.29

6.30

Direct matrix converter magnified input voltages ugs with SVM
strategy under switch Sy, open circuit condition . . . . . . . . 125
Direct matrix converter magnified output phase voltage .,
with SVM strategy under switch Sa, open circuit condition . . 125
Direct matrix converter magnified output phase voltage u.
with SVM strategy under switch S4, open circuit condition . . 126
Direct matrix converter magnified output phase voltage u,.
with SVM strategy under switch S, open circuit condition . . 126
The faulty phase current i,, recirculating path under the switch
S 4q open circuit fault condition from the time point 0.175ms
to the time point 0.183ms. . . . . . . . . . . ... ... 130
The faulty phase current i,, recirculating path under the switch

S 4q open circuit fault condition from the time point 0.183ms

to the time point 0.200ms. . . . . . . . . . . ... ... ... 131
Direct matrix converter simulation block diagram with FCS-
MPC strategy . . . . . . . . . 132

Direct matrix converter input source voltages with FCS-MPC
strategy . . . . ..o 133
Direct matrix converter output currents with FCS-MPC strategy 134

Direct matrix converter input source currents with FCS-MPC

strategy . . . ..o 134
Direct matrix converter output phase to phase voltage uqp
with FCS-MPC strategy . . . . . .. .. ... ... ... ... 135
Direct matrix converter output phase to phase voltage wop.
with FCS-MPC strategy . . . . . . . .. ... ... ... ... 135
Direct matrix converter output phase to phase voltage toc,
with FCS-MPC strategy . . . .. ... ... ... ... .... 136

Direct matrix converter output currents i, with FCS-MPC
strategy under switch S4, open circuit condition with 100us
sampling time . . . . . ... Lo o 136
Direct matrix converter magnified output currents 7, with FCS-
MPC strategy under switch S, open circuit condition with

100us sampling time . . . . . .. .. ..o 137

x1



6.31
6.32

6.33
6.34
6.35
6.36
6.37
6.38

6.39
6.40

7.1
7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

Indirect matrix converter system . . . . .. .. .. ... ...
Indirect matrix converter output currents with FCS-MPC strat-
EEY v o e e e
The output currents under S;; fails open circuit . . . . . . . .
The fictitious DC-Link voltages under S;; fails open circuit
The output error voltages under S;; fails open circuit . . . . .
The magnified output error voltages under S;; fails open cir-
0
The output currents under S,; fails open circuit . . . . . . . .
The output error voltages under S, fails open circuit . . . . .
The fictitious DC-Link voltages under S, fails open circuit
The magnified fictitious DC-Link voltages under S, fails open

Circult . . . . . .

experimental rig set up diagram . . . . . . ... ...
Direct matrix converter system operating under healthy oper-
ating condition . . . .. ... oo
The normal operation input source voltage u, of the direct
matrix converter system with FCS-MPC strategy . . . . . ..
The normal operation input voltage u; of the direct matrix
converter system with FCS-MPC strategy . . . .. ... ...
The normal operation output current ¢, of the direct matrix
converter system with FCS-MPC strategy . . . ... ... ..
The normal operation input source current i, of the direct
matrix converter system with FCS-MPC strategy . . . . . ..
The direct matrix converter system under bidirectional switch
Saq Open circuit condition . . ... ..o
The DMC output currents under type 1 faulty phase current
recirculating path occasion . . . . . . . . ... ... L.
Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 1 faulty

phase current recirculating path occasion . . . . . . . ... ..

xil



7.10

7.11

7.12

7.13

7.14
7.15
7.16
7.17

7.18
7.19

7.20

7.21

7.22

7.23

7.24

Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 1 faulty
phase current recirculating path occasion . . . . . . . ... ..
The DMC output currents under type 2 faulty phase current
recirculating path occasion . . . . . . ... ... ...
Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 2 faulty
phase current recirculating path occasion . . . . . . . .. . ..
Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 2 faulty
phase current recirculating path occasion . . . . . . . .. . ..
output currents under open circuit fault condition . . . . . . .
Magnified output currents under open circuit fault condition .
Proposed fault diagnosis method performance under different
threshold value conditions . . . . . . . . ... ... ... ...
Probability of successful detection under different threshold
value conditions . . . . . . . ... L
Experimental rig set up diagram with SVM strategy . . . . . .
The normal operation input source voltage ug of the direct
matrix converter system with SVM strategy . . . . . .. ...
The normal operation output current ¢, of the direct matrix
converter system with SVM strategy . . . . .. .. ... ...
Output current over-sampling technique with 200kH 2z sam-
pling frequency and 12.5kH z modulation frequency . . . . . .
The output current i,, of the direct matrix converter system
with SVM strategy under bidirectional switch S 4, open circuit
condition . . . . . . ...
The output current i,, of the direct matrix converter system
with SVM strategy under bidirectional switch S 4, open circuit
condition . . . . . . ...
The output current i,. of the direct matrix converter system
with SVM strategy under bidirectional switch S 4, open circuit

condition . . . . . .. L



7.25

7.26

7.27

7.28

7.29

9.1
9.2
9.3

9.4

9.5
9.6
9.7
9.8
9.9
9.10
9.11
9.12
9.13
9.14
9.15
9.16

The magnified input source voltage u, of the direct matrix con-
verter system with SVM strategy under bidirectional switch
Saq open circuit condition . . . . ..o o000 170
The magnified sampling points of the output current i,, of
the direct matrix converter system with SVM strategy under
bidirectional switch S4, open circuit condition . . . . . . . .. 172
The magnified sampling points of the output current i,, of
the direct matrix converter system with SVM strategy under
bidirectional switch Sy, open circuit condition . . . . . . . .. 173
The magnified sampling points of the output current ¢,. of
the direct matrix converter system with SVM strategy under
bidirectional switch Sy, open circuit condition . . . . . . . .. 174
The faulty output current i,, recirculating path through the

clamp circuit during vector +9 . . . . . . ... ..o 175

Direct matrix converter system MATLAB simulation schematic195
Indirect matrix converter system MATLAB simulation schematic195

A functional block diagram of the direct matrix converter sys-

tem structure with the FCS-MPC strategy . . . . . . .. ... 197
A functional diagram of the direct matrix converter system

structure with the SVM strategy . . . . . ... ... .. ... 197
Direct matrix converter prototype . . . . . . . .. . ... ... 200
Direct matrix converter power module . . . . .. .. ... .. 201

Schematic diagram of the direct matrix converter power circuit 202
Direct matrix converter gate drive circuit . . . . . . . . . . .. 203

A diagram of the gate drive circuit for a bidirectional switch . 203

Input filter capacitor . . . . . . ... ... 204
Input filter inductor . . . . . .. ..o 204
The current direction detection circuit . . . .. ... .. ... 205
Diagram of the current direction detection circuit . . . . . . . 206
The schematic diagram of the LV25-P voltage transducer . . . 207
The clamp circuit . . . . .. .. ... oo 208
The schematic diagram of the clamp circuit . . . .. ... .. 209

Xiv



9.17
9.18

9.19
9.20
9.21
9.22
9.23
9.24
9.25
9.26
9.27
9.28
9.29
9.30
9.31
9.32
9.33

9.34

9.35

9.36

9.37

9.38

9.39

9.40

The low bandwidth current sensor . . . . . . . . ... ... .. 211
The schematic diagram of the low bandwidth current sensor
measurement circuit . . . . ... 212

The schematic diagram of the high bandwidth current sensor . 214

The high bandwidth current sensor . . . . . .. ... ... .. 214
Schematic of Shunt . . . . . . . .. ... ... ... ... ... 215
Schematic of operational amplifier . . . . . . . . ... ... .. 216
Schematic of ade . . . . . . ... 217
Timing diagram of ade . . . . . . . . . ... ... L. 217
Schematic of isolator . . . . . . ... ... .0 219
Schematic of tranceiver . . . . . . . .. ... L. 220
The matrix converter control platform . . . .. ... .. ... 221
Overall direct matrix converter control system implementaiton 221
The digital signal processor card . . . . . . . . . . . ... ... 222
The field programmable gate array card . . . . . . . ... .. 223
The host port interface daughter card . . . . . . . . . . . . .. 223
The interface card for the high bandwidth current sensor . . . 224
Fault diagnosis on experiment number 1, threshold value th =

0.01 . . 225
Fault diagnosis on experiment number 1, threshold value th =

0.02 . . 226
Fault diagnosis on experiment number 1, threshold value th =

0.04 . . 227
Fault diagnosis on experiment number 1, threshold value th =

0.06 . . . . 228
Fault diagnosis on experiment number 2, threshold value th =

0.01 . . 229
Fault diagnosis on experiment number 2, threshold value th =

0.02 . . 230
Fault diagnosis on experiment number 2, threshold value th =

0.04 . . 231
Fault diagnosis on experiment number 2, threshold value th =

0.06 . . . . 232

XV



9.41

9.42

9.43

9.44

9.45

9.46

9.47

9.48

9.49

9.50

9.51

9.52

9.53

9.54

9.55

9.56

Fault diagnosis on experiment number 3, threshold value th =

0.01 . . 233
Fault diagnosis on experiment number 3, threshold value th =
0.02 . . 234
Fault diagnosis on experiment number 3, threshold value th =
0.04 . . 235
Fault diagnosis on experiment number 3, threshold value th =
0.06 . . . . 236
Fault diagnosis on experiment number 4, threshold value th =
0.01 . . 237
Fault diagnosis on experiment number 4, threshold value th =
0.02 . . 238
Fault diagnosis on experiment number 4, threshold value th =
0.04 . . . 239
Fault diagnosis on experiment number 4, threshold value th =
0.06 . . . 240
Fault diagnosis on experiment number 5, threshold value th =
0.01 . . . 241
Fault diagnosis on experiment number 5, threshold value th =
0.02 . . 242
Fault diagnosis on experiment number 5, threshold value th =
0.04 . . . 243
Fault diagnosis on experiment number 5, threshold value th =
0.06 . . . . 244
Fault diagnosis on experiment number 6, threshold value th =
0.01 . . 245
Fault diagnosis on experiment number 6, threshold value th =
0.02 . . 246
Fault diagnosis on experiment number 6, threshold value th =
0.04 . . 247
Fault diagnosis on experiment number 6, threshold value th =
0.06 . . . . 248

XVl



9.57

9.58

9.59

9.60

9.61

9.62

9.63

9.64

9.65

9.66

9.67

9.68

9.69

9.70

9.71

9.72

Fault diagnosis on experiment number 7, threshold value th =
0.01 . . 249
Fault diagnosis on experiment number 7, threshold value th =
0.02 . . 250
Fault diagnosis on experiment number 7, threshold value th =
0.04 . . 251
Fault diagnosis on experiment number 7, threshold value th =
0.06 . . . . 252
Fault diagnosis on experiment number 8, threshold value th =
0.01 . . 253
Fault diagnosis on experiment number 8, threshold value th =
0.02 . . 254
Fault diagnosis on experiment number 8, threshold value th =
0.04 . . . 255
Fault diagnosis on experiment number 8, threshold value th =
0.06 . . . 256
Fault diagnosis on experiment number 9, threshold value th =
0.01 . . 257
Fault diagnosis on experiment number 9, threshold value th =
0.02 . . 258
Fault diagnosis on experiment number 9, threshold value th =
0.04 . . 259
Fault diagnosis on experiment number 9, threshold value th =
0.06 . . . . 260
Fault diagnosis on experiment number 10, threshold value
th=0.01. ... .. . . . 261
Fault diagnosis on experiment number 10, threshold value
th=0.02. .. .. .. . 262
Fault diagnosis on experiment number 10, threshold value
th=0.04. .. .. . 263
Fault diagnosis on experiment number 10, threshold value
th=0.06. .. ... . .. 264

Xvii



9.73

9.74

9.75

9.76

Fault diagnosis on experiment number 11, threshold value
th=0.01. ... ... . 265
Fault diagnosis on experiment number 11, threshold value
th=0.02. ... .. . 266
Fault diagnosis on experiment number 11, threshold value
th=0.04. .. .. . . 267
Fault diagnosis on experiment number 11, threshold value
th=0.06. .. ... . .. 268

XViil



List of Tables

4.1

4.2
4.3
4.4

5.1
5.2
5.3

6.1
6.2
6.3
6.4

6.5

7.1

7.2
7.3

Valid SVM switching vectors for direct matrix converter as

shown in Figure 2.1 . . . . . .. ... ... ... L. 40
Valid switching states for the DMC with FCS-MPC strategy . 53
Switching states in the fictitious rectifier stage . . . . . . . . . 66
Switching states in the fictitious inverter stage . . . . . . . . . 66
Comparison between type 1 and type 2 paths . . . . . .. .. 80
Inverter stage faulty phase identification . . . . . . . .. . .. 109
Rectifier stage faulty phase identification . . . . . . . . . . .. 111

The simulation parameters of the direct matrix converter sys-

tem with SVM strategy . . . . . . . .. ... .. ... ... .. 115
Faulty operation waveforms summary 1 . . . . . . . . ... .. 127
Faulty operation waveforms summary 2 . . . . . ... .. ... 128

The simulation parameters of the direct matrix converter sys-

tem with FCS-MPC strategy . . . . . . .. ... ... .. ... 133
The simulation parameters of the indirect matrix converter
system with FCS-MPC strategy . . . . . . ... ... .. ... 139

The experimental parameters of bench rig with FCS-MPC

strategy . . . ..o 148
The experimental parameters of bench rig with SVM strategy 165
FDD Methods and Control Cost Evaluation and Comparison . 176



Chapter 1

Introduction

1.1 Motivation

The matrix converter (MC) topology can realize direct AC to AC power con-
version with minimal requirements for passive components [2]. It comprises
of a matrix of bidirectional switches which connect the output lines direct to
the input lines. The MC topology has advantages such as a compact power
circuit, the possibility of higher power density [3], controllable input power
factor [4, 5], and removal of DC-Link component [6]. Without the bulky
DC-Link component, the MC topology is an alternative to the traditional
back-to-back PWM converter topology in volume and weight critical appli-
cations such as aerospace. The size of the inductance-capacitance input filter
of the MCs needs to be properly designed to maximize the power density.
However, removal of the DC-Link components also means that any power
pulsations at the MC output will also be present at the MC input. There-
fore, the MC topology is more suited to constant power loads application
than to pulsed loads applications [2]. The MC topology is very suitable for
applications such as induction machines and permanent-magnet synchronous

machines sinusoidal motor drives.

It has been shown that 21% of the failures of the voltage sourced convert-

ers are caused by semiconductor faults[1]. Another industry survey claims
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that the failure of the power devices counts for 38% of the total faults in the
variable speed AC drives[7]. Since the MC topology is composed of semi-
conductor switches and has no DC-Link components in the power circuit,
so the reliability of the semiconductor switches is a big concern for the ap-
plication of the matrix converter. Usually, there are three ways to improve
the reliability of a power electronic system. These three ways are prognosis,
condition monitoring, and diagnosis respectively. The prognosis assesses the
current health level of a component, and predicts the health of the compo-
nent at some point in the future [8]. The prognosis is a very challenging
task because it needs good failure modeling of the components. Condition
monitoring is used to measure the condition of a component in real-time, and
appropriate action will be taken if it drifts away from the healthy condition.
The condition monitoring technique requires sensing and signal processing
techniques as well as knowledge of power device failure mechanisms, which
will increase the hardware complexity and cost. The diagnosis is to iden-
tify the root cause of a fault, given that a fault has occurred. Diagnosis
techniques are still a cost-effective way to improve power electronic system
reliability because it requires less or even no additional hardware complexity

compared to condition monitoring techniques.

It is inevitable that a fault may occur during the matrix converter (MC)
system lifetime. A semiconductor switch can either fail to an short circuit
fault or an open circuit fault. Most of the short circuit switch fault detection
and diagnosis methods are hardware circuit based rather than software based.
This is because the time interval between the fault initiation and failure is
too small to implement a software based detection method [9]. When an
open circuit switch fault occurs, the MC may not suffer catastrophic failure.
However, if the open circuit switch fault can not be detected, diagnosed, and
isolated in time, accumulated over-voltage stress on the power switches will
cause further damage to the MC system. This thesis will focus on the open

circuit switch faults in the MC system.

Fast and reliable fault diagnosis methods are essential to minimize any



Chapter 1 — Introduction

hazard from over-voltage or over-current conditions. The fault detection and
diagnosis methods in power electronics proposed in the literature can be di-
vided into two categories: the signal processing-based [10] and the analytical
model-based methods [11, 12, 13, 14, 15, 16].

In [10], a Fast Furrier Transformation (FFT) is used to analyze the spectral
components in the output current, but this method cannot locate the fault
to the exact bidirectional switch because the spectral components caused
by each faulty device in one output phase are similar. Considering the an-
alytical model-based fault diagnosis methods, in [11], the matrix converter
output voltage is captured by three additional voltage sensors and used for
fault detection purpose, which can locate the fault to a particular output
phase rather than to one bidirectional switch. The work presented in [12]
improves the output error voltage method by implementing nine modulated
error voltages to locate the fault to one switch. In [13], a MC fault diag-
nosis method is proposed which relies on the reduction of the MC output
currents. However, the use of output currents will slow down the fault de-
tection process. In [14], a fault detection method based on the clamp circuit
capacitor current measurement is proposed. An additional current sensor
is used in this method and the fault detection process is slowed down by
the integration of the clamp circuit current. [15] proposes a fault diagnosis
method which relocates the three output current sensors ahead of the clamp
circuit to directly measure the matrix converter output currents within three
different zero vectors. However, the zero vectors duty-cycle are extremely

small and hard to capture at high modulation ratios.

The motivation of this thesis is to develop open-circuit-switch fault diagno-

sis methods for matrix converter systems with high precision and high speed.

1.2 Contribution

Three open circuit fault diagnosis methods for MC systems are proposed and

explored in the research described this thesis.
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1.2.1 Open Circuit Fault Diagnosis for Direct Matrix
Converters with Finite Control Set Model Pre-

dictive Control Strategies

This fault diagnosis method is for direct matrix converters (DMC) using a
finite control set model predictive control (FCS-MPC) strategy. The pro-
posed method has been validated experimentally. The three output current
sensors are located ahead of the clamp circuit to measure the matrix con-
verter output current directly. In addition, current recirculating information
is contributed to the fault detection system to avoid false-diagnosis. The pro-
posed method can locate an open-circuit switch fault in one sampling period,
which significantly improves the speed and the precision of the fault detec-
tion and diagnosis progress compared with the method in [16]. In addition,
the proposed fault diagnosis method is applicable within the whole range of
modulation indexes, compared with the presented method in [15], which can

only be applied at a low modulation index.

1.2.2 Open Circuit Fault Diagnosis for Direct Matrix
Converter with Space Vector Modulation Strate-
gies

The second proposed fault diagnosis method is for DMC using space vector
modulation (SVM) strategies. The proposed method has been validated ex-
perimentally. In this method, an over-sampling technique is applied to sam-
ple the DMC output current. The current sampling frequency is 16 times
higher than the SVM modulation frequency. The reason to use over-sampling
technique is because there is more than one switching state change in each

modulation period.
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1.2.3 Open Circuit Fault Diagnosis for Indirect Matrix
Converter with Finite Control Set Model Predic-

tive Control Strategies

The third proposed is an error-voltage-based fault diagnosis method for in-
direct matrix converters (IMC) using a FCS-MPC strategy. If the inverter
stage of the IMC occurs as an open-circuit fault, the faulty switch can be
located within one sampling period by using the output error voltages and
the switching state information. The error voltage is acquired by compar-
ing the reference output voltages and the estimated output voltages. When
the rectifier stage of the IMC occurs as an open-circuit fault, two additional
voltage sensors will be used to measure the fictitious DC-Link voltage of the
IMC. Combining the information of rectifier stage switching states and the
DC-Link voltages allows the faulty switch to be identified within one sam-
pling period.

1.3 Thesis Structure

The thesis is structured as follows.

Chapter 2 introduces the basic concepts of the matrix converter topolo-
gies, including the direct matrix converter (DMC) topology and the indirect
matrix converter (IMC) topology. General operation principles of the matrix
converter topologies are described mathematically to shown how the switches
of the matrix converters act. The DMC topology consists of a switch matrix,
an input filter and a clamp circuit. The IMC topology consists of a ficti-
tious rectifier stage and inverter stage, an input filter and a clamp circuit.
Since there are no freewheeling devices in the DMC topology, a commutation
strategy is required to avoid input short circuit and output open circuit. The
output-current-direction based four step commutation strategy is commonly

used for the commutation process.
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Chapter 3 introduces the causes of open circuit faults in matrix converter
systems. Firstly, the failure mechanisms of open circuit faults in matrix
converter systems are described in detail. Then a condition monitoring tech-
nique is introduced both at the device level and at the system level. Finally,
the previous proposed fault detection and diagnosis methods for matrix con-

verter systems is reviewed.

Chapter 4 introduces the SVM strategy for the direct matrix converter,
and the FCS-MPC strategy on the direct and indirect matrix converter sys-

tems. The SVM algorithm and the FCS-MPC algorithm are discussed in
detail in this chapter.

Chapter 5 introduces three different single switch open circuit fault detec-
tion and diagnosis methods for matrix converter systems. The first diagnosis
method is for the DMC system with a FCS-MPC strategy. The second di-
agnosis method is for the DMC system with a SVM strategy. The third
diagnosis method is for the IMC system with a FCS-MPC strategy. More-
over, the bidirectional switch open circuit fault behaviour analysis for both
the direct matrix converter and the indirect matrix converter are discussed

in detail at the beginning of this chapter.

Chapter 6 presents the simulation results of the DMC system with FCS-
MPC strategy, the DMC system with SVM strategy, and the IMC system
with FCS-MPC strategy respectively. The simulation results prove the fea-
sibility of the proposed fault detection and diagnosis methods.

Chapter 7 introduces the experimental implementation of the laboratory
prototype direct matrix converter for the open circuit switch fault detection
and diagnosis. The direct matrix converter power circuit comprises of the
power devices, the gate drive circuit, the input filter, the current direction
detection circuit and the voltage measurement circuits. The clamp circuit is
implemented independently from the matrix converter power circuit in order

to place the clamp circuit after the output current sensors for fault detection
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and diagnosis purposes. The high bandwidth current sensor design has been
described in detail. The specially designed high bandwidth current sensor
can achieve current oversampling for fault detection and diagnosis purpose.
The hardware control platform implementation of the direct matrix converter
system has been achieved using a high performance DSP and FPGA. The
fault detection method is implemented in the DSP to achieve real-time fault

detection and diagnosis.

Chapter 8 presents the experimental results for the direct matrix con-
verter. All the experimental data presented in this chapter is captured by
the DSP-FPGA control platform. This means that the fault detection and
diagnosis algorithm proposed in the previous chapter can be implemented
into the DSP-FPGA control platform. This will guarantee that the fault
detection and diagnosis algorithm can do real-time fault detection and diag-

nosis for the direct matrix converter system.

Chapter 9 concludes the thesis.



Chapter 2

Matrix Converter Topologies

2.1 Introduction

A matrix converter (MC) is a power converter topology with advantages such
as the potential for a compact power circuit[3], controllable input power fac-
tor [4, 5], and no large passive DC-Link components [6]. Therefore, research
attention has focused on the matrix converter topology for many applications
in systems such as the more electric aircraft. Compared to the AC-AC power
converter topologies with DC-Link components such as the well known PWM
Back-to-Back converter [17, 18], the main advantage of the MCs is the lack
of DC-Link components. This is because the use of electrolytic capacitors
can be a major cause of lower than ideal converter reliability and lifetime [1].

The direct matrix converter (DMC) is a matrix of bidirectional switches
that connect each converter output phase to each supply line [6]. Many mod-
ulation strategies for the DMC have been proposed in the literature. The
Venturini modulation method proposed in [6] is based on a low frequency
modulation matrix which describes the low frequency behaviour of the DMC
currents and voltages. The space vector modulation (SVM) method was first
proposed in [6] and further developed [19] to become a very efficient mathe-
matical approach for DMC modulation by using the duty-cycle space vector
concept. Recently, model predictive control (MPC) has become popular due

to the advantages such as fast dynamic response as well as it being relatively
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easy to include the non-linearity and constraints of the system [20, 21, 22].

The indirect matrix converter (IMC)[23] is an alternative structure to the
DMC. The IMC is also known as the two stage matrix converter and main-
tains the same input-output performance as the DMC. The IMC contains
a current source rectifier (CSR) and a voltage source inverter connected di-
rectly by a so-called fictitious DC-Link. The IMC topology simplifies the
modulation analysis due to its two stage nature. The IMC also has the
potential to reduce the number of controlled semiconductor devices in the
source rectifier bridge depending on the power flow requirement [24].

This chapter first introduces the fundamentals of the DMC and the IMC
topologies. Then the MC structure will be presented with more detail of
the bidirectional switch, the clamp circuit and the input filter. Since there
is no freewheeling device in the MCs, a clamp circuit is required to protect
the MC against over-voltage damage. A clamp circuit will provide a current
circulating path for the inductive load currents to avoid inductive load open-
circuit voltages. For good performance the MC also must have an input filter
to minimize the high frequency components in the input currents. Finally,

the bidirectional switch commutation techniques are presented.

2.2 Direct Matrix Converter Topology

The direct matrix converter topology is shown in Figure 2.1. The direct
matrix converter system is composed of an input filter, a switch matrix of
nine bidirectional switches and a clamp circuit. The input filter attenuates
the switching frequency harmonics in the input currents. The semiconductor
switch matrix connects the AC input directly to the three phase output load.
The clamp circuit of the direct matrix converter includes 12 fast recovery
diodes and a capacitor.

Each output phase of the direct matrix converter is connected to the three
phase input voltage source by three bidirectional switches. In total of nine
bidirectional switches are used in the 3 x 3 direct matrix converter topology.
The relation between the output voltages and input voltages of the DMC

is shown in Equation 2.1. It can be seen from the Equation 2.1 that the
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Figure 2.1: Direct matrix converter topology

output voltages are the function of the switching state matrix and the input
voltages. The relation between the input currents and the output currents
of the DMC is shown in Equation 2.2. It can be seen from the equation 2.2
that the input currents are the function of the switching state matrix and

the output currents.

Uoq SAa SBa SCa UsA
Uy | = | Sap S Scw| - |uss (2- 1)
Uoc SAC SBc SCC Usc

10
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iiA SAa SAb SAC Z'oa
tis| = |SBa Sy SBe| | tob (2.2)
lic Sca Scvy Sce loc

Where S;x(j = A, B,C; k = a,b, c.) represents the switching state of each
bidirectional switch. Sj; = 0 means that the switch S is off and S, =1
means that the switch Sj;, is on.

In order to control output voltages and the input currents of the DMC,
the bidirectional switches have to be turned on or off at given times. During
the normal operation of the DMC, the input terminals should not be short
circuited because the current is fed by a voltage source. On the other hand,
an output phase of the DMC must never be open circuited due to the induc-
tive nature of the load. Therefore, the duty cycles of the nine bidirectional

switches have to satisfy the conditions as presented in Equation 2.3.

0<m; <1, 7=A,B,C, k=a,b,c.
Mae +MBa +Mce = 1
A Ba Ca (23)
map + mpp +mep = 1

Mac + MpBe + Moe = 1

Where m;,(j = A, B,C; k = a, b, c.) means the duty cycle of each bidirec-

tional switch.

2.3 Indirect Matrix Converter Topology

The indirect matrix converter topology is shown in Figure 2.2. The indirect
matrix converter is composed of a current source rectifier stage and a voltage
source inverter stage connected by a fictitious DC-Link. The rectifier stage
consists of six bidirectional switches, and the inverter stage consists of six
unidirectional switches with freewheeling diodes. The clamp circuit is com-

posed of a diode and a capacitor and connected to the fictitious DC-Link of

11
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the indirect matrix converter. The purpose of the clamp circuit is to provide
a current recirculating path when a semiconductor switch suffers from an

open circuit fault or when the converter is turned off unexpectedly.

Rectifier Stage lic | Ugep Inverter Stage
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Sn é Sr3 Sis A I _Jggs |ﬂé§s 5935
Uia Uig Uic R r r r cl -
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Figure 2.2: Indirect matrix converter topology

The indirect matrix converter topology approach can simplify the con-
cept of the control algorithm in comparison with the direct matrix converter
approach [25]. The indirect matrix converter topology is divided into two
stages. In this approach to modulation, the rectifier stage and the inverter
stage are considered separately. The fictitious DC-Link voltage is comprised
of the switched input voltages, and the fictitious DC-Link current is com-
posed of switched the output currents. The input voltage vector uy, input
current vector iz, output voltage vector u, and output current vector fo are
shown in Equation 2.4. the output voltage vector u, is referenced to the load

neutral point.

N

Ug = [uiA7 UiB, Uic

s = [%‘A7 1%B, LiC

N

N

Up = [uoay Uob, Uoc

. . . T
1o = [Zoaa Lob, Loc

]
]
]
]
For the rectifier stage, the fictitious DC-Link voltage ug4. is acquired as

12
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a function of the input voltages vector uy; the rectifier stage switch states
are as shown in Equation 2.5. The input current vector iy are obtained as a
function of the fictitious DC-Link current i;c and the rectifier stage switch

states, as shown in Equation 2.6.

Ude = [Srl —Spa Srz— S Sps — STQ]U_; (2.5)
Srl - Sr4

Z; = S’I’3 - Sr6 idc (26)
ST5 - STQ

For the inverter stage, the output voltage vector u, can be derived as a
function of the fictitious DC-Link voltage u4. and the inverter stage switch
states, as shown in Equation 2.7. The fictitious DC-Link current 74. is a
function of the output current vector iy and the inverter stage switch states,

as shown in Equation 2.8.

Sit — Si

Uy = | Si3 — Sig | Uae (2.7)
Sis — 5;

ige =[Sa  Sis  Sislie (2.8)

2.4 Matrix Converter Structure

In this section the MC structure will be presented in more detail. The MC
has to have an input filter to minimize the high frequency components in the
input currents. The switching matrix itself consists of bi-directional switches

and there is an over-voltage clamp circuit as descried above.

13
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S

Figure 2.3: Common emitter bidirectional switch

sy

Figure 2.4: Common collector bidirectional switch

2.4.1 Bidirectional Switches

Bidirectional switches are required by the matrix converter to block volt-
age and control the conduction of current in both directions [3]. However,
there is no single semiconductor device currently available, which can satisfy
these requirements. Therefore, the bidirectional switch has to be constructed
using discrete power power semiconductor devices. There are two arrange-
ments commonly used to create a bidirectional switch, the common emitter
arrangement and the common collector arrangements.

The common emitter bidirectional switch arrangement comprises of two
controllable devices, such as IGBTs, and two uncontrollable devices, such
as diodes, as shown in Figure 2.3. The diodes provide the reverse blocking
capability. When designing the gate drive circuit, the common emitter point
is regarded as a local ground for each gate drive circuit. Therefore, the DMC
requires nine isolated power supplies and the IMC requires six isolated power
supplies when using common emitter switch arrangement [14].

The common collector bidirectional switch arrangement also consists of
two IGBTs and two diodes, as shown in Figure 2.4. The advantage of this
arrangement is that the number of isolated power supplies is possible to
reduce from nine to six for the DMC topology [3]. However, this arrangement
is often not feasible in a large practical system due to the stray inductance

between bi-directional switches[3].

14
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2.4.2 Clamp Circuit

Since there are no free-wheeling devices in the DMC, a clamp circuit must
be added to protect the DMCs from over-voltage when an open-circuit fault
occurs or when the converter is turned off. If these over voltages are not
clamped, they could destroy the power semiconductor devices [26]. A typical
clamp circuit is shown in Figure 2.5. The clamp circuit is connected between
the three phase input supply and the load terminals of the converter. The
clamp circuit consists of two fast-recovery diode rectifier bridges, a clamp
capacitor and a dissipation resistor. During an open circuit switch fault,
the reactive energy stored in the load inductance is transferred to the clamp
capacitor and can then be dissipated in the resistor.

The clamp circuit configuration for the IMCs is shown in Figure 2.6. The
IMC clamp circuit consist of a single clamp capacitor and a single diode
connected between the fictitious rectifier stage and the inverter stage [27].
The IMC clamp circuit does not usually operate under healthy operating
condition. Under an output over-voltage fault condition all the switches will
be turned off immediately. The fictitious inverter stage freewheeling diodes
will provide a current recirculating path to safely remove the energy stored

in the inductance of a load [28].
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2.4.3 Input Filter

In order to ensure input current quality as well as to mitigate the input
voltage distortion the MC must have an input filter to minimize the high
frequency components in the input currents. The input filter can also help
to reduce the electromagnetic interferences (EMI) requirements [29]. One
commonly used input filter configuration is shown in Figure 2.7. This LC
configuration of the input filter is recommended considering the size and
cost efficiency [30]. The size of the reactive components in the LC filter are
decided by the switching frequency of the matrix converter [31] and the input
power quality requirements. A damping resistor is recommended in parallel

with the filtering inductance to improve the system stability [32].
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2.5 Bidirectional Switch Commutation Tech-

niques

Due to the lack of a free-wheeling diodes in the DMC topology, a commu-
tation strategy is required to avoid input short circuits and output open
circuits when commutating current between any two bidirectional switches.
Several commutation methods have been proposed in the literature [3]. They
are categorized as current-direction-based commutation and relative-voltage-
magnitude-based commutation. The relative-voltage-magnitude-based com-
mutation requires accurate measurement of the input voltage relative mag-
nitudes. The current-direction-based commutation includes two step com-
mutation and four step commutation. The commonly used solution is the
more reliable output-current-direction based four-step current commutation
strategy.

There are two gate drive signals for each bidirectional switch. Take bidi-
rectional switch Sy, for example as shown in Figure 2.1, the gate drive signal
Sa.r controls the forward IGBT and Sa,r controls the reverse IGBT of the
bidirectional switch. In order to explain the four-step commutation clearly,
a simplified two-input-phase to one-output-phase matrix converter with two
bidirectional switches is used as an example, as shown in Figure 2.8. When

the output current direction is positive, the four gate drive signals for the two

17
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Figure 2.8: Output-current-direction based four step commutation with pos-
itive direction current

bidirectional switches act, as shown in Figure 2.8. Before the commutation
starts, the bidirectional switch S4, is conducting. Both S4.r and Sa.r are
on. When the commutation occurs, the first step is to turn off Ss,r because
it is not conducting at the time. The second step is to turn on Sg,r to pro-
vide a current path in the bidirectional switch Sp, due to the positive output
current direction. The third step is to turn off the S4,r to commutate the
current from bidirectional switch S, to Sp.. The final step is to turn on the
Spar to complete the commutation sequence.

When the output current direction is negative as shown in Figure 2.9,
the four gate drive signals for the two bidirectional switches act as shown in
figure 2.9. Before the commutation happening, the bidirectional switch 54, is
conducting. Both Sa.r and S4.r are 1. When the commutation occurs, the
first step is to turn off the Sa,r because it is not conducting at the moment.
The second step is to turn on the Sg,r to provide the current path in the
bidirectional switch Sp, due to the negative output current direction. The

third step is to turn off the S4,z to commutate the current from bidirectional

18
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Figure 2.9: Output current direction based four step commutation with neg-
ative direction current

switch S, to Sg,. The fourth step is to turn on the Sg,r to complete the

commutation sequence.

2.6 Summary

This chapter introduces the basic concepts of the matrix converter topolo-
gies, including the direct matrix converter (DMC) topology and the indirect
matrix converter (IMC) topology. General operation principles of the ma-
trix converter topologies are described mathematically to shown how the the
switches of the matrix converters act. The DMC topology is constructed by a
switch matrix, an input filter and a clamp circuit. The IMC topology consists
of a fictitious rectifier stage and inverter stage, an input filter and a clamp
circuit. Since there is no freewheeling device in the DMC topology, a com-
mutation strategy is required to avoid input short circuit and output open
circuit. The output-current-direction based four step commutation strategy

is commonly used for the commutation process.

19



Chapter 3

Matrix Converters Failure
Mechanisms and Fault

Diagnosis

3.1 Introduction

The matrix converters are composed of semiconductor switches and have no
DC-Link component in the power circuit. So the reliability of the semicon-
ductor switches is a big concern for the application of the matrix converters.
Usually, a semiconductor switch can either occur an open circuit fault or a
short circuit fault. Ideally, an open circuit switch fault means there is no
current flowing in the switch when the switch is turned on, and a short cir-
cuit switch fault means there is no voltage drop across the switch when the
switch is turned off.

An open circuit switch fault may occur due to the bond-wire lift-off or
gate driver fault. An open circuit switch fault in the matrix converter will
cause over-voltage stress in the semiconductor switch. If the open circuit
switch fault can not be detected and located quickly enough, a catastrophic
failure may occur eventually. A short circuit switch fault in the matrix
converter may occur due to the gate driver fault or avalanche breakdown. It

is more difficult to deal with a short circuit fault compared to an open circuit

20



Chapter 3 — Matrix Converters Failure Mechanisms and Fault Diagnosis

fault, because the time between the fault initiation and failure is much more
smaller in short circuit faults than in open circuit faults. Therefore, most of
the IGBT short circuit fault detection and protection methods are hardware-
circuit based rather than algorithm based [9].

Usually, there are three ways to improve the reliability of a power elec-
tronic system. These three ways are condition monitoring, diagnosis, and
prognosis respectively. Condition monitoring measures the condition of a
component in real-time, and appropriate action is taken if it drifts away
from the healthy condition. Diagnosis is identifying the root cause of a fault,
given that a fault has occurred. Prognosis assesses the current health level of
a component, and predicts the health of the component at some point in the
future [8]. Prognosis is a very challenging task because it needs reliability
modeling of the components. The condition monitoring technique requires
sensing and signal processing techniques as well as the knowledge of power
device failure mechanisms, which will increase the hardware complexity and
cost. Therefore, diagnosis techniques are still a cost-effective way to improve
the power electronic system reliability because they require less or even no
hardware complexity compared to condition monitoring techniques.

This chapter will focus on the open circuit faults in the matrix converters.
Firstly, the failure mechanisms of open circuit faults in the matrix converter
system will be described in detail. Then the condition monitoring technique
will be introduced. Finally, the previous proposed fault detection and diag-
nosis methods in both direct matrix converter and indirect matrix converter

systems will be reviewed.

3.2 Open Circuit Faults Mechanisms in Ma-

trix Converter Systems

An open circuit fault in the matrix converter system is usually caused either
by a power device failure or by a gate driver fault. When the fault is caused
by a power device failure, the power device reliability issues become a big

concern. Therefore, this section will describe the reliability issues and the
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failure mechanisms of power devices as well as the gate driver fault mecha-

nisms.

3.2.1 Power Devices Reliability Issues

Reliability is defined as the ability of an item to perform required function
under stated conditions for a certain period of time, which is often measured
by probability of failure, frequency of failure, or in terms of availability [33].
The availability is defined as the ratio of the total time a functional unit
is capable of being used during a given interval to the length of the inter-
nal. Power electronics reliability have been a significant concern since the
beginning of the power electronics applications. The good news is that the
power devices reliability has been dramatically improved in recent years [34].
For instance, the failure rate of the insulated gate bipolar transistor (IGBT)
power module has fallen from 1000 failures in time (FITs) in year 1995 to
20 FITs in year 2000, where 1FIT = 1% 1079 failures per device-hour [35].
However, the reliability issues of power devices is always a big concern in
safety-critical applications such as more electric aircraft (MEA) electrical
power system (EPS) [36]. For example, 21% of the failures of the voltage
sourced converters are caused by the semiconductor faults as shown in Figure
3.1 [1]. Another industry survey claims that the failure of the power devices
count for 38% of the total faults in the variable speed AC drive area [7]. The
results of these surveys indicate that the power devices reliability is still an

important focus in industry as well as in research.
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Figure 3.1: Failure distribution in power electronics [1]

3.2.2 Power Devices Failure Mechanisms

The failure mechanisms of the power devices have been well researched in
literature [37, 38, 39, 40, 41, 42, 43, 44, 45]. Knowledge of power device
failure mechanisms is necessary before doing fault detection and diagnosis
on the power devices. This is because the failure mechanisms will decide
what kind of fault will occur inside a power device. For example, the failure
mechanisms of the open circuit switch fault are different from the failure
mechanisms of the short circuit switch fault. Different types of power devices
also have different types of failure mechanisms. So the fault detection and
diagnosis strategy on power electronics should be developed based on specific
application conditions.

There are two different types of failure mechanisms of power devices. They
are extrinsic failure mechanisms and intrinsic failure mechanisms respectively.
The extrinsic failure mechanisms are due to the weaknesses in design and
manufacturing process. The intrinsic failure mechanisms are caused by the
time-dependent degradation of device characteristics during useful lifetime.
This section will ignore the weaknesses in design and manufacturing process
and focus on the intrinsic failure mechanisms because the components and
constituent materials are used close to their physical limits.

The intrinsic failure mechanisms include the sudden catastrophic failures
and wear-out failures. Sudden catastrophic failures can occur due to many

factors such as over-voltage leading to dielectric breakdown, over-current
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leading to overheating and destruction, over-temperature, and cosmic rays
radiation effects. The sudden catastrophic failures are unpredictable. The
wear-out failures are caused by the build-up of damage and gradual degra-
dation such as over-temperature, which eventually will lead to catastrophic
failure. Wear-out degradation mechanisms have no externally observable
change in performance or gradual decline in performance with time until
the catastrophic failure occurs. The wear-out mechanisms are usually pre-
dictable.

Take the insulated gate bipolar transistor (IGBT) for example, the cross-
sectional view of an IGBT is shown in Figure 3.2. The power module con-
sists of the wire bonds, the solder joints, the semiconductor devices, the ce-
ramic substrate, the heat spreader(base plate) and the bus-bars. The IGBT
power module wear-out mechanisms include the wire-bond lift-off, cracking
of die-attach solder, cracking and delamination of the substrate-to-base-plate
mountdown solder, and the delamination and fracture of ceramic substrates
[46].

Wire-bond lift-off is caused by thermal-mechanical stresses due to the
coefficient of thermal expansion (CTE) mismatch between the aluminum
wire and the silicon. This CTE mismatch will cause fatigue cracking at the
bond interface. The cracking of die-attach solder is caused by creep and
thermal-mechanical fatigue. Cracking and delamination of the substrate-to-
base-plate mountdown solder is also caused by thermal-mechanical fatigue
due to CTE mismatch between the involved layers. The delamination and

fracture of ceramic substrates is also due to the CTE mismatch [46].
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Figure 3.2: Cross-sectional view of an IGBT

3.2.3 Gate Driver Fault Mechanism

A gate driver fault may cause an open circuit switch fault or a short circuit
switch fault even though a semiconductor switch is in healthy condition.
This gate driver fault mechanism is called gate-misfiring. If a semiconductor
switch is supposed to turn off but the gate driver outputs a turn-on signal, it
may cause a short circuit switch fault. If a semiconductor switch is supposed
to turn on but the gate driver outputs a turn-off signal, it may cause an
open circuit switch fault. In most cases, the gate-misfiring is intermittent in
nature [9]. Therefore, real-time monitoring is essential especially in safety
critical applications such as more electric aircraft (MEA) electrical power
system (EPS).

3.3 Power Electronics Condition Monitoring
Methods

In order to guarantee the reliability of a power electronic system during op-

eration and prevent a catastrophic failure from occurring, a condition moni-
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toring scheme can be implemented either at the device level or at the system
level. Device level condition monitoring means that additional sensing units
are implemented to measure some specific device parameters which indicate
the degradation of the device. The measured device parameters include the
on-stage voltage, the temperature, and the gate drive signal. System level
condition monitoring means that the device condition can be indirectly mon-
itored by only using some specific system parameters. This is because the
power electronic system response will be affected by the degradation of a

power device.

3.3.1 On-State Voltage-Based Condition Monitoring

A sensing unit can be implemented into a device power module to periodically
monitor the on-state voltage (voltage between collector and emitter Vo when
switching on) and current of the device. The on-state voltage and current
of the device are sampled simultaneously. A on-state voltage look-up table
is saved for a range of given current values. For a given current value, the
simultaneously measured on-state voltage will be compared with the one in
the look-up table to monitor the health condition of the device. This method
can be used to detect the bond wire lift-off failure [47, 48, 49, 50, 51].

3.3.2 Temperature-Based condition monitoring

Additional temperature sensors can be located inside a device power mod-
ule as well as on the heat sink to measure the device temperature over a
period of time [52]. The temperature data is saved together with the cor-
responding load current. Then the recorded data is used to calculated the
thermal resistance of the power module at different locations. The aim of
the condition monitoring is achieved when the thermal resistance is changing
[53, 54, 47, 55, 56, 57, 58, 59].
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3.3.3 Gate-Signal-Based Condition Monitoring

The gate-signal-based condition monitoring is based on the gate voltage wave-
form during turn-on process. This is because the gate charge distribution is
affected by the degradation of the power device. However, the gate-signal-
based condition monitoring technique requires very high sampling resolution
of the voltage sensing unit in order to capture the Miller Plateau. Therefore,
this technique will greatly increase the hardware complexity and the cost
[60].

3.3.4 System Level Condition Monitoring Methods

Theoretically, the system response will be affected by the degradation of a
power device. So monitoring the power device condition on the system level
is possible by knowing the system characteristics [61, 50]. When monitoring
the power device condition at the system level, no additional sensing unit
is required by each power device. Instead, only system level signals such as
output voltages and /or output currents are required to detect the degradation
of a power device if the system behaviour under degradation conditions is
known. Therefore, the system level condition monitoring methods have the
advantage that minimum additional sensing units and hardware complexity
is required.

In order to successfully implement the condition monitoring methods on
system level, the following three requirements should be satisfied [8].
1) The system characteristic change under specific failure mode condition
must be known.
2) Advanced signal sensing and processing techniques might be required such
as over-sampling techniques.
3) High-frequency noise attenuation is necessary for advanced signal sensing
and processing techniques.

As mentioned before, condition monitoring is measuring the condition of a
component in real-time, and taking appropriate action if it drifts away from a
healthy condition. Diagnosis is identifying the root cause of a fault, given that

a fault has occurred. So a real-time fault detection and diagnosis system is the
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combination of system level condition monitoring techniques and diagnosis
techniques. In the next section, a literature review on fault detection and

diagnosis methods in a matrix converter system will be presented.

3.4 Open Circuit Fault Detection and Diag-

nosis in Matrix Converter Systems

It is inevitable that an open circuit fault will occur during a matrix converter
(MC) system lifetime. In order to continue operation, fast and reliable fault
diagnosis methods are essential to minimize the hazard of over-voltage or
over-current conditions. The fault detection and diagnosis methods in ma-
trix converter systems can be mainly divided into two categories: the signal
processing based diagnosis and the analytical model based methods. In this
section, these two categories of fault detection and diagnosis methods will be
described in detail.

3.4.1 MC Signal Processing Based Diagnosis

The signal processing based diagnosis analyzes the characteristics of the sam-
pled signals, such as the spectral components of the current. Characteristic

changes of the sampled signals can indicate that a fault is occurring.

MC Current Spectral Components Based Diagnosis

Current spectral components based diagnosis has been proposed in literature
[10]. This method analyzes the output current spectral components by using
Fast Fourier Transformation (FFT) analysis. Supposed that the fundamen-
tal component of the input current frequency is 50H z and the fundamental
component of the output current frequency is 100H z. Therefore, the spectral
components of output current will include other faulty-related component fre-
quency, besides the fundamental component of the output current. Output-
phase-a current spectral components on healthy and open-circuit operation

are shown below respectively in figure 3.3 to prove the theory mentioned

28



Chapter 3 — Matrix Converters Failure Mechanisms and Fault Diagnosis

mplitude

5

4

3 ; 1 2015
. :

1

0

H ; i H N ; ; o
o 100 200 300 400 &S00 600 700 GO0 900 1000 o 100 200 300 400 500 600 700 8O0 900 1000
fiequency Hz fiequency Hz

ampel(A)
L o v .

H 4 H H
0 001 0.02 0.03 004 005 008 0 0005 001 0015 002 0025 003 0035 004 0045 005
time (s time(s)

(a) Current spectra of the output  (b) Current spectra of the output
phase a when in normal opera- phase a when Swy. open-circuit
tion

Figure 3.3: Current spectra of matrix converter during normal and open-
circuit condition

above. Another similar diagnosis method is proposed in [62] to analyze the
current spectral components by using Discrete Wavelet Transform (DWT).
The main drawback of this spectral component based method is that it can-
not locate down to the single bidirectional switch which is open-circuit. It
can only detect the faulty phase because the spectral components of each

single faulty switch in one output phase are similar to each other.

MC Current Park Vector Based Diagnosis

Park Vector method is based on the alpha-beta transformation that trans-
forms the three phase output current into two phase alpha-beta frame. This
approach based on computer-aided monitoring of the three-phase supply cur-
rent Park Vector, and the fault diagnosis scheme is based on identifying
unique signature patterns in the figures obtained. Recently, some literature
[63, 64] uses the Park Vector to detect and diagnose fault in matrix convert-
ers.

The Lissajous curve is a circle with fixed frequency on healthy operation.
When in faulty condition, other frequency components are added and the
Lissajous curve shape changes due to the fault. Therefore, the fault can be
detected and diagnosed after minimum one complete output cycle, which

slows down the fault detection speed. Although the instantaneous frequency
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method [65] could reduce the detection time, it can only detect a fault rather
than diagnose it. Additional information such as switch state should also
be considered to locate the fault down to any single bidirectional switch. In
addition, this method also needs to consider the value of the duty-cycle to
ensure that the faulty switch is the predominant switch in one switch period.
This Park vector method is also used to detect and diagnose fault for sparse
matrix converters based on similar theory [64]. The Lissajous curve of the
matrix converter output current Park vector during healthy and open-circuit

operation is presented in figure 3.4.
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Figure 3.4: Lissajous curve of the matrix converter output current Park
vector during healthy and open-circuit operation
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3.4.2 MC Analytical Model Based Diagnosis

The analytical model based diagnosis requires the mathematical model of
the matrix converter system to do fault detection and diagnosis. Usually,
the switch matrix model of the matrix converter system is utilized to help
locate the fault. System level signals such as the MC output voltage, the
MC clamp circuit capacitor current, or the MC output current will also be

sampled for diagnosis purpose.

MC Output Voltage Based Diagnosis

The idea of the MC output voltage based method is to compare the actual
output voltage with the reference voltage value already known by the ana-
lytical model. The voltage signal based fault detection and diagnosis scheme
was first used for matrix converters in [11]. It is based on the indirect ma-
trix converter low frequency analytical model, which consists of an assumed
rectifier and inverter connected with a virtual DC-Link. This method com-
pares the actual output three phase voltages with estimated reference values
to get three phase error voltages, which can be used for fault detection and
diagnosis.

The matrix converter three phase output voltages can be estimated by cal-
culating the transfer matrix times the input voltages. The estimated voltage
is expressed in equation 3.1. Where Viyuia, Voury, and V.. are the estimated
output phase voltages. The error voltages are the difference between the
actual voltage value and the estimated voltage value and can be expressed

in equation 3.2.

outa SwAa SwBa SwCa V:inA
Voutv | = | Swap Swpy Swey | - | Vins (3.1)
Voute Swae Swpe Swee Vinc
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O(Ztrl; = ‘/outb - ‘thb (32)
V:Jtl ‘/outc - ‘_/outc
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These three output error voltages can only locate the fault on each phase,
not on each bidirectional switch. In order to diagnose which bidirectional
switch is open-circuit, input current-output voltage sector combination in-
formation is needed. Under normal operation, the output error voltages
should be extremely small, but the error voltage will increase obviously if an
open-circuit fault occurs. Therefore, this phenomenon can help to detect and
diagnose open-circuit fault. In addition, since voltage sensor is susceptible
to noise, therefore integration of the error voltage is needed to improve the
noise immunity.

One obvious disadvantage of this method is that three additional output
voltage sensors are needed, which is not usually available in traditional mo-
tor drive systems. This will increase the system complexity and decrease the
reliability. Moreover, the integration of the error voltage will slow down the
detection speed. In addition, the detection speed will become very slow if
the output frequency is close to input frequency, because it will take a long

time to get the information of the combination of the input-output-sectors.

In order to overcome the disadvantage mentioned above, more error signals
should be generated to locate the fault down to each bidirectional. Therefore,
papers [12, 66, 67] improved this method by using the switching function of
each bidirectional switch of the matrix converter to modulate nine Modulated
Error Voltage (MEV) signals. The procedure to calculate the nine MEV

signals is expressed in equation 3.3.
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This MEV method is an analytical method because the reference voltage
value can be calculated in real-time by using a low frequency modulation ma-
trix (LEFMM) mathematical model. Since there are delays in matrix converter
system such as IGBTs switching on and off time delay, and the respond time
delay of the voltage transducers (Hall effect sensors), so only after a certain
delay time the output error voltage should be evaluated to detect the fault.
In addition, the error voltage signals should also be integrated to avoid noise
issues. When the valid output voltages are measured after a delay time and
nine MEVs are calculated, an open-circuit fault can be diagnosed and located
on each bidirectional switch. Again, the added voltage sensors are sensitive
to noise and will increase the system complexity.

Other literature also proposed the similar output error voltage based and
nine MEV based fault detection method [68, 69, 70, 71]. Paper [68] proposes
an open circuit fault diagnosis method for the direct matrix converter with
model predictive control (MPC) strategy. This method estimates the out-
put voltage errors by using the output load model. The method proposed
in [69, 70] compares the measured output voltage signals with reference in-
put voltage signals, and then combines the switching state information to
generate error signals. A hysteresis detector is used to evaluate these error
signals. If the error signals reach certain limit value, a fault can be detected.
However, the added voltage sensors is sensitive to noise and will increase
the system complexity. In [71], an open circuit fault diagnosis method is
proposed based on the indirect matrix converter (IMC) topology with space
vector modulation (SVM) strategy. The proposed fault diagnosis method re-
quires additional voltage sensors to measure the IMC output voltages as well
as the fictitious DC-Link voltage. Again, this method requires additional

hardware complexity.

MC Clamp Circuit Capacitor Current Based Diagnosis

One fault detection and diagnosis method using clamp circuit current is pro-
posed in [72, 14]. This method uses an additional current sensor to measure

the current passing through the capacitors in the clamp circuit. The sensor
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placement is shown in figure 3.5. The matrix converter current clamp system
is presented in the figure 3.5 below. If an open-circuit fault happens in the
matrix converter, the load current will flow through the clamp circuit instead.
Therefore, the current flowing through the capacitor of the clamp circuit is
measured to modulate nine current errors. The nine current errors can be
expressed in equation 3.4. Where i; means the output phase currents, Sjiy
means the forward switch and S, means the reverse switch. Furthermore,
this method integrates nine current errors in order to provide noise immunity
as well as prevent incorrect faulty device diagnosis. However, the additional
current sensor increases the drive system complexity, which will decrease the
system reliability. Moreover, the integration of the current errors will slow

down the diagnosis speed.

Ltamp© l

Figure 3.5: Clamp circuit current sensor placement
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Another method is proposed in the literature [73] to overcome the disad-
vantage mentioned above. Three traditional current sensors are connected
close to the converter and the clamp circuit are connected closed to the load.
The current sensor location change enables the clamp circuit current mea-
surement without an additional current sensor. Therefore, the clamp circuit
can be reconstructed with some minor mathematical manipulations. The

clamp circuit can be expressed in equation 3.5.
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Using the information of the reconstructed clamp circuit current along
with three output current, the open-circuit fault can be diagnosed on each
bidirectional switch when sampling current within all three zero vectors.
However, the experiment results only show the fault location on each phase
rather than each bidirectional switch. Another disadvantage is that this
method only works well when the load current is flowing and the faulty
switch is the predominant switch. If there is little load current flowing, the
reconstructed clamp circuit current will be zero and the fault cannot be de-
tected.

MC Output Current Based Diagnosis

Paper [15] proposes a fault diagnosis method which relocates the three out-
put current sensors ahead of the clamp circuit to directly measure the matrix
converter output current within three different zero vectors. The space vec-
tor modulation (SVM) technique is used in this method. However, the zero
vectors duty-cycle are extremely small and hard to capture in high modu-
lation ratio occasions. A similar fault diagnosis method is proposed in [16],
relying on the load currents decreasing to zero. The model predictive con-
trol (MPC) technique is applied in this method. However, waiting for load
current to decrease to zero will slow down the fault diagnosis process.

The main advantage of the proposed fault diagnosis methods in [15, 16] is
that it requires no load model or additional sensor. However, the limitation of
this method is that there is not enough expert knowledge about how current
circulates in the matrix converter during a fault period, to guarantee the
fault diagnosis system to make correct diagnosis about which switch is open-
circuit. For instance, if the open-circuit load current flows through the clamp

circuit and matrix converter and back to load, the common mode current will
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exist in the matrix converter and may cancel the current in the healthy phase
such as output phase b. Therefore, the output phase b current will be zero
and the fault diagnosis system will assume output phase b as open circuit.
This wrong detection can be solved if more expert knowledge, such as how
current circulating in clamp circuit and in matrix converter, is added into

the fault diagnosis system.

3.5 Summary

This chapter introduces the open circuit faults in the matrix converter sys-
tems. Firstly, the failure mechanisms of open circuit faults in the matrix
converter system is described in detail. Then the condition monitoring tech-
nique is introduced both on the device level and on the system level. Finally,
the previous proposed fault detection and diagnosis methods in the matrix
converter systems is reviewed.

This chapter focuses on the open circuit fault in the matrix converter sys-
tem. The open circuit fault can either be caused by the power device failure
or by the gate drive circuit failure. There are three ways to improve the
reliability of a matrix converter system and mitigate the damage caused by
the open circuit fault. These three ways are prognosis, condition monitoring,
and diagnosis respectively. The prognosis is a very challenging task because
it needs the reliability modeling of the components. The condition moni-
toring technique requires sensing and signal processing techniques as well as
the knowledge of power device failure mechanisms, which will increase the
hardware complexity and cost. The real-time fault diagnosis technique is the
combination of the system level condition monitoring technique and the diag-
nosis technique. Therefore, the diagnosis technique is still a cost-effective way
to improve the matrix converter system reliability because it require less or
even no hardware complexity comparing to condition monitoring technique.

Fault diagnosis technique requires the expert knowledge of the system
behaviour under a fault condition. For example, the fault diagnosis in a di-
rect matrix converter system with finite-control-set model-predictive-control

(FCS-MPC) strategy does not require over-sampling technique because there

36



Chapter 3 — Matrix Converters Failure Mechanisms and Fault Diagnosis

is only one fixed switching state during each modulation period. However,
for the space vector modulation (SVM) strategy and the modulated model-
predictive-control (M2PC) strategy, the over-sampling technique may be re-
quired because the switching state during each modulation period is chang-
ing. Therefore, the fault diagnosis algorithm design highly depends on the
characteristics of the matrix converter system, including the topology, the

control strategy and so on.
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Chapter 4

Matrix Converter System
Modulation and Control

4.1 Introduction

This chapter will introduce commonly used modulation techniques for which
the fault diagnosis techniques described later will be required to be able to
use. This chapter introduces the Space Vector Modulation (SVM) strategy
and the Finite-Control-Set Model Predictive Control (FCS-MPC) strategy
for the direct matrix converter (DMC) system. In addition, this chapter
also introduces the Finite-Control-Set Model Predictive Control (FCS-MPC)
strategy for the indirect matrix converter (IMC) system. Moreover, the faulty
behaviour analysis under an bidirectional switch open circuit fault in both

the direct and indirect matrix converter systems is presented in the chapter.

4.2 Space Vector Modulation for Direct Ma-

trix Converters

This section will introduce the Space Vector Modulation (SVM) strategy
applied to the direct matrix converter system. The SVM strategy applies
specific switching vectors for a pre-calculated time with a specific switching

sequence during each modulation period. The demand output voltage and
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input current vectors can be synthesized by applying each specific switching

vector with a specific duty cycle.

4.2.1 SVM switching vectors

The valid switching vectors for a direct matrix converter are shown in Table
4.1. There are a total of 21 valid switching vectors. These 21 valid switching
vectors are grouped into two different categories. Those that interconnect
all of the output phases to the same input phase are called zero vectors.
The rest of the 18 switching vectors which connect two output phases to the
same input phase and the remaining output phase to another input phase
are called active vectors. Where «, is the angle of the output voltage vector

and (; represents the angle of the input current vector.

39



Chapter 4 — Matrix Converter System Modulation and Control

Table 4.1: Valid SVM switching vectors for direct matrix converter as shown
in Figure 2.1

Switching Switches Up a, 1 Bi
configuration On

+1 SAa SBb SBc 2/3uAB 0 2/\/5% —7T/6
—1 SBa Sap Sac —2/3usp 0 —2/\/3i, —n/6
42 Spa Scw Sce  2/3upe 0 2/V3i, /2
-2 Sca Spy Spe —2/3upc 0 —2/\/3i, /2
+3 Sca Sap Sac 2/3uca 0 2/V3i, Tn/6
-3 Saa Scp Sce —2/3uca 0 —2/\/3i, Tn/6
+4 Spa Sap Spe  2/3uap 273 2/\V3iy, —m/6
—4 Saa Spp Sac —2/3uap 273 —2/\3i, —n/6
+5 Sca Spy Sce  2/3upc  27/3  2/V/3i,  7w/2
-5 SBa SCb SBc _2/3UBC 27T/3 —2/\/3% 7T/2
+6 Suaa Sey Sae 2/3uca 273 2/\/3iy,  Tn/6
—6 SCa SAb SCc —2/3UCA 271'/3 —2/\/§ib 77T/6
+7 SBa, SBb SAc 2/3UAB 471'/3 2/\/§ic —7T/6
=7 SAa SAb SBc _2/3UAB 47T/3 —2/\/§’ic —7'['/6
+8 Sca Sey Spe 2/3upc 4n/3 2/\/3Bi. /2
-8 SBa SB(, SCc _2/3UBC 471'/3 —2/\/3% 71'/2
+9 SAQ SAb SCc 2/3UCA 471'/3 2/\/§ic 77‘(‘/6
-9 Sca SC’b SAc _2/3UC'A 47T/3 —2/\/§’ic 77‘(‘/6
04 Saa Sap Sac 0 - 0 -
Op SBa SBb SBe 0 — 0 -
Oc Sca Sci Sce 0 — 0 —

According to the value of «, and ; in Table 4.1, it can be seen that the
active vectors can divide the input and output o — 3 coordinates into six
sectors. The output line-to-neutral voltage sectors together with the num-
bered vectors which produce output in the relevant directions are presented
in Figure 4.1. The input line current sectors together with the numbered

vectors which create the vector directions are shown in Figure 4.2.
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Figure 4.2: Input line current sectors
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The input line current space vector can be derived from the output cur-
rents. The input current vector i; and the output voltage line-to-neutral space
vector u, are given in equation 4.1. Taking the -6 active-vector as an exam-
ple, the input currents are given by i4 = iy, i1 = 0, and i¢c = 1, + 1. = —1p.
Substituting these values into equation 4.1 and calculating the synthesized

input current vector, the -6 space vector can be obtained as —2/ V/3iy.

fi:2/3*(ia+ib*ej2”/3+ic*ej4’r/3) (4.1)
i, = 2/3 % (vao + vpo * €7 £ vgo * 47/3) '

The output line-to-neutral voltage vector can be derived from the the
input voltages as shown in Figure 4.3. Taking +1 active vector for in-
stance, for the line-to-neutral case Voui—o = 2/3(Vag), Vour—o = —1/3(Vag),
Vout—e = —1/3(Vap), the synthesized output line-to-neutral voltage vector
can be calculated out as 2/3(Vap) by equation 4.1.

Three-phase balanced input voltages

Three-phase balanced loads : Load-a = Load-b = Load-c

Voua™ 23 Vg
........... I
A f —]

: Simplified
. Matrix . N

\Y Converter : Vous=- 13V
| AB

+1 Active . 4_ Neutral

) Vector . b Load-b Point
i + . ®
V(}ul—c =- 1/3 V/\B
joad—c
. — I
Cc = A

Figure 4.3: Output voltage space vectors representation
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4.2.2 Direct Matrix Converter SVM Strategy Switch-
ing Sequence

The SVM strategy usually selects both the active vectors and the zero vectors
to synthesize the reference vector. The knowledge about which vectors to
apply, the sequence of the applied vectors and the duty cycle is required to
be decided by the SVM algorithm. This section discusses three SVM strategy
switching sequences. There are: SVM with three zero vectors per sequence
(3-Zero-SVM); SVM with two zero vectors per sequence (2-Zero-SVM); and
SVM with one zero vector per sequence (1-Zero-SVM).

The 3-Zero-SVM switching sequence is shown in Figure 4.4. The 2-Zero-
SVM switching sequence is shown in Figure 4.5. The 1-Zero-SVM switching
sequence is shown in Figure 4.6. The 1-zero-SVM has the potential of lower
switching loss due to less number of switching in each PWM period compared
to 3-Zero-SVM and 2-Zero-SVM. However, the 1-zero-SVM has the potential
of higher switching harmonics compared to 3-Zero-SVM and 2-Zero-SVM. In
terms of fault diagnosis, the 1-zero-SVM will be a better choice because it

will make the fault diagnosis algorithm easier to locate the faulty switch.

‘SCa ‘L SAa j‘ SBa A SBa j‘ SAa ‘E‘SCa R
ECa /275‘ tha 2 ';‘tBa /2' ‘tBa /2'§‘ taa /2 'é Eca /2'
~ Sep i Sap j‘ Sep | Sep i Sab i Scp
tep 12 tan /2 Pty /2 tap /2 tap /2 Pt /2
P SCc P SAc i SBc P SBc i SAc ‘-‘ SCC R
tee /2 tac /2 tge /2 tge /2 tac /2 tee /2

03 -3 +9 0, -7 +1 0, 0, +1 -7 (0} +9 -3 03

) T /2 i T, /2 !

Figure 4.4: The 3-Zero-SVM switching sequence
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Sea | Sha P Sea | Sea i Sa i Se
< tca P 'E‘ tAa /2 ri‘ tBa /2 " ‘tBa /2 ';‘ tAa /2 'é‘ tca /2'
S i sw i s | Se Goosw i sy
tep /2 P a2 tap /2 tan /2 bt /2 tep /2
P SCc j‘ SBc P SBc j‘ SCc R
tee /2 ) tge /2 tee /2
03 i-3 g +9 g 7 i+ g 0, 0, ) g -7 g +9 g -3 g 03
) T /2 1 T /2 .
Figure 4.5: The 2-Zero-SVM switching sequence
SAa SAa
) taa /2 T tha /2 -
Scp i Sap i Sep | Seb j‘ Sap j‘ Sco
tey 12 tap /2 ey /2| tey /2 tap /2 ftep /2
~ Sce j‘ Sac J“ Skc W Ske o Sac g Sce R
teel2 1 tael2 b g2 | teel2 G tel2 P tel2
31 +9 0, b7+l [ 41T 0s +9 | -3
) T /2 1 T /2 |
Figure 4.6: The 1-Zero-SVM switching sequence
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4.2.3 Direct Matrix Converter SVM Strategy Duty
Cycle Calculation

This section discusses how to calculate the duty cycle of each applied vector.
Assume that now the input-output sector combination is 1-1. Define &, =
a, — m/6 . @, is the angle between the output reference voltage and the
bisecting line of each output voltage sector. From Figure 4.7, the output
reference voltage vector V) can be divided into two vectors as presented in
Vor and Vps.

Bisecting Line

pi/6 - a1,
- <
Von
e v,
O = 0
o 3
. - a
Y > =
1 Vo 2
4

Figure 4.7: Output voltage vector 1

From the figure 4.7, we calculate the length of 1,2,3, and 4 as shown from
Equation 4.2 to 4.5.

length, = |V,| * cos(a,) = |V,| * cos(a, + 7/6) (4.2)
length, = |V, | x sin(a,) = |V,| * sin(a, + 7/6) (4.3)
length, = length,/v/3 = (1/v/3) % |V, | % sin(c, + 7/6) (4.4)
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length; = length, — length,

4.5
= |V,| % cos(d, + 7/6) — (1/V/3) x |V, | % sin(d, + 7 /6) 45)

Therefore, V5 equals to the value of lengths:

Voo =/1+1/3%|V,| «sin(d, + 7/6 + tan~ (—v/3)) (4.6)

Where tan~'(—+/3) equals to 2 * 7/3. After some manipulation, V,; is

shown in Equation 4.7.

Ve =14+ 1/3%|V,]| *cos(a, + 7/3) (4.7)

Vo1 is shown in equation 4.8.

Vo1 = 2 % length, = 2 * (1/\/5) * |V,|  sin(@, 4+ 7/6) (4.8)

After some manipulations, V,; can be expressed in Equation 4.9.

Vo = 2% lengthy = 2% (1/v/3) % |V,| % cos(@, — m/3) (4.9)

According to the literature written by Casadei [19], two equations can be
written with reference to the output voltage vector as expressed in Equation

4.10. Assume that now the input-output sector combination is 1-1.

Ve = Vil 5 07 —|—V£I o1
= 2% (1/V/3) * [V, | * cos(c, — m/3) % e™/3
Voo = VIt L7 4 51V

= 2% (1//3) |V, | * cos(d, + 7/3)

(4.10)

There is a /™3 in V,; because the angle of vector V,; is 7/3 as shown in
Figure 4.7. The angle of vector Vo, is 0 as shown in Figure 4.7, so there is

no angle term in V,5. When considering all the 6 output voltage sectors, the
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Equation 4.10 can be generalized in equation 4.11. Where K, is the output

voltage sector number.

Vo =Viash + V7 ss!

= 2% (1/V3) ¥ |V,| * cos(@, — m/3) x edlFv=Dm/34/3]
Voo = Vin s 61T 4 Vﬁv % 01V

= 2% (1/V/3) % |V, |  cos(d, + m/3) % eIl o= D7/3]

(4.11)

Since the output voltage sector is 1, so two of the four selected active

vectors are expressed in Equation 4.13:

V, = (2/3) % Vay % e 4/3

| (4.12)
V., = (2/3) % Vig x e?*4/3

Then we calculate the V3, and Vi, expressed in Equation 4.13 and 4.14:

Var=Vs = Vp
=V, xcos(o; —4*7/3) — V; % cos(ay
(0= 427/ @
=V, * (=2 *sin(q; — 2% 7/3) xsin(—2 % 7/3))
= V3% V; xsin(a; — 2% 7/3)
Vie=Vi -V,
=V, *xcos(qy) — V; % cos(oy; —2xm/3
(@) (=2 7/3 "

= V; % (=2 *sin(a; — 7/3) * sin(7/3))
= —V3xV; xsin(a; — 7/3)

Therefore, Vﬁ and Vil can be expressed in equation 4.15.
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Vi = (2/3) * \/§ * ‘/; * sin(ogi — 2% 7-[-/3) * ej*4*7'r/3

11

T (3/3) # (—Ex Vinsin(oy — mfg) ettt )

Then substitute Equation 4.15 into Equation 4.10. After some manipu-
lation, one of the equations about duty cycle 87 and §7/ can be obtained in
Equation 4.16. Where ¢ is the modulation depth V,,;/V;,

cos(a; — 71 /6) % ' — cos(a; — 57/6) x ' = —q % cos(a, — 7/3)  (4.16)

Bisecting line

Sector 1

Figure 4.8: Input current vector 1

Next, try to get the other equation about duty cycle 7 and ¢/ | in order
to solve these two active duty cycles. The input currents sector 1 is shown
in figure 4.8. It can be seen from Figure 4.8 that ¢; is the input power factor
angle, «a; is the input voltage vector angle, (; is the input current vector
angle, /3; is the angle between the input current vector and the bisecting line

of each input current sector. In the input current sector 1, 5; = 8;. The sum
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of the two active current vectors +9 and 47 must be in the same direction as
the input current vector. Also, the sum of two active current vectors +3 and
+1 must be in the same direction as the input current vector. According to
this, another two equations can be acquired to solve the active duty cycles.
These two equations are expressed in Equation 4.17. Where K; is the input
current sector number. One thing important is that two vectors use dot

product.

({I % 5[ + Z 511) ejﬁzej(K )ﬂ/3 — 0

4.17
51[[ + Z * 5IV) X jejﬁiej(Ki—l)ﬂ/S =0 ( )

=111
(2;

From Table 4.1, it can be see that two of four active current vectors are

expressed in equation 4.18.

@I = (2/V/3) % i, % &IT™/6

= (2/V/3) * i % e79™/6 (4.18)

Since in the input sector 1, we substitute Equation 4.18 into Equation

4.17, we can obtain Equation 4.19.

(€j77r/6 % 61 4 e—I7/6 4 511) . iBitm/2 0

51 " (ej77r/6 . ej5¢+7r/2) + (51'[ " <€j—7r/6 X ejﬂ_i"rﬂ’/Q) -0

51w (7710 . 1PiFTI2) = 61 s cos(Tm /6 — B — 7/2) = —6" % cos(fB; + 7/3)

51T s (e777/6 . @IBH7I2) = 1T s cos(—m )6 — B; — 7/2) = —0'T % cos(B; — 7/3)

—6" x cos(B; +1/3) — 8 xcos(B; —7/3) =0

—6" % cos(B; +m/3)
cos(B; — 7/3)

(4.19)

51] —

After calculating out the 6/ using §7, then substitute 6/ into equation

4.16, duty cycle §7 can be calculated as shown in Equation 4.20.
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—&1 % cos(B; +m/3)
cos(B; — 7/3)

cos(o; — 71 /6) x0T —cos(a; — 57 /6) *( ) = —qxcos(q,—m/3)
(4.20)
After some manipulation, duty cycle 67 is calculated out in input-output

sector combination 1-1 and expressed in Equation 4.21.

51— 2 . cos(a, — m/3) * cos(f; — 7/3)
cos(¢;)

V3

Finally, all the four active vector duty cycles are calculated out when

(4.21)

considering 36 the input and output sector combination conditions. The
duty cycles are presented in equation 4.22. Where K, is the output voltage

sector number and Kj; is the input current sector number.

51— (_1)Kv+Kii s cos(a, — m/3) * cos(B; — 7/3)

cos(;)
i Kyt K4l 2 . cos(a, — m/3) * cos(B; + 7/3)
T cos()

(4.22)
SIIL (1)Kot 2 - cos(a, + m/3) * cos(B; — m/3)

\/§ cos(p;) 7
(_1>K/U+Kii . cos(@, + 7/3) * cos(B; + 7/3)

\/§ % cos(p;)
4.3 Model Predictive Control for Direct Ma-

trix Converters

51\/ _

This section will introduce the Finite Control Set Model predictive Control
(FCS-MPC) strategy applied to the direct matrix converter system. In or-
der to implement the FCS-MPC strategy onto the direct matrix converter
system, a discrete-time model of the direct matrix converter is required. In
addition, the discrete-time models of the input filter and the output load is
required by the FCS-MPC strategy to predict the discrete-time variables in

the direct matrix converter system such as the input voltages, source currents
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and output currents.

4.3.1 Direct Matrix Converter Model

The direct matrix converter is comprised of nine bidirectional switches as
shown in Figure 4.9. The switch state matrix M is shown in Equation 4.23.
Sik(j = A, B,C;k = a,b,c.) represents the switching state of each bidirec-
tional switch. Sj; = 0 means the switch S;; is off and S;; = 1 means the
switch Sj; is on. The output voltage of the direct matrix converter is the
function of the switch state matrix and the input voltage of the direct matrix
converter as shown in Equation 4.24. The input current of the direct matrix
converter is the function of the switch state matrix and the output current

of the direct matrix converter as shown in Equation 4.25.

J
N
. iIA|UiB [UiC U
US:A IsA | R;

mQSAa 1.5 | SAc
UsBig 1, Ri
" :3 TOSBa ((ost Tc SBc

[
O
ol
O
-
X
oY
w
O
o

Sca \LScb |
iioa iob oc
u u u
L — T | Yoa ob oc
2? Uep |Cep # || | |
T L L L
L 1- 1
Clamp Circuit R R R
N

Figure 4.9: Direct matrix converter topology
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Siaa Spa Sca]
M| = |Su Sm Sl (4.23)
Sac Spe Sce]
Uoa Saa Spa Sca| [uia
Uoh | = | Sab Sey Scw| - | Ui (4.24)
Uoe Sac Spe Sce] |Uic
iiA Saa Sav Sac| [ioa
iip| = | SBa So SBe| * |tob (4.25)
bic Sca Scv Sce] | foe

During the normal operation of the direct matrix converter, the input
terminals of the DMC should not be short circuited because it is fed by a
voltage source. At the same time, an output phase of the DMC must never
be open circuited due to the nature of inductive load. Therefore, the switch
states of the nine bidirectional switches at any instant time have to satisfy

the condition as presented in Equation 4.26.

0<m;; <1, j=A,B,C, k=a,b,c.
Saa+SBa+ Sca =1
Sap+ Sy + Scp =1
Sac+ Spe+ Sce =1

(4.26)

Where S;x(j = A, B,C;k = a,b,c.) stands for the switch state of each
bidirectional switch. Sj; = 0 means the switch Sj; is off and S;; = 1 means
the switch Sj;, is on. Therefore, in total of 27 valid switching states satisfy the
operating requirement of the direct matrix converter. The 27 valid switching
states are listed in the Table 4.2.
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Table 4.2: Valid switching states for the DMC with FCS-MPC strategy

Switching Switches
configuration On
+1 Saa SBb SBe
-1 SBa SAb SAC
+2 SBa Scb Sce
-2 SC’a SBb SBC
+3 Sca Sab Sac
-3 Saa Scv Sce
+4 SBa Say SBe
—4 Saa SBb Sac
ACtiVG +5 Sca SBb SCc
Vectors -5 SBa Scv SBe
+6 Saa Scv Sac
—6 SC’a SAb SCC
+7 SBa SBb SAc
=7 Saa Sap Sge
+8 SCa SC’b SBC
—8 SBa SBy Sce
+9 Saa Sav Sce
-9 Sca Scb Sac
Zero OA SAa SAb SAC
Vectors OB SBa SBb SBc
Oc Sca Scb Sce
—— Saa SBb Sce
—= Saa Scv SBe
Rotating —— SBa Sap Sce
Vectors —— SBa Scv Sac
—— Sca Sav SBe
—— Sca Sy Sac
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4.3.2 Input Filter Model

The input filter being discussed in this section is the LCR filter as shown in
the Figure 4.9. The time-continuous model of the LCR input filter can be
described by Equation 4.27.

Li% = us — u; — Ryis
dt (4.27)

C’-% =i, — 1,

(2 dt S (3

Where L;, C; and R; are the input filter inductance, capacitance and
resistance respectively. Where u, is the input source voltage, u; is the direct
matrix converter input voltage, and ¢, is the source current. The state-space
description of the input filter time-continuous model is shown in Equation
4.28.

du;
dt

dis
dt

U; Ug
= A +B (4.28)

is 1
Where A and B are presented in Equation 4.29.

0 L 0 -1
A= 1 B= (4.29)

1 R 1
L L; - 0

A discrete time of model of the input filter can be obtained by discretizing
the time-continuous model as shown in 4.28. The input filter discrete model

is shown in Equation 4.30.

k1

U,

U
e +H (4.30)

k+1 -k -k
2 2 2

k
s

Where G and H are presented in Equation 4.31.
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G = eATS

(4.31)
H=A"YG-1)B

By substituting Equation 4.31 into Equation 4.30, the input voltage of
the direct matrix converter and the input source current can be predicted
at the next sampling time point T+, The predicted input voltage value of
the direct matrix converter is shown in Equation 4.32. The predicted input
source current value is shown in Equation 4.33. D1 — D4 and E1 — E4 are
the coefficients made up to facilitate getting Equation 4.30 from Equation
4.31.

7

i = Byuf + Byuf + Esif + Byt (4.33)

4.3.3 Owutput Load Model

The output load being discussed in this section is a three phase resistance-
inductive load as shown in Figure 4.9. The time-continuous model of the

resistance-inductive load can be described by Equation 4.34.

di
L—2 = u, — Ri, 4.34
y7 (4.34)
Where L is the load inductance and R is the load resistance. Where 7, is
the load current and u, is the output voltage. When taking sampling time 7
into consideration, the load current i, can be discretized by a forward Euler
approximation as shown in the Equation 4.35. By substituting Equation 4.36

into Equation 4.35, the output current of the direct matrix converter at the
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next sampling point T*+! time point can be predicted.

i = ik Fuk (4.35)

The F; and F, are shown in Equation 4.36.

T
Fl - 1 - R
L (4.36)
F=

4.3.4 FCS-MPC Strategy

The FCS-MPC strategy enables the controlled variables to achieve the corre-
sponding reference at the end of each sampling time period Ty by predicting
the controlled variables two steps ahead within one sampling time period
Ts. The time diagram of the FCS-MPC algorithm is presented in Figure
4.10. The FCS-MPC algorithm computes the controlled variables such as
the output current i, and the input current i, at T**2 time point. The out-

put current i*t2 and the input current *+2

are calculated for every one of
the 27 possible switching states. The switching state which can generate the
minimum error between the predicted variable value and the reference vari-

able will be selected as the output switching state during the next sampling

period T%.
w® i Uk kD) Uk +2)
u® i ulkrd i D) ke i (+2)
OB () (k+1) : (k+1) (k+2) - (k42
uj ii u; ji k) - U j(k+2)
[M(k)] i i [M( + )] i i
Ts Ts
Ts(k) Ts(k+1) Ts(k+2)

Figure 4.10: The time diagram of the FCS-MPC algorithm

The output current of the direct matrix converter ¥, the input voltage
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u¥ of the direct matrix converter, the input source voltage u¥, and the in-
put source current i¥ are sampled by the sensors at sampling point T*. The
switching state matrix [M*] represents the output states of the nine bidirec-
tional switches. The output switching states [M*] will last for one sampling
period T from time point T to time point 7#*!. The variables for FCS-MPC

algorithm at time point T are presented in Equation 4.37.

(

ug = [M*] - u
ik = Sampled by sensor
uf = Sampled by sensor (4.37)
u® = Sampled by sensor
i* = Sampled by sensor
k

\

k+1

The output current of the direct matrix converter 7,7 can be computed

by the discrete-time output resistance-inductance load model as shown in

1

Equation 4.35. The input voltage u*™' of the direct matrix converter and

the input source current 7*™! can be predicted by the discrete-time input filter
model as shown in Equation 4.32 and Equation 4.33. Therefore, the variables
for FCS-MPC algorithm at time point T**! are presented in Equation 4.38.

(uk+1 — [MFH] b
i =F uk + Fy - if
urtt = B cuf By ul + By if 4 By il

(4.38)
ik+1 :Dluk+D2uf+D32’§+D4zf
L = (MR e
\ l
Next, the FCS-MPC algorithm will compute the output current i**? and

the input current i**2 for every one of the 27 possible switching states as
shown in the Table 4.2. By substituting the Equation 4.38 into Equation

4.32 4.33 4.36, the output current i**? and the input current i**2 can be
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obtained as shown in Equations 4.39 and 4.40.

i];+2 _ Fl . [Mk'—l-l] . uéc—i—l

+F - Fy - [MF] - (4.39)
+ By Fy - ik

i*2 = (Dy + Dy - Ey + Ds - D1)u
+(Ds - By + D3 - Dy)u,
+(Dy - Es+ D3 - D3)i
+(Dg - Ey + D3 - Dy)i;

+Dy - Fy - [MM
+Dy - Fy - [M*] -4

T LI I o

(4.40)

Qx> o =

The three phase source voltages us are shown in Equation 4.41. Where
Us, is the amplitude of the source voltage, and ® is the angle of the source
voltage vector u; which can be derived from wu,,, ug and wug. The three
phase reference output currents i’ is shown in Equation 4.42, where 6 is the
reference output current angle. The three phase reference source currents ¢}
are shown in Equation 4.43. This section considers the input power factor
to be 1 so the displacement angle 1) between source voltage us and source
current ¢, is 0. Where I} is the amplitude of the reference source current

» %k

iy.

Usqg = Ugp cos(P)
2
Ush = Usm COS(@ - gﬂ') (441)

2
Use = Usgp cos(P + §7r)
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it = I3, cos(0)

Lobp = ]0771 COS(Q - gﬂ') (442)

2
ir. =1 cos(6+ §7r)

m

iv, = I, cos(P)

m

lsp = Ism COS((I) - 571') (443)

m

2
ir. =17, cos(®+ gﬂ')

The amplitude of the reference source current I}, can be derived by the
active power flow of the direct matrix converter. The input active power
Py, can be calculated by Equation 4.44. The output active power P,,; can
be calculated by Equation 4.45. The 7 is the efficiency of the direct matrix

converter and can be calculated by Equation 4.46.

3

F)i - i(UsmIsm COS<¢) - I:mQRz) (444)
3 * 2
Pout = §Iom R (445)
Pout
= 4.46
n=p (4.46)

According to Equation 4.45 4.44 4.46, the amplitude of the reference

source current [ ~can be calculated by Equation 4.47.
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2 x 2
—NUsm £ \/ (MUsm)” — 4nRil5, "R (4.47)

* J—
Ism -

4.3.5 FCS-MPC Algorithm Cost Function

The three phase voltage and current vectors are transformed by using an
« — (3 linear transformation as shown in Equation 4.48. Where [V, V}, VC]T
is the three phase voltage or three phase current vector, and [V, Vg]T is the

« — (3 coordinate vector.

v 2 1 17 |V
al |3 73 3

vol [0 N1 R AC (4.48)
B 3 3 v

In FCS-MPC algorithm, the cost function is a function that the algorithm
wants to minimize. This is often represented as the difference between the
demand and the algorithm’s output. The cost function of the FCS-MPC
can be defined in different format depending on the control priority of the
controlled variables. One way to define the cost function of the FCS-MPC
for the direct matrix converter is based on errors of the output current i,q
and the source current i,,3. The err, is the error between the real output
current value 7,,3 and the reference output current value izaﬁ. The err, is
the error between the real input source current value 5,45 and the reference
source current value iy, 4. The error err, is calculated by Equation 4.49 and

errs is calculated by Equation 4.50.

€T = lpag — loap (4.49)

ErTs = lyng — lsaf (4.50)
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The cost function g of the FCS-MPC algorithm is defined by Equation
4.51. The weighting factor A in the cost function g is empirically tuned
according to [74].

g=erro+ A-errg (4.51)

At the beginning, the weighting factor A\ is set to 0, The output load
current will be given priority at the cost of highly distorted input source
current. Next, the weighting factor A is tuned in order to achieve unity input
power factor. At the same time, the output current needs to maintain good
performance. Finally, The cost functions of all the 27 possible switching
states will be calculated during each sampling period T;. The 27 possible
switching states will generate 27 cost function values ¢gF*%[i] at the time
point TF"2. The switching state [M**!] which has the minimum ¢*2[i] will

be chosen during the next sampling period as shown in Equation 4.52.

gIM* ] = min{g*+?[i]}, i=1,2,..,21. (4.52)

4.4 Model Predictive Control for Indirect Ma-

trix Converters

The indirect matrix converter is comprised of a rectifier stage and an inverter
stage as well as a fictitious DC-Link as shown in Figure 4.11. The rectifier
stage switching state matrix M,ccifier is shown in Equation 4.53. S,;(j =
1,2,...,6.) means the switching state of the rectifier switches. The inverter
stage switching state matrix Mpyerter is shown in Equation 4.54. S;;(j =
1,2,...,6.) means the switching state of the inverter switches. S,; = 0 means
the switch S,; is off and S,; = 1 means the switch S,; is on. The same rule

applies on the inverter switches.
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Figure 4.11: Indirect matrix converter topology

[S,1 Sy S,
[Mrectifier} = _Srjl STZ STi] (453)
|:Minverter:| = —Si S’L SZ (454)
_Sz'4 Sz Sz'2

4.4.1 Indirect Matrix Converter Model

For the rectifier stage, The fictitious DC-Link voltage u4. is acquired as a
function of the input voltages us and the rectifier stage switching states as
shown in Equation 4.55. The input current 75 is obtained as a function of
the fictitious DC-Link current 74. and the rectifier stage switching states as

shown in Equation 4.56.

Uge = [Srl - ST4 Srg - Sfr'ﬁ Sr5 — ST‘Q]US (455)
Srl - Sr4

is = ST‘3 - Sr6 Ude (456)
Sr5 - S’I”Q
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For the inverter stage, the output voltage u, is acquired as a function of
the fictitious Dc-Link voltage ug. and the inverter stage switching states as
shown in Equation 4.57. The fictitious DC-Link current i4. is obtained as a
function of the output current 7, and the inverter stage switching states as

shown in Equation 4.58.

Si1 — S;

Uy = Sz - Sz Ude (457)
S5 — S,

iae =[S Sis Sislio (4.58)

4.4.2 Input Filter Model

The input filter being discussed in this section is the LCR filter as shown in
the Figure 4.11. The input filter discrete time model in the indirect matrix
converter is exactly the same as the one in the direct matrix converter as

shown in Equation 4.59. Where GG and H are presented in Equation 4.60.

=G +H 4.59
Ak i i (4.59)
G =T

(4.60)
H=AYG-1)B

By substituting Equation 4.60 into Equation 4.59, the input voltage of
the indirect matrix converter and the input source current can be predicted
at the next sampling time point T+, The predicted input voltage value of
the indirect matrix converter is shown in Equation 4.61. The predicted input

source current value is shown in Equation 4.62.
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%

i = Biuf + Byuf + Esif + Byt (4.62)

4.4.3 Output Load Model

The output load being discussed in this section is a three phase resistance-
inductive load as shown in Figure 4.11. The output load discrete time model
in the indirect matrix converter is exactly the same as the one in the direct
matrix converter as shown in Equation 4.63. The F; and F5 are shown in
Equation 4.64.

i = ik + (4.63)
T
Fl == 1 - R
L (4.64)
Py = f

4.4.4 FCS-MPC Strategy

The time diagram of the FCS-MPC algorithm is presented in Figure 4.12.
It can be seen from the time diagram that the indirect matrix converter
FCS-MPC algorithm is very similar to that of the direct matrix converter
FCS-MPC algorithm. The slight difference in the indirect matrix converter
system is that the fictitious DC-Link voltage u4. and current i4. have to be
calculated by the FCS-MPC algorithm.
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Figure 4.12: The time diagram of the FCS-MPC algorithm

The fictitious DC-Link voltage ug.* at sampling point 7, 'F is calculated
by Equation 4.65. The fictitious DC-Link current i4.* at sampling point T3~
is calculated by Equation 4.66. The fictitious DC-Link voltage uq. ! at
sampling point 7,**! is calculated by Equation 4.67. The fictitious DC-Link

k+1

current 74"t at sampling point 7 is calculated by Equation 4.68.

Udck = [Mrectifierk]usk (4-65)
iac” = [Minverter"io" (4.66)
UdckH = []\/frean‘fz'erk+1]usk+1 (4-67)
iac" ™ = [Minerter™ o™ (4.68)

The switching state [M,ectifier] and the corresponding input current ¢; and
the DC-Link voltage ug. for the fictitious rectifier stage in the indirect matrix

converter is shown in Table 4.3.
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Table 4.3: Switching states in the fictitious rectifier stage

Sr1 Sr2 Sps Sra Srs S lia 1B Lic Udc
1 1 1 0 0 0 0 idc 0 _idc UAC
2 0 1 1 0 0 0 0 idc _idc upc
3 0 0 1 1 0 0 —%ac  4c 0 —UAB
4 0 0 0 1 1 0 _idc 0 idc —UAC
5 0 0 0 0 1 1 0 _idc idc —Uupc
6 1 0 0 0 0 1 idc _l.dc 0 —Uupc
7 1 0 0 1 0 0 0 0 0 0
8 0 1 0 0 1 0 0 0 0 0
9 0 0 1 0 0 1 0 0 0 0

The switching state [Mpperier] and the corresponding line-to-line output
voltage u,;, and the DC-Link current 4. for the fictitious inverter stage in

the indirect matrix converter is shown in Table 4.4.

Table 4.4: Switching states in the fictitious inverter stage
Sz' Sz Sz Sz Sz Sz Uoab Uopbe Uoca idc

1 1 1 0 0 0 1 Ude 0 —Ude Loa
2 1 1 1 0 0 0 0 Ude —Ude ’ioa + iob
3 0 1 1 1 0 0  —uge uge 0 Lob
4 0 0 1 1 1 0 —uge 0 Ude  Top + Toc
5 0 O 0 1 1 1 0 —Ude Ude ioc
6 1 0 0 0 1 1 Ude —Ude 0 ioa + ioc
7 1 0 1 0 1 0 0 0 0 0
8 0 1 0 1 0 1 0 0 0 0

From the Table 4.3 and 4.4, it can be seen that there are 9 different
switching states in the rectifier stage and there are 8 different switching stages
in the inverter stage. However, the output voltage of the rectifier stage has
to be positive all the time in order to maintain DC voltage at the fictitious
DC-Link. Therefore, at any instant time, only 3 different switching states
are qualified to select at the rectifier stage. Considering this restriction, only
24 switching states are qualified to select for the indirect matrix converter

system.
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4.4.5 Comparison between SVM and FCS-MPC

One advantage of the SVM algorithm is that the switching frequency is fixed,
so it is easier to design a filter for SVM algorithm than the FCS-MPC algo-
rithm because the switching frequency of FCS-MPC is not fixed. The applied
switching state in each FCS-MPC sampling period is decided only by the cost
function. Therefore, there is no fixed switching frequency in FCS-MPC. An-
other advantage of the SVM algorithm is that it requires less number of DSP
instructions than the FCS-MPC algorithm. This is because FCS-MPC al-
gorithm has to calculate the cost-function for each possible switching states
and then select the optimum one. However, one disadvantage of the SVM
algorithm is that the duty cycle concept is more difficult to understand than
the FCS-MPC algorithm [75].

The advantage of the FCS-MPC algorithm is that the duty cycle concept
is very easy to understand. However, the disadvantage of the FCS-MPC
algorithm is that it is sensitive to the input filter and output load parameters,
causing the selection of weighting factor used in the FCS-MPC algorithm
time-consuming [75]. The aim of the comparison between FCS-MPC and
SVM is to show the advantages and weakness clearly, which could be a helpful
guidance when selecting a suitable modulation or control strategy in a specific

application.

4.5 Summary

This Chapter introduces the SVM strategy on the direct matrix converter sys-
tem, and the FCS-MPC strategy on the direct and indirect matrix converter
systems. The SVM algorithm and the FCS-MPC algorithm are discussed in
detail in this chapter.
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Chapter 5

Fault Detection and Diagnosis
Strategies in Matrix Converter

Systems

5.1 Introduction

This chapter introduces single switch open circuit fault detection and diag-
nosis strategies applied to the direct and indirect matrix converter systems.
These fault detection and diagnosis algorithms are developed based on the
fault behaviour analysis discussed in the beginning of this chapter.

The fault detection and diagnosis algorithm will monitor the matrix con-
verter system in real time by using sensors such as voltage sensors and current
sensors. The speed and the precision of the fault detection and diagnosis al-
gorithm depends on the precision and the location of the sensors. Taking the
current sensor for example, the bandwidth of the current sensor should be
designed to be able to detect the current change as soon as possible. Mean-
while, the bandwidth should not be designed too high because more noise
will be sampled by a high bandwidth current sensor.

The location of the sensors is also very important for the fault detection
and diagnosis algorithm. The voltage and current behaviour will be different

in different system locations under an open circuit switch fault. Therefore,
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the location of the sensors is essential for the fault detection and diagnosis
system to capture the open circuit switch faulty behaviour fast and precisely.

When designing a fault detection and diagnosis system, the designer should
avoid to add too much hardware complexity such as using too many addi-
tional sensors to monitor the system behaviour. An ideal direct matrix con-
verter fault detection and diagnosis system should successfully detect and
locate an open circuit switch fault with minimized number of additional sen-
SOrs.

The direct matrix converter fault detection and diagnosis strategy pro-
posed in this chapter will use no additional hardware sensor. For the indirect
matrix converter system, the proposed fault detection and diagnosis strategy
in this chapter will use two additional voltage sensors due to the two-stage

operation nature of the indirect matrix converter system.

5.2 Open Circuit Fault behaviour Analysis

for Direct Matrix Converters

If bidirectional switch open circuit fault occurs in the direct matrix converter,
the faulty phase current will first recirculate in the clamp circuit. The current
recirculating path is decided by three factors. The three factors are the
direction and amplitude of faulty phase current, the input source voltages and
the switching states, respectively. The following section will investigate the
open circuit fault behaviour for direct matrix converter by giving a detailed

mathematical model.

5.2.1 Mathematical Model of Open Circuit Fault be-

haviour for Direct Matrix Converters
In order to develop a detailed mathematical model of the open circuit fault
behaviour for direct matrix converters, the DMC system current, voltage

and switch state variables are defined as shown in Fig 5.1. The red arrows

defines the positive direction of the corresponding current variables. In order
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to simplify the mathematical model, the RLC input filter is not considered.

.D12|SD2 D3 lcoy D7 DZS Dozs

|, Jior ioz” fips ip7 b ipgd D9} o
I

el Cep <8

IclB Iclb

lCiips |ips jipe iD10p iD114 D124 'cle
2504 2505 2506 _| 01071012

Figure 5.1: DMC open circuit fault behaviour model variables

The source currents iz4pc, DMC input currents 7;4pc and clamp circuit

input currents i, 4pc satisfy the KCL rule as shown in equation 5.1.

IsA = 1A+ laA
1sB = 4B + laB (5.1)
lsc = tic + tac

The DMC output currents 7,4, load currents ir.,. and clamp circuit

outputput currents i.qp. satisfy the KCL rule as shown in equation 5.2.

Z-oa = Z-La + Z'cla
lob = 1rb + Lelp (5.2)

Loc = VLe T el
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The three phase balanced R-L load model can be described in equation

5.3.
digg .
L ;[t/ +2La'R:uaN_unN
di
L—dib iy - B = upn — Unn (5-3)
dig.
L ;i +iLc'R:ucN_unN

The DMC switch model can be described in equation 5.4.

Ugbe = [Sjk]uaBc
iapc =[Sk iabe
= AB.C
k=a,b,c

(5.4)

The clamp circuit model can be described by the diode state matrix Mg,
as shown in equation 5.5. D; = 0 means the corresponding diode is not

conducting and D; = 1 means the corresponding diode is conducting.

Dy Dy D3y D7 Ds Dy
Mclamp: (55)

Dy Ds Dg Dyg Dy Do
The sign function sgn() is used in order to get the direction of the currents.
When DMC output phase a occurs an open circuit fault, diode state Dy
can be described in equation 5.6, and diode state D;q can be described in

equation 5.7.

‘ca .ca > O
D, = { S9lien) (5.6)
I+ Sgn(zcla) Lela < 0
- .ca 'ca < 0
= oontiee) i (5.7)
1 —sgn(ica) tea >0
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When DMC output phase b occurs an open circuit fault, diode state Dg
can be described in equation 5.8, and diode state D;; can be described in

equation 5.9.

3 > 0

o (5.8)
1+ sgn(iap) dap <0
— » e < 0

Dy = { sl (5.9)
1 — sgn(iap) dap >0

When DMC output phase ¢ occurs an open circuit fault, diode state Dy
can be described in equation 5.10, and diode state Di5 can be described in

equation 5.11.

Dy — sgn(iee) | %czc >0 (5.10)
1+ sgn(ice) dae <0
_ _sgn(iclc) iclc <0 (5 11)
1 — sgn(ice) dee >0 '

The clamp circuit upper six diodes state matrix Clypype, is described in
equation 5.12 and the bottom six diodes state matrix Clyoom is described in

equation 5.13.

Clupper = [Dl D, Ds D; Dg Dg] (5.12)

Cliton = [Ps Ds Dy Dig Diy D (5.13)

There are 3 situations for the diodes state matrix Cl,pp, and 3 situa-
tions for the diodes state matrix Clyyssom.These 6 situations are described in

equation 5.14.
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(D) Dy Ds Dy Ds Do} = {0 00100}
{(Dy Dy Dy D Dy Do} = {0000 10}
(D) Dy Ds Dy D Do} = {00000 1}
(D4 Ds Dg Dio Dui D} = {00010 0}
(D4 Ds D Dyo Dy D} = {0000 10}
{D4 D5 Dg Dig D11 Dipy={00000 1}

(5.14)

When {D; Dy D3 D7 Dg Dy} = {000 10 0}, we need to calculate the
bottom six diodes state matrix Clyom, which is {Dy D5 Dg D11 D12}. The
diode state Dqg is not in the matrix Clyopom because Dy = 1.

The switch voltage drop factor is ignored in order to simplify the analysis.
The switch voltage drop factor will be considered at the end of this section.
By ignoring the switch voltage drop, it can be seen that g = {Sjk tuanc-

D7 = 1 means that clamp circuit diode D7 is conducting, so the diodes

state matrix Clyysom can be described in equation 5.15.

{1 00 SAb SAc} Zf min(uA,uB,uc) = Ua

{D4 D5 D6 DH D12} = {0 10 SBb SBc} Zf mm(uA,uB,uC) = Uup
{001 Sep Sce} iof min(ua,up,uc) = uc
(5.15)

When {D; Dy D3 D7 Dg Dy} = {0000 1 0}, we need to calculate the
bottom six diodes state matrix Clyoom, which is {Dy D5 Dg D1y D12}. The
diode state Dq; is not in the matrix Clyopom because Dg = 1.

Dg = 1 means that clamp circuit diode Dg is conducting, so the diodes

state matrix Clyysom can be described in equation 5.16.

{100 Saq Sact if min(ua,up,uc) = ua
{Dys D5 Dg D1g D12} =< {010 Sp, Spe} if min(ua,up,uc) = up

{001 Seq Sce} if min(ua,up,uc) = uc
(5.16)
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When {D; Dy D3 D7 Dg Dy} = {00000 1}, we need to calculate the
bottom six diodes state matrix Clyozom, Which is {Dy D5 Dg D1y Dy1}. The
diode state D1y is not in the matrix Clyyt0m because Dg = 1.

Dy = 1 means that clamp circuit diode Dg is conducting, so the diodes

state matrix Clyysom can be described in equation 5.17.

{100 Saq Sap} if min(ua,up,uc) =ua

{Dy D5 Dg D1o D11} =< {010 Sg, Sy} if min(ua,up,uc) = up
{001 Sca Scv} if min(ua,up,uc) = uc
(5.17)

When {Dy D5 D¢ Dyg D11 D1z} = {000 10 0}, we need to calculate
the upper six diodes state matrix Clyyper, which is {Dy Dy D3 Dg Dg}. The
diode state D7 is not in the matrix Cl,ppe, because Dyp = 1.

D19 = 1 means that clamp circuit diode D;q is conducting, so the diodes

state matrix Clypper can be described in equation 5.18.

{100 Sa Sac} if min(ua,up,uc) = ua

{D1 Dy D3 Dg Dy} =« {010 Sg, Spe} if min(ua,up,uc) = up
{001 Sep Sce} if min(ua,up,uc) = uc
(5.18)

When {D, D5 Dg Dyy D13 D12} = {000 0 10}, we need to calculate
the upper six diodes state matrix Clypper, which is {Dy Dy D3 D7 Dg}. The
diode state Dg is not in the matrix Cl,,pe, because Dyy = 1.

D11 = 1 means that clamp circuit diode Dy, is conducting, so the diodes

state matrix Clypper can be described in equation 5.19.

{100 Saq Sact if min(ua,up,uc) = uz

{Dl D2 D3 D7 Dg} = {O 10 SBa SBC} Zf m?:Tl(UA,uB,UC> = Uup
{001 Sea Sce} if min(ua,up,uc) = uc
(5.19)

When {Dy D5 Ds Digp D11 D12} = {0000 0 1}, we need to calculate
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the upper six diodes state matrix Clypper, which is {Dy Dy D3 D7 Dg}. The
diode state Dy is not in the matrix Cl,,pe, because Dig = 1.
D15 = 1 means that clamp circuit diode D;5 is conducting, so the diodes

state matrix Clypper can be described in equation 5.20.

{100 Saq Sap} if min(ua,up,uc) = ua

{Dl Dg D3 D7 Dg} = {0 10 SBa SBb} Zf mm(uA,uB,uC) = up
{001 Sca Scv} if min(ua,up,uc) = uc
(5.20)

When considering the switch voltage drop, the voltage drop for 9 bidi-
recitonal switches can be represented by a switch voltage drop matrix [V
as shown in equation 5.21. We can assume a bidirectional switch has a con-
stant voltage drop value Vg,,,. The direction of the voltage drop depends on

the direction of the output current.

sgn(ia)Saa  sgn(ip)Sapr sgn(ic)Sac
[[Vdjk]] = Virop - | sgn(ia)Spa  sgn(iy)Spy  sgn(ic)Spe (5.21)
sgn(iq)Sca  Ssgn(ip)Scy sgn(ic)Sce

The switch voltage drop will not have an obvious influence on the clamp
circuit model when the operating point voltage is big enough to ignore the
switch voltage drop. The switch voltage drop will have an obvious influence

on the clamp circuit model when the operating point voltage is low.

5.2.2 DMC Current Recirculating Analysis Under Sin-
gle Switch Open Circuit Fault Condition

It is of significant importance to know how current will recirculate in the
clamp circuit during an open circuit fault condition. The currents recirculat-
ing information is essential to improve the speed and precision of the output-
current-based fault diagnosis methods, because the faulty output phase cur-

rent will affect the currents of the healthy output phases by current recir-
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culating and causes false-diagnosis in the fault diagnosis process eventually.
According to the open circuit fault behaviour model developed in the previ-
ous section, when a bidirectional switch has an open circuit fault, the load
current of the faulty output phase will recirculate through the clamp circuit.
Then the recirculating current in the clamp circuit will either flow back to
other phases of the load, or flow into the input source, DMC and then back to
the load. The specific current recirculating path is decided by three factors.
These three factors are the load current direction, the switching state, and
the input voltages. There are two types of current recirculating paths that
the faulty output phase load current can flow through. The type 1 current
recirculating path means that the faulty output phase load current will low
through the clamp circuit, the input source, the DMC and finally flow back
to other phases of the load. In a type 1 path, there are still currents flowing
through the DMC output side. The type 2 current recirculating path means
that the faulty output phase load current is the biggest absolute value among
the three output load currents, and will flow through the clamp circuit and
then flow back to other phases of the load directly. The key difference be-
tween type 1 path and type 2 path is the current difference of the healthy
phases of the DMC output. Both of the currents of the healthy phases of the
DMC output will not be zero in type 1 path. However, at least one current
of the healthy phases of the DMC output will be zero in type 2 path.

5.2.3 Type 1 Current Recirculating Path

The type 1 current recirculating path under these specific conditions is shown
in Fig 5.2. Type 1 current recirculating path includes the faulty phase of the
load, the clamp circuit, the input source, the DMC and other phases of the
load. Moreover, both of the currents of the healthy phases of the DMC
output will not be zero in type 1 path. For instance, the bidirectional switch
S 4q Occurs an open circuit fault at the time point ¢,. The three phase input
voltages at t; are u;4 = —48V, u;p = +38V and u;c = +9V, respectively.
The faulty output phase current i,, is flowing from the load, and the healthy

output phases currents 7., and i,. are flowing into the load. The bidirectional
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switches which are conducting at t; are S4,, Scp and Se.., respectively. Under
these conditions, the faulty output phase current 7,, will first flow into the
clamp capacitor C,, through diode D;. Then the current will continue to
flow through the diode D, because the diode D, is connecting to the most
negative input voltage, as well as the nature of the diode bridge. Next, the
current will continue to flow through the input voltage sources U4, Usc and
through the DMC due to the switching state condition. Finally, the current
will flow back into the load phases b and ¢ and create a complete current

recirculating path for the faulty output phase current i,,.

UiA = -48 V Saa Open Circuit  Ugp = (+9 - Uswitch| ) v
UiB = +38V Outputuoc: (+9 — |Uswitch] ) V
Uic=+9v

Input

<1

Dy st %De i DloJFDnZIS DlzzlS

Figure 5.2: Type 1 current recirculating path

5.2.4 Type 2 Current Recirculating Path

The type 2 current recirculating path under these specific conditions is shown
in Fig 5.3. Type 2 current recirculating path includes the faulty phase of the
load, the clamp circuit, and other phases of the load. In addition, the faulty
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output phase load current is the biggest absolute value among the three
output load currents in type 2 path. Last but not least, at least one current
of the healthy phases of the DMC output will be zero in type 2 path. For
instance, the bidirectional switch S, occurs an open circuit fault at the time
point ¢;. The three phase input voltages at ¢; are u;4 = —20V, u;p = +48V
and u;c = —28V, respectively. The faulty output phase current 4,, is flowing
into the converter, and the healthy output phases currents i, and i,. are
flowing into the load. The bidirectional switches which are conducting at
tr are Saq, Scp and Sp., respectively. Under these conditions, the faulty
output phase current %,, will first flow into the clamp capacitor C, through
diode D7. Then the current will be divided into two paths. One path will
flow through diode Dg and the other will flow through diode D;; because
diode Dg and diode D;; are connecting to the most negative voltage. Next,
the current flowing from the diode D;; will flow into load phase b, and the
current flowing from the diode Dg will continue to flow through the input
sources and the DMC and back to load phase ¢ eventually. According to KCL
law, i,, equals to the sum of 7., and i,.. Due the reason that the absolute
value of 7,, is the biggest among the three phase load current, so phase b load
current will be supplied by part of the i,, through clamp circuit diode D;.
Phase ¢ load current will be supplied by the rest of the i,, through clamp
circuit dodie Dg and bidirectional switch Sp.. Since the load current 7., is
supplied by the faulty phase current i,,, so there will be no current in the
DMC output phase b.

78



Chapter 5 — Fault Detection and Diagnosis Strategies in Matrix Converter
Systems

UiA = -20 V Saa Open Circuit  ugp = (.28 — |Uswitch]) V
UiB = +48V Outputuoc = (+48 — |Uswitch|) V
Uic=-28Vv a |

Input

DEZS DoZS

[Cep —

2|SD4 ZISD5 4SDs Dlo%SDlﬁéDlz_ﬁS

Figure 5.3: Type 2 current recirculating path

5.2.5 Comparison between Type 1 and Type 2 current

recirculating paths

The comparison between type 1 and type 2 current recirculating paths are
presented in TABLE 5.1. In conclusion, type 2 path will cause at least
one healthy output phase current of the DMC to reduce to zero due to
the influence of the faulty phase current, the input source voltages and the
switching states. This information is very important for a fault diagnosis

algorithm to aviod false-diagnosis.
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Table 5.1: Comparison between type 1 and type 2 paths

Type 1 path  Type 2 path

Is the faulty phase
current the biggest No Yes
absolute value?
Does the faulty phase
DMC output current Yes Yes
reduce to zero?
Does the healthy phase
DMC output current No Yes
reduce to zero?

5.2.6 False Diagnosis

In terms of the fault diagnosis method proposed in [15] that the output
current sensors are located ahead of the clamp circuit to measure the DMC
output current, if a output current sensor detects a zero current signal, the
proposed fault diagnosis method will regard the corresponding DMC output
phase as an open circuit phase. However, due to the influence of the faulty
phase current recirculating, a healthy phase current sensor could detect a zero
current signal, so the proposed fault diagnosis method will wrongly regard
the corresponding healthy DMC output phase as an open circuit phase. This
phenomenon is called false-diagnosis. A false-diagnosis will occur if there is
a type 2 current recirculating path. Because the current sensor located in a
healthy output phase of the DMC will detect a zero current, and a faulty flag
will be generated indicating an open circuit fault occurring in the healthy
output phase. Therefore, the current recirculating information presented in

this chapter will avoid the false-diagnosis that occurs in [15].
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5.2.7 Quantitative Analysis of the Relationship Be-
tween Fault Diagnosis Speed and Clamp Circuit

Capacitor Design

The three phase input voltages are divided into six different sectors as shown
in Fig 5.4. From Fig 5.4, it can be seen that DMC input voltage u;4 is the
maximum value among the three input voltages in sector I and VI. wu;p is
the maximum value among the three input voltages in sector II and III. w;c
is the maximum value among the three input voltages in sector IV and V.
;s 18 the minimum value among the three input voltages in sector III and
IV. w;p is the minimum value among the three input voltages in sector V
and VI. u;c is the minimum value among the three input voltages in sector
I and II.

Voltage (V)

4

\

=
~

VI Sector

Figure 5.4: Input voltage sectors

Case 1

In case 1, the input voltage angle is entering the range of sectors VI and I.
The load phase a reference current ir,* and the load phase a current i, are
positive. The sampling period is T,. At the kth sampling period T,*, the
controller attempts to minimize the difference between the load current iy,
and its reference value iy, by setting S4, = 1. But the switch Sy, is suffering

an open circuit fault.
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Therefore, The DMC output phase a is open circuited. The load phase a
current i, recirculates through the clamp circuit. The equivalent circuit is

shown in Fig 5.5.

/\CCpI | > AR MRM,_
Unar uci 'La
—Uoa + L R
e Q " AW—S,
o AA—
—> .
Uoc ILc

Figure 5.5: Equivalent circuit when iz, ; 0

The circuit model can be described in equations 5.22.

: dipa
uoa_R'ZLa_Ldi = UnN
: dirp
ob — R- —L— = n
Uob LLb di UnN (5.22)
diLc

Upe — R ipe — L—— = u,
L 0t N
ipa+irh +ipc =0
Where u,,y is the voltage between the load neutral point and the ground

point of the power supply. The DMC output phase voltages can be described

in equations 5.23.
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Uoq = Umaz — Uep, Jaulty,ir, >0

Ui A
Uob Spa SBb SBe (5.23)
= U;B
Uoe SCa SCb SCC

Uic
Where U,, indicates the capacitor voltage of the clamp circuit. Since the
load phase a current charges the capacitor of the clamp circuit, U,, is larger

than the maximum input line to line voltage. The clamp circuit capacitor

voltage can be described in equation 5.24.

Umaz = max(uiAa U;B, uiC)
Upnin = MIN(U;A, Uip, Uic) (5.24)

Uep Z Umaxz — Umin

According to equations 5.22 and 5.23, the change rate of the load phase
a current ir, can be described in equation 5.25.
diLa 2umam - 2ucp — Ugp — Upe — BRiLa
— 5.25
dt 3L ( )
According to equation 5.24, the following inequality 5.26 must be true.

Ue 2 Umaz — Uo
’ ’ (5.26)

ucp Z Umaz — Uoc

By substituting 5.26 into 5.25, it can be seen that the load phase a current

change rate is negative as shown in inequality 5.27.

diLa
dt

The energy stored in the faulty phase load inductor can be described in

< 0,when ir, > 0. (5.27)

equation 5.28.
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1
Ep = §L¢La2 (5.28)

The change rate of the load inductor energy can be described in 5.29.

= Liga—2 <0 (5.29)

Therefore, when the faulty switch satisfied S4, = 1, the amplitude of load
phase a current decreases. By solving the first order ordinary differential
equation (ODE) 5.25, the relationship between the load phase a current iy,

and the time ¢ is shown in equation 5.30.

iLat) = —(2Uep — 2Umagz + Uop + Upe — C1 - e ) /3R (5.30)

Where C'1 is a constant depending on the initial value of izq().

Case 2

In case 2, the input voltage angle is entering the range of sectors VI and I.
The load phase a reference current ir,* and the load phase a current i, are
negative.

Therefore, The DMC output phase a is open circuited. The load phase a
current iz, recirculates through the clamp circuit. The equivalent circuit is
shown in Fig 5.6.

The circuit model can be described in equations 5.22. The DMC output

phase voltages can be described in equations 5.31.

Uoq = Umin + Uep,  faulty,ip, <0

Ui A
Uob Spa Spy SBe (5.31)
= U;B
Uoe SCa SCb SCC

U;c

According to equations 5.22 and 5.31, the change rate of the load phase

a current iz, can be described in equation 5.32.
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Figure 5.6: Equivalent circuit when iz, | 0

diLa 2umm + 2ucp — Ugp — Upe — 317:{%»[/(1
= 5.32
dt 3L ( )

By substituting 5.24 into 5.32, it can be seen that the load phase a current

change rate is positive as shown in inequality 5.33.

diLa
dt
The change rate of the load inductor energy can be described in 5.34.

> 0, when ir, < 0. (5.33)

= Lipa—2 <0 (5.34)

Therefore, when the faulty switch satisfied S4, = 1, the amplitude of load
phase a current decreases. By solving the first order ordinary differential
equation (ODE) 5.32, the relationship between the load phase a current iy,

and the time ¢ is shown in equation 5.35.

iLaty = —(2Up — Ui, — 2Uep + Upe — C2- €Y /3R (5.35)

Where C2 is a constant depending on the initial value of iz,).
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Clamp Circuit Capacitor Design

The clamp capacitor is a key element in the clamp circuit. The size of the
clamp capacitor will decide how much energy could be stored in the clamp
circuit. The maximum energy stored in the inductive load should be taken
into consideration when selecting the size of the clamp capacitor.The equa-
tion of the maximum energy stored in a three phase resistance-inductance
load can be described in Equation in 5.36 [76].

1 . ) )
ErtLiocad = §Lzoad(2a2 + ’Lb2 + lc2)
3
= Z-Lload]p2

(5.36)

Where ERrrioqq is the maximum energy stored in the resistance-inductance
load. Ljqq is the inductance of the R — L load. i,, %, and i. are the three
phase balanced load currents and I, is the amplitude of the output phase
current.

When an output open-circuit fault occurs, the maximum energy absorbed
by the clamp capacitor can be expressed in Equation 5.37. Where Eqp,, is
the maximum energy absorbed by the clamp capacitor, Ceqm, is the capac-
itance of the clamp circuit, V},., is the maximum acceptable clamp voltage
related to the voltage rating of the power switches, V;,; is the initial clamp

voltage equal to the input line-to-line peak voltage.

1
Eclamp =3 Cclamp (‘/mam2

: ~ Vinr®) (5:37)

Due to the fact that the maximum energy stored in the resistance-inductance
load must be lower than the energy absorbed by the clamp capacitor, so the

capacitance of the clamp circuit can be calculated by Equation 5.38.

3 Llo(JLde2

L —ltoad’p 5.38
~ 2 V;naac2 - V;nt‘2 ( )

Cclamp
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Meanwhile, the required time for a correct fault diagnosis should also be
considered when designing the clamp circuit capacitor.

If an open circuit fault can not be correctly detected unless all the energy
stored in the load inductor has been transferred to the clamp circuit capacitor
as shown in literature [16], the capacitance of the clamp circuit capacitor
should be big enough to absorb all the energy stored in the faulty phase load
inductor.

If an open circuit fault can be correctly detected within several sampling
time periods as shown in literature [77], the capacitance of the clamp circuit
capacitor can be designed relatively small because not the whole of the faulty
phase load inductor energy will be transferred to the clamp circuit capaci-
tor. This is because a fault tolerance strategy will be implemented into the
DMC system once an open circuit fault can be correctly detected. Once the
fault tolerance strategy is successfully implemented into the DMC system,
the faulty switch may be isolated by using only the other two healthy bidirec-
tional switches. In this way, only a relatively small amount of inductive load
energy will be transferred to the clamp circuit capacitor, which will make the
clamp circuit capacitor smaller than in literature [16].

Therefore, improving the speed of correct fault diagnosis can effectively
reduce the size of the clamp circuit capacitor, which will make the DMC
topology competitive especially in volume critical applications such as more

electric aircraft.

5.2.8 Open Circuit Switch Fault Scenarios for Direct

Matrix Converters

This thesis assumes the bidirectional switch is open circuited in both direc-
tions when an open circuit switch fault occurs. Nine open circuit switch fault
scenarios are considered for direct matrix converters in this thesis as listed
below.

1. Bidirectional switch Sa, open circuit fault;

2. Bidirectional switch S 4, open circuit fault;

3. Bidirectional switch Sy4. open circuit fault;
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Bidirectional switch Sg, open circuit fault;
Bidirectional switch Spg, open circuit fault;
Bidirectional switch Sp. open circuit fault;
Bidirectional switch S¢, open circuit fault;

Bidirectional switch S¢y open circuit fault;

L X NS O

Bidirectional switch S¢. open circuit fault.

Due to the reason that the inputs of the direct matrix converter are three
phase balanced sinusoidal waveforms, and the outputs of the direct matrix
converter are usually three phase balanced RL-load or electrical machine, so
each bidirectional switch switching waveform of the direct matrix converter
should be the same but with different angle shift under ideal three phase
balanced normal operations. Therefore, in this thesis simulation results and
experimental results focus on bidirectional switch S 4, open circuit fault. The
fault diagnosis algorithms developed based on switch Sa, open circuit fault
can also be applied to the other eight bidirectional switches open circuit fault
scenarios with no modification.

When one bidirectional switch fails open circuit, it could be either both
IGBTs are open circuit or only one IGBT is open circuit. When only one
IGBT fails open circuit, there could still be current circulating in the faulty
switch depending on the current direction. This thesis assumes that both

IGBTs of one bidirectional switch fail open circuit at the same time

5.3 Open Circuit Fault behaviour Analysis

for Indirect Matrix Converters

There are different faulty scenarios at the system level of IMCs, including
the input supply failure, rectifier stage failure and inverter stage failures. If
there is an input supply open circuit failure and the IMC can run as normal,
the output harmonics will increase and the output power will decrease. Since
this thesis focuses on the semiconductor switch open circuit fault, the input

supply failure will not be discussed in detail.
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5.3.1 Inverter Stage Fault Operation

Since the rectifier stage and the inverter stage of the IMC are connected
directly without any decoupling component, so if an open circuit fault occurs
in the rectifier stage it will influence the behaviour of the inverter stage.
Therefore, this section first analyzes the IMC inverter stage open circuit fault
operation by assuming the rectifier stage is working normally. The inverter

stage fault operation is shown in Figure 5.7.

Upcp Inverter Stage
Si Si3 Si
S‘F 54? Xz K= L L R
Clamp | Circuit B ~L R
::V°ap 1 K y
Sis | SiGJL/\E;S SinK%

UDCN

Figure 5.7: IMC inverter stage open-circuit fault operation

Assuming the sampling period is T, the switch S;; is applied at the k"
sampling period T, and the switch S;; is suffering an open-circuit fault.
This will cause the actual switching state to be zero during the faulty period,
which causes the desired output voltage values do not correspond to the real
ones. To obtain the output line-to-line voltage without requiring additional
voltage sensor, the load mathematical model is established in Equation 5.39.
where uy is the voltage drop between the power supply ground and the load
neutral point. According to the load model, it can be seen that the actual
output line-to-line voltage can be estimated if knowing the derivative part of
the load current. The derivative part of the load current can be obtained by

sampling the load current four times in one sampling period with equal time
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gap at time points 7., Tskﬁ, T. sk% and Tsk+%, respectively. Three sampled
values at these four sampling points are used for estimating the line-to-line

voltage.

: di,
Uoa — Riga — L th = Un
di,p
oB — R.o - L =
tobr = HoB E. o (5.39)
. LoC
oC — o —L -
UoC R C dt Uun

ioA + ioB + Z.OC =0

Assuming the output load current is expressed as in Equation 5.40:

f(t)=1i.x(t),X =A,B,C (5.40)

According to Taylor’s formula, the derivative part of the load current can

be acquired by ignoring the higher order part as shown in Equation 5.41 [68].

/ T, 2 3T, 2 T
48 S (KT, 4 ) - 2 (T 4+ 2 41
PO+ )~ 2 fUT+ 20 = — [T+ ) (54D

The actual output line-to-line voltages are estimated by substituting Equa-

tion 5.41 into Equation 5.39, as shown in Equation 5.42.

~ T O T I 1= Ry e
UpAB =~ UpAB.g; — RZOAB 2 ?(ZOAB 4 —1%AB 4)
S
~ I T I = ST
UoBC =~ WoBC.ogri — RloBC 2 + ?(ZOBC 4 —1oBC 4) (542)
S
~ T ) PR T B |
UoCA R UpCAuyy = Rloca” 2 + ?(ZOCA L — oA 4)

S

Where :
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Z.OABJ = Z.OAJ - iOB]

ZOBCJ = ZOBJ - ZOCJ

oA’ = oc” — ioa’ (5.43)
1 1 3
S T T A
J + 1 + 5 + 1

Therefore, the actual output line-to-line voltages under faulty conditions
can be estimated without additional voltage sensors. If an open-circuit fault
occurs in the inverter stage, the estimated output line-to-line voltages will
be different from the FCS-MPC predicted output line-to-line voltage, which

can be used for IMC fault detection and diagnosis purpose.

5.3.2 Rectifier Stage Fault Operation

Designing a fault diagnosis method for the IMC is different from the DMC.
This is because there are two stages and a fictitious DC-Link in the IMC.
Therefore, additional sensors are necessary for IMC fault diagnosis because
the rectifier stage and the inverter stage are not decoupled. If there is an
open-circuit fault occurs in the rectifier stage, the fictitious DC-Link and the
IMC output voltages will be influenced. Therefore, it is impossible to locate
the open-circuit switch in the rectifier stage by using the estimated output
line-to-line voltage only. In order to locate the faulty switch in the rectifier
stage of the IMC, two additional voltage sensors are needed to measure the

two fictitious DC-Link bus voltages Upcp and Upcy as shown in Fig 5.8.
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Rectifier Stage Ubce (Voltage Sensor)

_l J _l
Srl Sr3 Sr5

a I r I

H—A b Clamp | Circuit
Y ¢ Vcap

_l J _l
Sr4 SrG Sr2

I r I

Upcn (Voltage Sensor)

Figure 5.8: IMC rectifier stage open-circuit fault operation

Assuming S, is suffering an open-circuit fault, the clamp circuit diode
will turn on and the fictitious DC-Link current ipc will charge the clamp
circuit capacitor. So the faulty voltage Upcp— fquir Of the positive DC-Link
line will become dramatically more positive due to the application of the
clamp circuit capacitor voltage. The faulty positive DC-Link voltage can be

expressed in Equation 5.44.

UDCP—fault = UDCN + Ucap
Sr4
Upcn = ["Um Vb Uici| Sre
Sr2

(5.44)

Similarly, if S, is suffering an open-circuit fault, the clamp circuit diode
will turn and the fictitious DC-Link current ipc will charge the clamp cir-
cuit capacitor. So the faulty voltage Upcn—faur 0f the negative DC-Link
line will become dramatically more negative due to the application of the
clamp circuit capacitor voltage. The faulty negative DC-Link voltage can be

expressed in Equation 5.45.
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UpcN—faut = Upcp + Ucap
Srl
Upcp = [Um Uib Uic:| Sr3
ST‘5

(5.45)

5.4 Open Circuit Switch Fault Detection and
Diagnosis Method for Direct Matrix Con-

verter

The output current sensors of the direct matrix converter system can measure
the output phase currents. Traditionally, three output current sensors are
located beyond the clamp circuit to measure the output load phase current
as shown in Figure 5.9. For this type of output current sensor location,
an immediate change in the sampled current is not obvious because of the
inductive load nature. Therefore, the speed of the fault detection and system
diagnosis is not the optimum when using this location of the output current

Sensors.
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Figure 5.9: Output current sensors located behind the clamp circuit to mea-
sure the output load current
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In this section, the three output current sensors are located ahead of the
clamp circuit to measure the DMC output currents directly as shown in
Figure 5.10. The advantage of the new sensor location is that once an open
circuit switch fault occurs, the corresponding faulty-phase current sensor will
measure a zero current immediately. For example, if the bidirectional switch
S4q occurs an open circuit fault when the switch is supposed to be conduct-
ing, the current ,, will become zero immediately because the phase A load
current can not recirculate through the matrix converter anymore. Instead,
the load current will recirculate through the clamp circuit which connected in
parallel with the matrix converter. so the current sensor located at the new
position will detect a zero current immediately after the conducting switch
S 4q occurs an open circuit fault. Therefore by using the new location for the
output current sensors a faster fault detection and system diagnosis can be

achieved.
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Figure 5.10: Output current sensors located ahead of the clamp circuit to
measure the direct matrix converter output phase current
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As mentioned before, the load currents will recirculate through the clamp
circuit if the matrix converter output current is detected as zero as shown in
Figure 5.11. When a zero current is detected by an output current sensor,
the corresponding matrix converter output phase should be identified as an
open-circuited faulty phase. Three variables F,, F, and F,. are defined to
indicate the faulty possibility of the output phases A, B and C' of the direct
matrix converter respectively. The corresponding flags of F,, Fy, F, will be
set to 1 or 0.5 to show the probability of the faulty phase. 1 means that
the corresponding output phase must be the open-circuited faulty phase. 0.5
means the corresponding output phase might have an open circuit fault, but
it is also possible that the corresponding output phase is a healthy phase.
The possibility of the fault phase depends on which type of the current
recirculating path is occurring. These three faulty flag values are the key
to avoid false-diagnosis in a single switch faulty scenario. The reason 0.5 is
needed is that the fault diagnosis algorithm can not set a 1 on any output
phase in some scenarios. Then the fault diagnosis will suspect a possible
faulty output phase. Figure 5.11 and Figure 5.12 show the potential path for
the load currents when an open-circuited fault occurs.

Figure 5.11 shows that the currents of healthy phases b and ¢ are not
canceled by the faulty phase load current, because current sensors in out-
put phase b and ¢ can still detect a non-zero current. So in this case, the
corresponding flags of F,, F},, F, will be set to 1 or 0 and 0, respectively.

Figure 5.12 shows that the healthy output phase current is influenced by
the actual open circuit faulty phase current by clamp circuit current recircu-
lating because the current sensor in output phase b will detect a zero current.
In this case, the flags F;, and F}, will be set to either 1 or 0.5. Then, the out-
put currents amplitude information is required to decide the corresponding
flag value. More details about the fault detection and diagnosis algorithm

will be discussed next.
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Figure 5.11: Type 1 faulty current recirculating path without healthy phase
current cancellation
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Figure 5.12: Type 2 faulty current recirculating path with healthy phase
current cancellation

99



Chapter 5 — Fault Detection and Diagnosis Strategies in Matrix Converter
Systems

As mentioned in the above section, The faulty output phase current may
recirculate through the clamp circuit and provide current supply for a healthy
phase load current. So the recirculating current may cause the output current
sensor detects a zero current. In order to avoid any false-diagnosis during
the whole fault detection process, the clamp circuit current recirculating in-
formation is required for the fault detection algorithm. The three output
phase currents of the direct matrix converter will be detected in every sam-
pling period. The fault diagnosis algorithm flowcharts are shown in Figure
5.13, 5.14 and 5.15. The fault diagnosis algorithm for each output phase is
exactly the same. io.", 70" and i, mean the matrix converter three output

k=1 ikt and i,." ! mean

phase currents during the sampling period T,. io,
the matrix converter three output phase currents during the sampling period
T Jioa™ Y, Jis® ™Y and |ie.* | mean the absolute value of the amplitude
of the the matrix converter three output phase currents during the sampling
period T,*1. F,, F, and F, indicate the faulty possibility flag of the output

phases A, B and C of the direct matrix converter

End

Figure 5.13: Flow chart of the fault detection for phase a
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End

Figure 5.14: Flow chart of the fault detection for phase b

Figure 5.15: Flow chart of the fault detection for phase ¢
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First, the output currents io..*, io" and i,." in the sampling period T.F
will be checked whether or not is zero. If the current is not zero, the fault
detection algorithm will make a decision that there is no open circuit fault
in the corresponding output phase and set the corresponding flag to 0. If the
current is zero, then the fault detection algorithm will check whether or not

the output currents i,," 1, ip" ! and i, 7?

in the sampling period T,*! is
the biggest absolute value comparing the other two. If the output current
is biggest absolute value, the fault detection algorithm will make a decision
that the corresponding output phase is presenting an open circuit fault and
set the corresponding flag to 1. If the output current is not the biggest
absolute value, the fault detection algorithm will make a decision that the
corresponding output phase might be presenting an open circuit fault and
set the corresponding flag to 0.5.

Once the fault detection algorithm for each output phase has been com-
pleted, the switching state information of the sampling period T will be
used by the fault diagnosis algorithm to identify the specific bidirectional
switch which is used in the faulty phase by solving Equation 5.46. Since this
section focuses on single bidirectional switch open-circuited fault, the switch
which has the highest possibility of being faulty will be identified as a faulty

switch.

FAa FBa FCa Fa 0 0 SAa SBa SCa
Fa Fpy Foo| =10 F 0| [Sw S Sow (5.46)
FAC FBc FCC 0 0 Fc SAC SBC SCC

One drawback of the proposed method is that it will diagnose an open
circuit fualt during the natural zero crossing. Therefore, at least two sampling

periods are required to guarantee the currents are avoid the false triggering.
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5.4.1 Open Circuit Switch Fault Detection and Diag-
nosis Method for Direct Matrix Converter with
SVM Strategy

The fault detection and diagnosis algorithm requires the switching states
information and the output current information in every modulation period.
The 3-Zero-SVM switching sequence has 7 different switching states. The
2-Zero-SVM switching sequence has 6 different switching states. The 1-Zero-
SVM switching sequence has 5 different switching states[78]. In order to
reduce the complexity of the fault detection and diagnosis algorithm for the
SVM strategy, the 1-Zero-SVM strategy is selected for the fault detection
and diagnosis due to the least number of switching states.

In order to obtain the output current information of every switching state
in one modulation period, the current over-sampling technique [79] is used
as shown in Figure 5.16. Current over-sampling is a technique that using
DSP/FPGA control platform and the ADC sampling circuit to sample the
current signal many times in one sampling period. The number of samples in
one sampling period depends on the specific application. In this matrix con-
verter fault diagnosis application with 12.5kH z modulation frequency, the
direct matrix converter output current can be sampled 16 times per modu-
lation period. It means the current sample frequency is 200kHz. By using
the current over-sampling technique, the output current information in most
switching states can be obtained within one modulation period. However,
the current distortion during the switching commutation transient state and
the high frequency noise captured by the high bandwidth current sensor will
limit the precision of this over-sampling technique in practical application.
In this thesis, the current over-sampling technique is used to detect the open
circuit fault. The experimental results about the current over-sampling is

presented in Chapter 8.
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Figure 5.16: Output current over-sampling technique for SVM strategy

After obtaining the output current information and the corresponding
switching state information within every modulation period, the fault de-
tection and diagnosis algorithm can locate the faulty bidirectional switch
following the flow charts as shown in Figure 5.13 5.14 5.15 and Equation
5.46.

The advantage for doing fault detection and diagnosis with SVM strategy
is that the switching frequency is fixed. The fixed switching frequency will
make it easier to design the filter for the direct matrix converter system with
SVM strategy than with finite-control-set model-predictive-control(FCS-MPC)
strategy, because the switching frequency is uncertain in FCS-MPC strategy.
Another advantage for doing fault detection and diagnosis with SVM strategy
is that the SVM algorithm computation amount is lower than the FCS-MPC
algorithm. The computation amount is the total number of instructions re-
quired to be executed in the DSP control platform. More instructions are
required to be executed in the FCS-MPC strategy than in the SVM strat-
egy, because the FCS-MPC strategy calculates the cost function 27 times as
discussed in Chapter 4.
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5.4.2 Open Circuit Switch Fault Detection and Diag-
nosis Method for Direct Matrix Converter with
FCS-MPC Strategy

As discussed in Chapter 4, the FCS-MPC strategy only apply one switching
state during one sampling period. This characteristic will guarantee that the
current sensor will not capture any current distortion caused by the switching
commutation transient state. The current sampling technique for the FCS-
MPC strategy is shown in Figure 5.17. It can be seen from figure 5.17 that
only one sample of the voltage and current signals are required to execute
the FCS-MPC strategy as well as the fault diagnosis algorithm because only

one fixed switching state is applied during one sampling period.

K i K . .
Ua() IO() um(m) Im(kﬂ) uo(k+2) Ia(k+2)
Us(k) is(K) us(kq) is(k+1) Us(k+z) is(k+2)
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ul(k+1) : (k+1)
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ME1
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70 70D 7642

Figure 5.17: Output current sampling technique for FCS-MPC strategy

With the output current information and the corresponding switching
state information within every sampling period, the fault detection and di-
agnosis algorithm can locate the faulty bidirectional switch by following the
flow charts in Figure 5.13, 5.14 and 5.15 and solving Equation 5.46.

The advantage for doing fault detection and diagnosis with FCS-MPC
strategy is that there is only one fixed switching state within one sampling
period. So only one current sample is required within one sampling period.
This current sensing requirement will allow relatively low bandwidth of the
output current sensor. The low bandwidth of the output current sensor could

potentially reduce the hardware cost.
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5.5 Open Circuit Switch Fault Detection and
Diagnosis Method for Indirect Matrix Con-
verter with Model Predictive Control Strat-

egy

The indirect matrix converter system is shown in Figure 5.18. The switching
state information of the rectifier and inverter stages will be used for indirect
matrix converter FCS-MPC fault detection purpose. Because the switching
state will keep constant during one entire sampling period, which will help
to locate the open-circuit switch. This section focuses on the single unidirec-
tional switch open circuit fault in the fictitious inverter stage and the single

bidirectional switch open circuit fault in the fictitious rectifier stage.

Rectifier Stage ig u Inverter Stage
c cl ¢ g Hd dop g
g Srl E Sr3 Sr5 SZ Ité IEJ? EJ?
Clamp i:a

»- Uge | Circuit »-

Isg - lob
|; —=—Ucap !
g . g s, s, S S.GACE‘ S.Ail}‘

UdeN

Figure 5.18: Indirect matrix converter system

5.5.1 Inverter Stage Fault Detection

The inverter stage fault operation is shown in Figure 5.19. This section
assumes that the fictitious rectifier stage switches are healthy and there is a

single unidirectional switch open circuit fault in the fictitious inverter stage.
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Figure 5.19: IMC inverter stage open-circuit fault operation

Assuming the sampling period is T}, the switch S;; is applied at the k™
sampling period T,*, and the switch S;; is suffering an open-circuit fault.
This will cause the actual switching state to be zero during the faulty period,
which causes the desired values do not correspond to the real ones. To obtain
the output line-to-line voltage without requiring additional voltage sensor,
the load mathematical model is established in Equation 5.47. where uy is the
voltage drop between the power supply ground and the load neutral point.
According to the load model, it can be seen that the actual output line-to-line
voltage can be estimated if knowing the derivative part of the load current.
The derivative part of the load current can be obtained by sampling the load
current four times in one sampling period with equal time gap at time points
Tk Ti, Tkr2 and T.FTE, respectively. Three sampled values at these

four sampling points are used for estimating the line-to-line voltage.
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. di,
Uopa — Rioa — L th = Uy
dioB
oB — Ri,p — L =
ot = THhob ddt o (5.47)
. LoC
oc — Ri,c — L =
UoC 1oC dt unN

ioA +ioB +ioC =0

Assuming the output load current is expressed as in Equation 5.48:

F(t) = iox(t), X = A, B,C (5.48)

According to Taylor’s formula, the derivative part of the load current can

be acquired by ignoring the higher order part as shown in Equation 5.49 [68].

/ T, 2 3T 2 T
— )~ = -7 - 4

The actual output line-to-line voltages are estimated by substituting Equa-

tion 5.41 into Equation 5.47, as shown in Equation 5.50.

~ T T R N T S
UoAB =~ UpABesr; — RZOAB 2 + ?(ZOAB 4 — 1AB 4)
S
~ I U R PN TR R W
UoBC =~ UoBC.ogri — RzoBC’ 2 + ?(ZOBC 4 — 1BC 4) (550)
S
~ o ket 2L s g
UoCA R UpCApyy = Rloca” 2 + ?(ZOCA T —eca4)

S

Where :
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Z.OABJ = Z.OAJ - iOB]

ZOBCJ = ZOBJ - ZOCJ

ioca’ = doc? — ipa’ (5:51)
1 1 3
S T T A
J + 1 + 5 + 1

Therefore, the actual output line-to-line voltages under faulty conditions
can be estimated without additional voltage sensors. If an open-circuit fault
occurs in the inverter stage, the estimated output line-to-line voltages will
be different from the FCS-MPC predicted output line-to-line voltages, which
can be used for IMC fault detection and diagnosis purpose. The voltage
errors between the estimated output line-to-line voltages and the FCS-MPC
predicted output line-to-line voltages are € 45, €gc, and ¢ 4 respectively. The
voltage errors €ap, €pc, and o4 will be used to identify the faulty output
phase as shown in Table 5.2. All the three voltage errors will be smaller
than the predefined threshold value €;;, in normal operation. Once the faulty
output phase is identified, the corresponding flag F'x (Fa, Fi, F) will be set
to 1. Then the faulty switch of the inverter stage can be identified by using

switching states information as shown in Equation 5.52.

Table 5.2: Inverter stage faulty phase identification
Normal Phase-A Phase-B  Phase-C

operation fault fault fault
’5,43\ < & > € > & < &t
\€BC| < Eth < & > Eth > Eth
|€CA| < Eth > Eth < &t > Eth
Fy 0 0

Fa Fs Fs| _[Sa Sa

= 0 Fg O (5.52)

Fu Fo Fo| |Su Se S

0 0 Fe
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5.5.2 Rectifier Stage Fault Detection

This section assumes that the fictitious inverter stage switches are healthy
and there is a single bidirectional switch open circuit fault in the fictitious
rectifier stage. When an open-circuit fault occurs in the rectifier stage, the
information of error output voltages and switching states will not be enough
for fault detection and diagnosis. Therefore, two additional voltage sensors
are implemented to measure the positive and negative buses voltages of the
fictitious DC-Link as shown in Figure 5.20. The DC-Link voltage Upcp
and Upcy will be used to identify whether the top switch or the bottom
switch of the rectifier stage are open-circuited as shown in Table 5.3. The
voltage Upcp is the voltage difference between the DC-Link positive line and
the input source neutral point. The voltage Upcy is the voltage difference
between the DC-Link negative line and the input source neutral point. If the
DC-Link buses voltage error |Upcp — Upcp®| or |Upen — Upon™| is bigger
than a predefined threshold value Uy, the corresponding flag Fy (Fp, Fy)
will be set to 1 to indicate an open-circuit fault in the rectifier stage. Then
the faulty switch of the rectifier stage can be identified by using switching

states information as shown in equation 5.53.

Rectifier Stage Ubcr (Voltage Sensor)

J J

Sts Sis
a r r

R b Clamp | Circuit
Q ¢ Veap
o J J
Sr4 SrG Srz

I r r

Upcn (Voltage Sensor)

Figure 5.20: Rectifier stage of the indirect matrix converter system
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Table 5.3: Rectifier stage faulty phase identification
Normal  Top Switch Bottom Switch

opeartion fault fault

\Upcp — Upcp™| < Uy, > Uy, < U,

\Upen — Upen™| < Uy, < U, > Uy,
Frl Fr3 Fr5 FP 0

(5.53)

Srl Sr?) Sr5]

F.y Fe Fea 0 Fn| S S Sra

5.6 Summary

This chapter first introduces fault behaviour analysis under a bidirectional
switch open circuit fault for both the direct and indirect matrix converter
systems. Then three different single switch open circuit fault detection and
diagnosis methods on matrix converter systems are proposed.

This chapter proposes a fault detection and diagnosis algorithm for the
direct matrix converter system with SVM strategy. The advantage for doing
fault detection and diagnosis with SVM strategy is that the switching fre-
quency is fixed. The fixed switching frequency will make it easier to design
the filter for the direct matrix converter system with SVM strategy than
with FCS-MPC strategy, because the switching frequency is uncertain in
FCS-MPC strategy. Another advantage for doing fault detection and diag-
nosis with SVM strategy is that the SVM algorithm computation burden is
lower than the FCS-MPC algorithm. This advantage will reduce the control
cost for SVM strategy compared to the FCS-MPC strategy.

This chapter also proposes a fault detection and diagnosis algorithm for
the direct matrix converter system with the FCS-MPC strategy. The ad-
vantage of fault detection and diagnosis with the FCS-MPC strategy is that
there is only one fixed switching state within one sampling period. So only
one current sample is required within one sampling period. This current sens-
ing requirement will allow a relatively low bandwidth for the output current

sensor. The low bandwidth of the output current sensor could potentially
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reduce the hardware cost.

Finally the chapter also proposes a fault detection and diagnosis algo-
rithm for the indirect matrix converter system with FCS-MPC strategy. The
advantage for using indirect matrix converter topology is that it will reduce
the control complexity compared to the direct matrix converter. The control
for the rectifier stage and the inverter stage is easier than the control of a

direct matrix converter.
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Chapter 6

Matrix Converter System

Simulation Study and Results

6.1 Introduction

The purpose of the simulation study presented in this chapter is to analyze
the behaviour of the direct matrix converter (DMC) and indirect matrix
converter (IMC) under open circuit fault conditions. The fault diagnosis
methods for the DMC presented in chapter 5 use the DMC output current
signals to diagnose an open circuit switch fault. Therefore, it is important
to know how the DMC output currents will recirculate in the clamp circuit
when a bi-directional switch suffers from an open circuit fault. The fault
diagnosis method for the IMC presented in chapter 5 uses the IMC voltage
error signals to diagnose an open circuit switch fault. So knowing how the
voltage signals will behave under an open circuit switch fault is necessary to
locate the faulty switch.

This chapter presents the simulation results for both the DMC and the
IMC systems using simulation software tools such as SYNOPSYS SABER
and MATLAB/SIMULINK. The SYNOPSYS SABER is chosen to simulate
the DMC output current recirculating behaviour in the clamp circuit when
a bi-directional switch suffers from an open circuit fault. The advantage of
using SYNOPSYS SABER is that device models are more accurate com-
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pared to that in MATLAB/SIMULINK. The disadvantage of SYNOPSY'S
SABER is that the simulation time is longer than MATLAB/SIMULINK.
The direct matrix converter system with the Space Vector Modulation (SVM)
was also simulated with SYNOPSYS SABER. The direct matrix converter
system with Finite-Control-Set Model Predictive Control (FCS-MPC) was
simulated with the MATLAB/SIMULINK software. The indirect matrix
converter system with the FCS-MPC strategy was also simulated with the
MATLAB/SIMULINK software.

Fault behaviour analysis must has to be done first before designing a fault
diagnosis method. So SYNOPSYS SABER was used at the beginning stage
to investigate how the faulty phase current will recirculate through the clamp
circuit in a DMC because SYNOPSYS SABER has very precise device model
libraries. SVM strategy was implemented in the SYNOPSYS SABER DMC
model. After the fault behaviour analysis is fully investigated, a FCS-MPC
strategy was implemented in the MATLAB/SIMULINK model to reduce the
simulation time because the device model libraries in MATLAB/SIMULINK
is much simpler than those in SYNOPSYS SABER.

6.2 Direct Matrix Converter System Simula-

tion and Results

6.2.1 Direct Matrix Converter System Simulation with

Space Vector Modulation Strategy

The direct matrix converter system with the Space Vector Modulation (SVM)
strategy has been simulated using the SYNOPSYS SABER software. The
block diagram of the simulation model is shown in Figure 6.1. The simulation
parameters for the direct matrix converter system are listed in Table 6.1. The
three output current sensors are located ahead of the clamp circuit to measure
the output currents of the direct matrix converter alone, as presented in the
previous chapter. In order to eliminate the control influence on the fault

diagnosis algorithm, open loop control is used throughout the simulation.
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Input SVM Output
Voltage Algorithm Current
3 3 3 =
Voltage | / DMC Z RL
Source |7 7 4 ~ Load

Clamp
Circuit

Figure 6.1: Direct matrix converter simulation block diagram with SVM
strategy

Table 6.1: The simulation parameters of the direct matrix converter system
with SVM strategy

Variables Description Value
Usm Amplitude AC Phase Voltage — 45[V]
Rioad Load Resistor 2.8[]
Licad Load Inductor 17/mH]|

Tsample Sampling Time 80[ps]
q Modulation Index 0.5
Tout Output Current Amplitude 2.5[A]

fout Output Current Frequency  60[H z]

The direct matrix converter system with a clamp circuit is shown in the
Figure 6.2. It can be seen from Figure 6.2 that there are three current sensors
to measure the output three phase currents of the direct matrix converter.
The clamp circuit comprises of 12 fast recovery diodes, Dy to Do, as shown
in the Figure 6.2. The diodes current flowing through the corresponding

diodes is indicated by ip; to ipi2, as shown in the Figure 6.2.
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Figure 6.2: Direct matrix converter system with a clamp circuit

Normal Operation with SVM strategy

Under normal operating conditions with the SVM strategy, the input phase
voltages u, of the direct matrix converter system are as shown in Figure
6.3. The amplitude of ug is set at 45V in order to be consistent with the

experimental parameters. The frequency of the input voltage frequency is

50H z.
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Figure 6.3: Direct matrix converter input source phase voltages with SVM
strategy

The output phase voltage u,, of the DMC with the SVM strategy is shown
in Figure 6.4. It can be seen from Figure 6.4 that the output phase voltage
Uyq 18 a piecewise waveform. This is because output phase a is connected to
the input phases A, B and C by three bidirectional switches. For example,
if the switch Sy, is on, the output phase a will be connected to input phase
A. If the switch Spg, is on, the output phase a will be connected to input
phase B. If the switch S¢, is on, the output phase a will be connected to
input phase C'. A small voltage drop or increase in the output phase voltage
Uoq can also been seen from Figure 6.4. This depends on the the direction of
output current i, and the voltage drop of the devices used in bi-directional

switches.

Output Voltage(V)

1 | | 1 |
2 4 6 8 10 12 14 16 18 20
Time(ms)

-60 1 | 1 1
0

Figure 6.4: Direct matrix converter output phase voltage u,, with SVM
strategy

The output phase voltages u,, and u,. of the DMC with the SVM strategy
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.

Figure 6.5: Direct matrix converter output phase voltage u, with SVM
strategy

are shown in Figure 6.5 and Figure 6.6.
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Figure 6.6: Direct matrix converter output phase voltage u,. with SVM
strategy

The three phase output currents i, of the direct matrix converter are
shown in Figure 6.7. The amplitude of i, is modulated at 2.5A in order
to be consistent with the experimental parameter presented in Chapter 8.
The frequency of 7, is 60Hz. The output currents are not ideal sinusoidal
waveforms because the simulation model includes the voltage drop of the bi-
directional switches. The voltage drop across the DMC as well as the edge

uncertainty effect mentioned in [80] leads to the output current distortion.
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Figure 6.7: Direct matrix converter output currents with SVM strategy

Faulty Operation with SVM Strategy under A Switch S4, open

circuit fault

Switch Sy, is triggered to fail open circuited to show the output currents i,
behaviour under an open circuit fault condition. The output currents ¢, of the
direct matrix converter under an open circuit fault in switch Sy, are shown
in Figure 6.8. It can be seen from Figure 6.8 that switch 54, is triggered to
fail open circuit at 1ms. The three phase output currents become abnormal

when the open circuit switch fault occurs.

loa

lob loc

Current(A)

Time(ms)
Figure 6.8: Direct matrix converter output currents 7, with SVM strategy
under switch S, open circuit condition

In order to see the behaviour of the output currents ¢, clearly, the magni-
fied output currents i, of the direct matrix converter under an open circuit
fault in switch S4, are shown in Figure 6.9. It can be seen from the Figure

6.9 that the output phase currents 7,4, i, and i,. become zero when an open

119



Chapter 6 — Matrix Converter System Simulation Study and Results

circuit fault occurs at 0.175ms. Then the output current 7,, becomes normal
again at 0.183ms. At 0.200ms, output current i,. becomes normal again.
Therefore, the simulated output currents prove that the healthy phase out-
put currents i,, and i,. will be influenced by faulty phase output current i,,
when switch S4, is suffering from an open circuit fault. When i,, and i,
become zero, a false diagnosis will occur if implementing the fault diagno-
sis method proposed in [15]. By implementing the fault diagnosis method

proposed in chapter 5, a false diagnosis can be avoided.
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0.183ms loa

shighiigiRee
o

-4 | 1 | 1
0 0.1 0.2 0.3 0.4 0.5
Time(ms)

lob loc

Current(A)

Figure 6.9: Direct matrix converter magnified output currents ¢, with SVM
strategy under switch Sy, open circuit condition

The output current waveforms shown in Figure 6.9 can be further ex-
plained by analyzing the output current recirculating path through the clamp
circuit. The current recirculating path through the clamp circuit can be de-
rived by analyzing the currents flowing through the diodes of the clamp
circuit. The currents flowing through the diodes are shown from Figure 6.10
to Figure 6.15.

The magnified clamp circuit diode currents ip; and ¢p4 of the DMC with
SVM strategy under an open circuit fault in switch S4, are shown in Figure
6.10. It can be seen from the Figure 6.10 that the diode current ip; flowing
through the diode D; is 0A from 0.175ms to 0.200ms. The diode current
1p4 flowing through the diode Dy is 0A from 0.175ms to 0.183ms. The diode
current ip4 is around 0.95A from 0.183ms to 0.200ms. Therefore, diode Dy
is conducting from 0.183ms to 0.200ms and diode D; is not conducting from
0.175ms to 0.200ms.
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Figure 6.10: Direct matrix converter system magnified clamp circuit diode

currents 2p; and ipy with SVM strategy under switch 54, open circuit con-
dition

The magnified clamp circuit diode currents ips and ips of the DMC with
SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.11. It can be seen from the Figure 6.11 that the diode current 7, flowing
through the diode D5 is 0A from 0.175ms to 0.200ms. The diode current i ps
flowing through the diode Dj is 0A from 0.175ms to 0.200ms. Therefore,
neither diode Dy nor Ds is conducting from 0.175ms to 0.200ms.

25 + iD2

151 -

Current(A)

-05 I I I L
0 0.1 0.2 0.3 0.4 0.5

Time(ms)
Figure 6.11: Direct matrix converter system magnified clamp circuit diode
currents ipo and ips with SVM strategy under switch S, open circuit con-
dition

The magnified clamp circuit diode currents ips and ipg of the DMC with
SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.12. It can be seen from the Figure 6.12 that the diode current 7p3 flowing
through the diode D3 is 0A from 0.175ms to 0.200ms. The diode current ipg
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flowing through the diode Dg is 0A from 0.175ms to 0.200ms. Therefore,

neither diode D3 nor Dg is conducting from 0.175ms to 0.200ms.
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Figure 6.12: Direct matrix converter system magnified clamp circuit diode
currents ip3 and ipg with SVM strategy under switch S4, open circuit con-

dition

The magnified clamp circuit diode currents ip7 and ip1g of the DMC with
SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.13. It can be seen from the Figure 6.13 that the diode current ¢p; flowing
through the diode D7 is around 2.2A from 0.175ms to 0.200ms. The diode
current ip1g flowing through the diode Dy is 0A from 0.175ms to 0.200ms.
Therefore, diode D7 is conducting from 0.175ms to 0.200ms and diode Dy
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Figure 6.13: Direct matrix converter system magnified clamp circuit diode
currents ip; and ipjo with SVM strategy under switch S, open circuit con-

dition
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SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.14. It can be seen from the Figure 6.14 that the diode current ipg flowing
through the diode Dg is 0A from 0.175ms to 0.200ms. The diode current
1p11 flowing through the diode Dy, is around 1.3A from 0.175ms to 0.200ms.
Therefore, diode D;; is conducting from 0.175ms to 0.200ms and diode Dg

is not conducting from 0.175ms to 0.200ms.

3 T T T
25+ ing ip11 i
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Figure 6.14: Direct matrix converter system magnified clamp circuit diode
currents ipg and ipy; with SVM strategy under switch S4, open circuit con-
dition

The magnified clamp circuit diode currents ipg and ip;s of the DMC
with SVM strategy under an open circuit fault in switch S4, is shown in
Figure 6.15. It can be seen from the Figure 6.15 that the diode current ipg
flowing through the diode Dy is 0A from 0.175ms to the time point 0.200ms.
The diode current ipio flowing through the diode Dis is around 0.95A from
0.175ms to 0.183ms. The diode current ipqo is 0A from 0.183ms to 0.200ms.
Therefore, diode D5 is conducting from 0.175ms to 0.183ms and diode Dy

is not conducting from 0.175ms to 0.200ms.
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Figure 6.15: Direct matrix converter system magnified clamp circuit diode

currents ipg and ipjo with SVM strategy under switch S, open circuit con-
dition

According to the clamp circuit diode currents shown from Figure 6.10 to
Figure 6.15, it can be seen that the faulty phase current i,, will influence the
healthy phase currents i,, and 7,. by recirculating this current through the
diode clamp circuit. Apart from the output currents, the current recirculating
path in the diode clamp circuit also depends on the input and output voltages
of the clamp circuit as discussed in section 5.2.2.

The magnified input voltages ug of the direct matrix converter with SVM
strategy under an open circuit fault in switch Sy, is shown in Figure 6.16. It
can be seen from the Figure 6.16 that the input source voltage us4 is —39V,
usp is —1V and uye is +40V respectively when the switch Sy, fails an open
circuit. The input source voltages can be regarded as constant within one
modulation period because the input frequency is usually 50Hz or 60H z,

much lower than the modulation frequency which is around 10k H z.
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Figure 6.16: Direct matrix converter magnified input voltages ugs with SVM

strategy under switch S, open circuit condition

The magnified output phase voltage u,, of the direct matrix converter with
SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.17. It can be seen from the Figure 6.17 that the output phase voltage
Upg 18 170V from 0.175ms to 0.200ms. This means the faulty output phase
voltage u,, is clamped to the positive line of the clamp circuit from 0.175ms

to 0.200ms because diode Dy is conducting from 0.175ms to 0.200ms.
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Figure 6.17: Direct matrix converter magnified output phase voltage u,, with
SVM strategy under switch S, open circuit condition

The magnified output phase voltage u,, of the direct matrix converter with
SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.18. It can be seen from the Figure 6.18 that the output phase voltage .
is =39V from 0.175ms to 0.200ms. This means switch Sy, turns on from
0.175ms to 0.200ms and connects the input phase A with the output phase
b.
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Figure 6.18: Direct matrix converter magnified output phase voltage u,, with
SVM strategy under switch S4, open circuit condition

The magnified output phase voltage u,. of the direct matrix converter with
SVM strategy under an open circuit fault in switch Sy, is shown in Figure
6.19. It can be seen from the Figure 6.19 that the output phase voltage
Uy Of the direct matrix converter is —39V from 0.175ms to 0.183ms. The
output phase voltage u,. is +40V from 0.183ms to 0.200ms. This means that
switch Sy turns on from 0.175ms to 0.183ms and connects the input phase
A with the output phase c¢. Switch S¢. turns on from 0.183ms to 0.200ms
and connects the input phase C' with the output phase c.

60

T
0.175ms  0.183ms

40 L

20

Voltage(V)
o
T

20 - 0.200ms

40 F ]
-60 L I I !
0 0.1 0.2 0.3 0.4 05
Time(ms)
Figure 6.19: Direct matrix converter magnified output phase voltage u,. with

SVM strategy under switch Sy, open circuit condition

In order to analyze the waveforms presented above, the clamp circuit
diode current waveforms and their characteristics are summarized in Table
6.2. The input voltage, output voltage and clamp circuit voltage waveforms

are summarized in Table 6.3.
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Table 6.2: Faulty operation waveforms summary 1

Waveforms Characteristics
s — , e D, conducts from
251 0175ms. —_— it —_— i
P e ] 0.183ms to 0.200ms.
e, [ ]
s innnninnt
08 01 02 03 02 05
Time(ms)
s - Dy and Djy conduct
250 —_ —_— s
2 from 0.175ms to
< 15t
£ 0.200ms.
5 05
0
05 01 02 03 04 0.5
Time(ms)
3 : — Ds and Dg not con-
251 —i —_— i
2 duct from 0.175ms to
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Table 6.3: Faulty operation waveforms summary 2

Voltage(V)

Waveforms Characteristics
& T . ® Usgp = —39V,USB =
40
- —1V . use = +40V.
F o A
B
ok
-60 L L I I
0 0.1 0.2 03 04 05
Time(ms)
20 - o u,, is 170V from
200 175ms  0.200ms
IS 0.175ms to 0.200ms.

Voltage(V)

e u, is —39V  from
0.175ms to 0.200ms.

Voltage(V)

L L L L
0 0.1 0.2 0.3 0.4 05
Time(ms)

® u, is —39V from
0.175ms to 0.183ms.

® U, 1s +40V from
0.183ms to 0.200ms.
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According to the waveforms shown above, the faulty phase current i,,
recirculating path under a switch Sga, open circuit fault condition can be
determined. From 0.175ms to 0.183ms, the clamp circuit diodes D7, Dy
and D, are conducting. Combining the information of the input voltage, the
output current and the switching state from 0.175ms to 0.183ms, it can be
seen that the faulty phase current i,, is recirculating, as shown in the Figure
6.20. This type of faulty phase current i,, recirculating path can explain
why the three phase output currents i,q, i and i,. are all zero from 0.175ms
to 0.183ms. This is because in this type of current recirculating path, the

k=1 at the modulation period T, ! is

amplitude of faulty phase current i,,
the largest absolute value among the three output currents. The switch S 4,
occurs open circuit fault at the beginning of the modulation period T,* at
0.175ms. Therefore, the faulty phase current ¢,, can provide current for both
the load phase b and the load phase ¢ because i,," ! is the biggest absolute

value.
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Figure 6.20: The faulty phase current i,, recirculating path under the switch
S4q open circuit fault condition from the time point 0.175ms to the time
point 0.183ms.

From time 0.183ms to 0.200ms, the clamp circuit diodes D4, D7 and D14
are conducting. Combining the information of the input voltage, the output
current and the switching state from 0.183ms to 0.200ms, it can be seen that
the faulty phase current i,, is recirculating, as shown in the Figure 6.21. This
type of faulty phase current 7,, recirculating path can explain why output
current i,, and i, are zero, but output current i, is not zero from 0.183ms
to 0.200ms. This is because in this type of current recirculating path, the

amplitude of faulty phase current i,,"! at the modulation period T, is
the biggest absolute value among the three output currents. Switch Sy, is
failing as an open circuit fault in the modulation period T,* from 0.183ms
to 0.200ms. Therefore, the faulty phase current ¢,, can provide current for
load phase b because the clamp circuit diode D;; is conducting. However,

the faulty phase current i,, can not provide current for load phase ¢ because
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the clamp circuit diode D, is conducting.

UiA = -39V qsﬁa Open Circuit Ugb = -39
Uig=0v oooBa Uoc = +39 V

Output
Uic = +39 V Sca | 2 |—1r-1mdw~vﬂL Yo

Input Sap

' A
H CSBb MDN

B S b
@v ¢ = 5 Cb
OSAc L _
q . WV
SBc !

c
Sce |

Clamp Circuit Y

£SD12|SD2 D3 utp D7 D32|S Dgég

.
Dy Dg %SDG ) DlO%SDl D124

Figure 6.21: The faulty phase current i,, recirculating path under the switch
S4a open circuit fault condition from the time point 0.183ms to the time
point 0.200ms.

6.2.2 Direct Matrix Converter System Simulation with
FCS-MPC Strategy

The direct matrix converter system with the FCS-MPC strategy has been
simulated with MATLAB/SIMULINK software. The block diagram of the
simulation model is shown in Figure 6.22. The simulation parameters of the
direct matrix converter system with FCS-MPC strategy are listed in Table
6.4. The three output current sensors are located ahead of the clamp circuit
to measure the output currents of the direct matrix converter.

As shown in Figure 6.22, the electronic parts modeling such as DMC
and clamp circuit uses the SIMSCAPE library. The FCS-MPC algorithm
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Input
Voltage FCS-MPC Output
& Current Algorithm Current
I |
Voltage Input T
Source Filter DMC Load
Clamp
Circuit

Figure 6.22: Direct matrix converter simulation block diagram with FCS-
MPC strategy

is implemented in a S-Function block in the simulink model to realize the

control purpose.
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Table 6.4: The simulation parameters of the direct matrix converter system
with FCS-MPC strategy

Variables Description Value
Usm, Amplitude AC Phase Voltage  50[V]
Ly Input Filter Inductor 273[nH]
Cy Input Filter Capacitor T2[uF]
Ry Input Filter Resistor 0.08[€2]

Ripad Load Resistor 12[Q]
Lioad Load Inductor 17/mH]|
Tsample Sampling Time 100][pus]
Lous Output Current Amplitude 2.5[A]
Jout Output Current Frequency  60[H?z]

Normal Operation with FCS-MPC strategy

Under normal operating condition with the FCS-MPC strategy, the input
source three phase voltages u, of the direct matrix converter system are
shown in Figure 6.23. The amplitude of the u; is set as 50V to be consistent

with the experimental parameters. The frequency of the ug is set as 50H z.
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[
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Figure 6.23: Direct matrix converter input source voltages with FCS-MPC
strategy

L
40 70 100

The output three phase currents i, of the direct matrix converter system
is shown in Figure 6.24. The amplitude of the ¢, is modulated at 2.5A to be
consistent with the experimental parameters. The frequency of the i, is set
as 60H z.
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Figure 6.24: Direct matrix converter output currents with FCS-MPC strat-
egy

The input source three phase currents ¢, of the direct matrix converter
with FCS-MPC strategy are shown in Figure 6.25. The applied FCS-MPC
strategy use input current and output current as cost function factors. The
input current and output current are coupled by the direct matrix converter.
There is a trade-off between the input current quality and output current
quality. In this theis, the weighting factor A is set to 0.2, which gives the
output currents priority over the input source currents. There is distortion
in the input current waveform. This distortion adds noise into the DMC
system, which helps to test the proposed fault diagnosis algorithm under

noisy condition.
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Figure 6.25: Direct matrix converter input source currents with FCS-MPC

strategy

The output phase to phase voltage u,q of the direct matrix converter

system are shown in Figure 6.26. The output phase to phase voltage uopc
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of the direct matrix converter system with FCS-MPC strategy is shown in

Figure 6.27. The output phase to phase voltage .. of the direct matrix

converter system are shown in Figure 6.28.
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Figure 6.26: Direct matrix converter output phase to phase voltage 4, With
FCS-MPC strategy
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Figure 6.27: Direct matrix converter output phase to phase voltage up. with

FCS-MPC strategy
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Faulty Operation with FCS-MPC Strategy under Switch S, open

circuit fault

In order to analyze the open circuit fault behaviour of the DMC with a

FCS-MPC strategy, a switch shoul

d be triggered to be open circuit for some

time. The switch Sy, is triggered to fail open circuit for 5ms in one output

period to show the output currents 7, behaviour under an open circuit fault

condition. The output currents i, of the direct matrix converter system with

FCS-MPC strategy under an open circuit fault in switch Sy, is shown in

Figure 6.29. The sampling time for this simulation is set as 100us in order

to be consistent with the experimental parameters.
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Figure 6.29: Direct matrix converter output currents ¢, with FCS-MPC strat-

egy under switch Sy4, open circuit ¢

The magnified output currents ¢

ondition with 100us sampling time

o of the direct matrix converter using the
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FCS-MPC strategy under an open circuit fault in switch S4, is shown in
Figure 6.30.
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Figure 6.30: Direct matrix converter magnified output currents i, with FCS-
MPC strategy under switch S4, open circuit condition with 100us sampling
time

The simulation results show that once bidirectional switch Sy, fails open
circuit, the faulty output phase current i,, of the direct matrix converter
will become zero as shown in Figure 6.30. In addition, the healthy output
phase currents i, and i,. could become zero as well because the faulty phase
current recirculating in the clamp circuit will influence the healthy output

phase current of the direct matrix converter.

6.3 Indirect Matrix Converter System Simu-

lation and Results

The indirect matrix converter circuit is shown in the Figure 6.31. It can be
seen from Figure 6.31 that the indirect matrix converter topology is composed
of a matrix rectifier stage and an inverter stage. The rectifier stage and the
inverter stage are connected by a fictitious DC-Link. The clamp circuit is
comprised of a diode and a capacitor. This section will present the simulation
results for the indirect matrix converter under normal operation conditions.
This section will also present the simulation results of the indirect matrix

converter under device switch open circuit fault operation conditions. The
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indirect matrix converter system is simulated using MATLAB/SIMULINK.
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Figure 6.31: Indirect matrix converter system

6.3.1 Indirect Matrix Converter System Simulation with

Model Predictive Control Strategy

The block diagram of the simulation model for the indirect matrix converter
is shown in Figure 6.32. The simulation parameters for the indirect matrix
converter system using FCS-MPC strategy are given in Table 6.5. There are
two additional voltage sensors to measure the voltages uq., and uge, in order
to do fault detection and diagnosis in the indirect matrix converter when
an open circuit fault occurs in any device. ug4., is the voltage between the
DC-Link positive line and the input source neutral point. ug., is the voltage

between the DC-Link negative line and the input source neutral point.
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Figure 6.32: Indirect matrix converter output currents with FCS-MPC strat-
egy

Table 6.5: The simulation parameters of the indirect matrix converter system
with FCS-MPC strategy

Variables Description Value
Usm, Amplitude AC Phase Voltage 311[V]
Ly Input Filter Inductor 400[pH|
Cy Input Filter Capacitor 63[1F
Ry Input Filter Resistor 0.5[9]

Rioad Load Resistor 10[Q]
Lioad Load Inductor 10[mH]|
Tsampie Sampling Time 50[ps]
Lo Output Current Amplitude 10[A]
fout Output Current Frequency 50[H 2]
Simulation Step 1[us]
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If the fictitious inverter stage switch S;; fails open circuit, the output

current i, of the indirect matrix converter is as shown in Figure 6.33. In this

example, the amplitude of the output current is 10A before the open circuit

switch fault occurs.

Normal operation

Faulty operation

15
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Figure 6.33: The output currents under S;; fails open circuit

When the fictitious inverter stage switch 5;; fails open circuited, the fic-

titious DC-Link voltages g4 and uge, are as shown in Figure 6.34. It can

be seen from the waveforms that the amplitude of the DC-Link voltages e,

and ug4e, do not change significantly.
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Figure 6.34: The fictitious DC-Link voltages under S;; fails open circuit

The output error voltages €4, €. and e, are the difference between the
estimated output line-to-line voltages and the FCS-MPC algorithm predicted
line-to-line output voltages. When the fictitious inverter stage switch S;; fails
open circuit, the output error voltages 4, €5 and ., are as shown in Figure
6.35. It can be seen from Figure 6.35 that the amplitude of the output error

voltages increase significantly when the switch S;; fails open circuit.
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Figure 6.35: The output error voltages under S;; fails open circuit

The magnified waveform of the output error voltages 4, €. and e, are
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shown in Figure 6.36 when the switch S;; has an open circuit fault. The open
circuit fault occurs at 40.0ms. It can be seen from the Figure 6.36 that the

amplitude of the output error voltages will exceed a defined threshold value
within 100us.

Faulty operation starts at 40ms
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Figure 6.36: The magnified output error voltages under S;; fails open circuit

Combined with the information of the DC-Link voltages ugq, and wgep, it
can be seen that the rectifier stage switches are healthy because the DC-Link
voltages do not exceed the defined voltage threshold. Therefore, the output
error voltages mean that an open circuit fault in the fictitious inverter stage
can be detected within 100us.

If the fictitious rectifier stage switch 5, fails open circuit, the output cur-
rents under S, fails open circuit are shown in Figure 6.37. In this example,

the switch S, fails open circuit fault at 57ms.
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Figure 6.37: The output currents under S,; fails open circuit

The output error voltages €., €y and e, are shown in Figure 6.38 for the
case which the switch S, is open circuit. It can be seen from Figure 6.38 that
the amplitude of the output error voltages increase significantly when switch
Sy1 fails open circuit. However, the DC-Link voltages ugq, and uge, have to
be considered before making the detection because the rectifier stage and the

inverter stage are not decoupled in the indirect matrix converter circuit.
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Figure 6.38: The output error voltages under S, fails open circuit

The fictitious DC-Link voltages w4, and uge, are shown in Figure 6.39
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when switch S, fails open circuit. It can be seen from the waveforms that
the amplitude of the DC-Link voltage u4., increases significantly after the

switch S, fails open circuit, therefore allowing easy detection of the fault.
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Figure 6.39: The fictitious DC-Link voltages under S,; fails open circuit

The magnified fictitious DC-Link voltages w4 and uge, are shown in
Figure 6.40 when the switch S, fails as an open circuit. In this example, the
open circuit fault occurs at 57.0ms. It can be seen from Figure 6.36 that the
amplitude of the DC-Link positive line voltage ug., will exceed the defined
voltage threshold value within 100us.
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Faulty operation starts at 57ms
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Figure 6.40: The magnified fictitious DC-Link voltages under S, fails open
circuit

Combining with the information of the output error voltages, it can be
seen that both the DC-Link voltages and the output error voltages exceed
defined threshold value. This section focuses on a single switch open circuit

fault, which can always be detected within 100us.

6.4 Summary

This chapter presents the simulation results for the direct matrix converter
system with SVM strategy. The simulation results for an bidirectional switch
open circuit fault prove that the faulty output phase current recirculating
path in the clamp circuit proposed in the previous chapter is viable. The
simulation results also prove the feasibility of the proposed fault detection
and diagnosis method proposed in the previous chapter.

This chapter also presents simulation results for the direct matrix con-
verter system using the FCS-MPC strategy. The simulation results showing
bidirectional switch open circuit fault prove the feasibility of the proposed
fault detection and diagnosis method proposed in the previous chapter.

Finally, this chapter presents the simulation results for the indirect matrix
converter system using the FCS-MPC strategy. The simulation results for

bidirectional switch open circuit fault in the rectifier stage prove the feasi-

145



Chapter 6 — Matrix Converter System Simulation Study and Results

bility of the proposed fault detection and diagnosis method proposed in the
previous chapter. The simulation results under an unidirectional switch open
circuit fault in the inverter stage prove the feasibility of the proposed fault

detection and diagnosis method also proposed in the previous chapter.
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Experimental Results

7.1 Introduction

This chapter presents the experimental results of the direct matrix converter
system. All the experimental data presented in this chapter is captured by
the DSP-FPGA control platform. This means that the fault detection and
diagnosis algorithm proposed in the previous chapter can be implemented
into the DSP-FPGA control platform. This will guarantee that the fault de-
tection and diagnosis algorithm can do real-time fault detection and diagnosis

for the direct matrix converter system.

7.2 Three Phase Direct Matrix Converter Sys-
tem with Model Predictive Control Strat-

egy

In the experimental implementation, the Finite Control Set Model Predictive
Control (FCS-MPC) strategy is used to control the DMC. The advantage
of using FCS-MPC strategy is that there is only one fixed switching state
applied in each sampling period, which will simplify the switching states
capturing process in the DSP-FPGA control platform. The output current

sensors are located ahead of the clamp circuit to measure the DMC output
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currents directly as shown in Figure 7.1. The experimental parameters are

presented in Table 7.1. The direct matrix converter system is shown in Figure
7.2.

Voltage & FSC-MPC
Current Control | Current
Sensors Platform Sensors

3 1 !

3 3
. Input > Vi RL
Variac Filter 4 DMC 1= Load
Clamp
Circuit

Figure 7.1: experimental rig set up diagram

Table 7.1: The experimental parameters of bench rig with FCS-MPC strategy

Variables Description Value
Vi Amplitude AC Phase Voltage — 50[V]

Ly Input Filter Inductor 273[nH]

Cy Input Filter Capacitor T2[uF]
Ry Input Filter Resistor 0.08[2]
Rioad Load Resistor 12[Q]
Lioad Load Inductor 17/mH]|
Tsampie Sampling Time 100[us]
Lous Output Current Amplitude 2.5[A]
Jout Output Current Frequency 60[H 2]
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Figure 7.2: Direct matrix converter system operating under healthy operating
condition

7.2.1 Healthy Operating Condition

Under healthy operating condition, the input source voltage amplitude V of
the direct matrix converter system is 50V . the three phase sinusoidal input

source voltage us under normal operation is shown in Figure 7.3.
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Figure 7.3: The normal operation input source voltage u, of the direct matrix
converter system with FCS-MPC strategy

Under healthy operating condition, the amplitude of the direct matrix
converter input voltage u; is 50V. the input voltage wu; of the direct matrix

converter under normal operation is shown in Figure 7.4.
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Figure 7.4: The normal operation input voltage u; of the direct matrix con-
verter system with FCS-MPC strategy

Under healthy operating condition, the amplitude of the direct matrix
converter output current i, is 2.5A. the output current ¢, of the direct matrix

converter under normal operation is shown in Figure 7.5.
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Figure 7.5: The normal operation output current i, of the direct matrix
converter system with FCS-MPC strategy

the input source current i, of the direct matrix converter under normal
operation is shown in Figure 7.6. The harmonic of the input source current is
caused by the FCS-MPC control algorithm. The FCS-MPC control algorithm
gives major priority to the output current rather than the input current. This
is the reason why the harmonic of the input source current is high. Since
the DMC system using the FCS-MPC control algorithm does not operate in
ideal condition, quite amount of noise is introduced into the DMC system
which can be seen from the input source current i, waveform. One reason for
this not ideal condition is that this thesis focus more on the fault diagnosis
than on the control performance of the system. Another reason for this not
ideal condition is that the feasibility of the proposed fault diagnosis method
could be better tested under this not perfect and noisy condition, because
the nature of the proposed fault diagnosis method is a threshold-value-based
method, which is heavily depending on the noise level of the system. If the
proposed fault diagnosis method can effectively locate the fault in this noisy
condition, the performance of the proposed fault diagnosis method can be

much better in a well-controlled and low-noise-level system.
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Figure 7.6: The normal operation input source current i, of the direct matrix
converter system with FCS-MPC strategy

7.2.2 Single Bidirectional Switch Open Circuit Fault

Condition

In order to do fault detection and diagnosis experiment, a bidirectional switch
has to be triggered to be open circuit for a certain amount of time and then
set the switch back to be normal immediately after the triggering due to
safety purpose. Since the direct matrix converter is a three phase balanced
system, so each individual bidirectional switch is regarded as exactly the
same as the others. In this section, the bidirectional switch Sy, is triggered
to be open circuit for 1ms and then set back to normal operation immediately
for safety purpose. The direct matrix converter system under an open circuit

fault condition is shown in Figure 7.7.
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Figure 7.7: The direct matrix converter system under bidirectional switch
S 4q Open circuit condition

N

Type 1 Path Results

The DMC output three phase currents .4, %0, and 7, under the bidirectional
switch S4, open circuit fault condition is shown in Figure 7.8. The magnified
waveforms of the switching states, the DMC output currents, and the input
voltages during the open circuit fault period is presented in Figure 7.9. The
bidirectional switch S, occurs an open circuit fault at 0.3ms. The type
1 current recirculating path presented in Figure 7.10 occurs at 0.4ms as
shown in Figure 7.9.The three phase input voltages at t; are u;4 = —48.0V,
u;p = +38.5V and u;c = +9.5V, respectively. The faulty output phase
current i,, is flowing from the load, and the healthy output phases currents
1op and i,. are flowing into the load. The bidirectional switches which are
conducting at t; are Sa,, Scp and Se., respectively. From the experimental
results it can be seen that there is current flowing in the DMC healthy output

phases b and c.
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Figure 7.8: The DMC output currents under type 1 faulty phase current
recirculating path occasion
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Figure 7.9: Magnified waveforms of the
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rents, and the input voltages of the DMC under type 1 faulty phase current

recirculating path occasion
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Figure 7.10: Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 1 faulty phase current
recirculating path occasion

Type 2 Path Results

The DMC output three phase currents 2,4, %0, and 7, under the bidirectional
switch S 4, open circuit fault condition is shown in Figure 7.11. The magnified
waveforms of the switching states, the DMC output currents, and the input
voltages during the open circuit fault period is presented in Figure 7.12. The
bidirectional switch S4, occurs an open circuit fault at 0.3ms. The type 2
current recirculating path presented in Figure 7.13 occurs at 0.4ms as shown
in Figure 7.12. The three phase input voltages at ¢; are u;4 = —22.4V,
u;p = +484V and u;c = —26.0V, respectively. The faulty output phase
current i,, is flowing from the load, and the healthy output phases currents
1op and i,. are flowing into the load. The bidirectional switches which are

conducting at ty are Sa,, Scp and Sp., respectively. From the experimental
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results it can be seen that there is no current flowing in the DMC healthy

output phase b.
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Figure 7.11: The DMC output currents under type 2 faulty phase current
recirculating path occasion
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Figure 7.12: Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 2 faulty phase current
recirculating path occasion
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Figure 7.13: Magnified waveforms of the switching states, the output cur-
rents, and the input voltages of the DMC under type 2 faulty phase current
recirculating path occasion

Fault Diagnosis Results

The results during the open-circuited period are magnified and shown in Fig.
7.14 and Fig. 7.15. It can be seen that the DMC output current i,, drops
to zero immediately when switch Sy, is triggered to be open-circuited and
keeps zero during the whole open-circuited period. So the open-circuited flag
F4, is set to 1 by the proposed fault diagnosis system. If the absolute value
of the open-circuited faulty output phase current is the biggest among the
three output phase currents, The healthy output phases currents could be in-
fluenced by the faulty phase current to decrease to zero. This information is
contributed to the proposed fault diagnosis system to avoid false-diagnosis.
Since the absolute value of the current i,, is the biggest among the three

currents, so the current i,, dropped to zero for two sampling periods. In
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these two sampling periods, the open-circuited flag Fg. is set to 0.5 respec-
tively by the proposed fault diagnosis system by using the present switching
state information, which are obtained directly from the FPGA card. Since
this paper focuses on single-switch open-circuited fault occasion, so only the
switch S4, with the highest faulty possibility is detected as open-circuited.
The switch Spg. is considered as healthy switch due to lower faulty possibility.

Therefore, a false diagnosis can be avoided.
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Figure 7.14: output currents under open circuit fault condition
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Figure 7.15: Magnified output currents under open circuit fault condition

One drawback of the proposed method is that it will diagnose an open-
circuited fault during the natural zero crossing. Therefore, at least two sam-
pling periods are needed to guarantee the currents are not experiencing nat-
ural zero crossing. The number of sampling periods needed also depends on
the output frequency and amplitude. The lower the output frequency and
the lower the amplitude, the more numbers of sampling periods are needed

to avoid natural zero crossing.
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7.2.3 Statistic Analysis of Fault Diagnosis Performance

Under Random Noisy Condition

Under noisy condition, the fault diagnosis performance will be influenced be-
cause the nature of the proposed fault diagnosis method is based on threshold
value selection. In reality, the output currents will almost never be exact zero
because of the impact of noise. Therefore, a threshold value th and the three

output phase faulty flag F,,, Fy, and F, are defined as shown in equation 7.1.

if ioa < |th|, Fy = 0.5 or 1;
Zf Top < |th|,Fb =050r1; (71)
if ioe < |th|, F.=0.5o0r 1;

Where i,4, i0p, and i,. are three phase DMC output currents.

In order to investigate the proposed fault diagnosis performance under
random noisy condition, reasonable amount of open circuit faults are trig-
gered randomly and the proposed fault diagnosis method is being applied on
to diagnose the open circuit fault under different threshold value conditions.
11 sets of experimental results are selected to do the statistic analysis. The
fault diagnosis method is being implemented by using MATLAB in order to
diagnose the same open circuit fault with different threshold values including
th = 0.01, th = 0.02, th = 0.04, and th = 0.06. Therefore, in total of 44 sets
of fault diagnosis results are being investigated to do the statistic analysis.
The 44 sets of fault diagnosis results can be found in the Appendix.

The outcome of the statistic analysis is shown in Fig 7.16. In Fig 7.16,
S means the open circuit fault can be successfully detected, and F' means
the open circuit fault is failed to be detected. Cross symbol means the
open circuit fault is successfully detected by detecting fault flag F,, being
1. Triangle symbol means the open circuit fault is successfully detected by
detecting fault flag F, being repeatable 0.5 for at least three continuous
samples. Circle symbol means the open circuit fault is failed to be detected.

The red line means the fault diagnosis performance when threshold value th =
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0.01. The blue line means the fault diagnosis performance when threshold
value th = 0.02. The green line means the fault diagnosis performance
when threshold value th = 0.04. The yellow line means the fault diagnosis

performance when threshold value th = 0.06.

 Detected by fault A : Detected by fault flag

X flag being 1 being repeatable 0.5 O : Failed to detect
S:successfully 3 Threshold
detected g ;
Ffailed 001
to detect r
s 3
0.02
F |
s —X 3
F 0 o 3
v v | 1
sSFX XX %X %X X X %X X %X X
1 1 ‘ ‘ 0.06
F

1 2 3 4 5 6 7 8 9 10 11
Experiments Number

Figure 7.16: Proposed fault diagnosis method performance under different
threshold value conditions

The probability of successful detection P,y can be calculated under dif-
ferent threshold value conditions as shown in Fig 7.17. It can be seen from
Fig 7.17 that when threshold value th = 0.06, the proposed fault diagnosis
method can detect the open circuit fault 100% successfully under this specific
DMC operating point. When a DMC system is operating in other operat-
ing points, the noise level would be different from the one experienced in
this thesis. Therefore, the threshold value th should be adjusted accordingly
depending on the DMC operating condition.
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Figure 7.17: Probability of successful detection under different threshold
value conditions

7.3 Three Phase Direct Matrix Converter Sys-
tem with Space Vector PWM Strategy

In the experimental implementation, the Space Vector Modulation (SVM)
strategy is used to control the DMC. The advantage of using SVM strat-
egy is that the SVM algorithm is simple and need less calculation than the
FCS-MPC algorithm. Furthermore, the SVM strategy has a fixed switching
frequency and therefore has fixed harmonic frequency. This characteristic
makes it easier to design filter system for the SVM strategy. The output
current sensors are located ahead of the clamp circuit to measure the DMC
output currents directly as shown in Figure 7.18. The experimental parame-
ters are presented in Table 7.2. The direct matrix converter system is shown
in Figure 7.2. This section focuses on the open loop operation of the direct

matrix converter system with SVM strategy.
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Figure 7.18: Experimental rig set up diagram with SVM strategy

Table 7.2: The experimental parameters of bench rig with SVM strategy

Variables Description Value
74 Amplitude AC Phase Voltage 50[V]
Ly Input Filter Inductor 273 H |
Cy Input Filter Capacitor 2[uF]
Ry Input Filter Resistor 0.08[]
Rioad Load Resistor 2.8[Q]
Lioad Load Inductor 17/mH]|
fm Modulation Frequency 12.5[kHz]
Lous Output Current Amplitude 2[A]
Jout Output Current Frequency 60[H 2]
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7.3.1 Healthy Operating Condition

Under healthy operating condition, the input source voltage amplitude u, of
the direct matrix converter system is 50V. the three phase sinusoidal input

source voltage us under normal operation is shown in Figure 7.19.

Voltage(V)

R L ! I I L L L L
0 40 120 200 280 360 440 520 600 680 760 800

Time(ms)

Figure 7.19: The normal operation input source voltage us of the direct
matrix converter system with SVM strategy

Under healthy operating condition, the amplitude of the output current
1, of the direct matrix converter system is 2A. The output current i, of the

direct matrix converter under normal operation is shown in Figure 7.20.

Current(A)

L [ [ [ L
0 80 160 240 320 400 480 560 640 720 800
Time(ms)

Figure 7.20: The normal operation output current i, of the direct matrix
converter system with SVM strategy
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7.3.2 Single Bidirectional Switch Open Circuit Fault

Condition

In this section, the bidirectional switch S 4, is triggered to be open circuit for
1ms and then set back to normal operation immediately for safety purpose.
The direct matrix converter system under an open circuit fault condition is
shown in Figure 7.7. In the experiment, the 1-Zero-SVM switching sequence
is applied because the 1-Zero-SVM switching sequence has less switching
states than 2-Zero-SVM and 3-Zero-SVM. Reducing the switching states can
reduce the complexity of the fault detection and the diagnosis algorithm. In
order to capture the output current information of each switching state in one
modulation period, an over-sampling technique is applied in this experiment.
The output current sampling frequency is 200k H z, which means the output
current is sampled every Sus. Since the modulation frequency is 12.5kH 2z in
this experiment, so there are 16 output current samples in each modulation

period as shown in Figure 7.21.

12 13 Iy ',5 Ie 17 g dIg T Tu % % i i i
Swi S B iSai 0 | iSwi i i Sa i 1S
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Figure 7.21: Output current over-sampling technique with 200k H z sampling
frequency and 12.5k H z modulation frequency

There are 16 output current samples in each modulation period. The 16

samples of output phase a current i,, of the direct matrix converter under
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bidirectional switch S4, open circuit condition is shown in Figure 7.22. It can
be seen from the Figure 7.22 that the over-sampling technique will capture
some noise. This is because the sampling point may locate at the transient

state of the switching commutation.

Spa Open circuited

for Ims Saa back to normal
5

Current(A)

H L [ [ L L L L L
o’ 80 160 240 320 400 480 560 640 720 800
Time(ms)

Figure 7.22: The output current i,, of the direct matrix converter system
with SVM strategy under bidirectional switch S4, open circuit condition

The 16 samples of output phase b current ., of the direct matrix converter
under bidirectional switch Sy, open circuit condition is shown in Figure 7.23.
It can be seen from the Figure 7.23 that the over-sampling technique will
capture some noise. This is because the sampling point may locate at the

transient state of the switching commutation.
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Figure 7.23: The output current i,, of the direct matrix converter system
with SVM strategy under bidirectional switch S4, open circuit condition

The 16 samples of output phase ¢ current i, of the direct matrix converter
under bidirectional switch S4, open circuit condition is shown in Figure 7.24.
It can be seen from the Figure 7.24 that the over-sampling technique will
capture some noise. This is because the sampling point may locate at the

transient state of the switching commutation.

Saa Open circuited
for 1ms Saa back to normal
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Figure 7.24: The output current i,. of the direct matrix converter system
with SVM strategy under bidirectional switch S4, open circuit condition

The magnified input source voltage u, of the direct matrix converter un-

der bidirectional switch S4, open circuit condition is shown in Figure 7.25.
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Considering the input source voltage information and the switching state in-
formation together, the current recirculating path in the clamp circuit can

be decided by the fault detection system to avoid false-diagnosis.
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Figure 7.25: The magnified input source voltage u, of the direct matrix
converter system with SVM strategy under bidirectional switch S4, open
circuit condition

The magnified sampling points of the output currents 7,4, i, and i,. of the
direct matrix converter under bidirectional switch S4, open circuit condition
is shown in Figure 7.26, 7.27, and 7.28 respectively. There are 16 sampling
points in one modulation period. This is the first modulation period after
the switch S4, occurs open circuit fault. Considering the duty cycle of each
vector, the input current sector and the output voltage sector combination
information obtained from the DSP-FPGA platform, the switching sequence
of this modulation period can be decided as shown in the Figure 7.26.

From Figure 7.26 it can be seen that the output phase a current ¢,, be-
comes zero when the open circuit faulty switch Sy, is applied in active vector
+9. The output phase a current i,, is not zero when the open circuit faulty
switch Sy, is not applied in vectors —8, +5, 03 and —6.

From Figure 7.27 it can be seen that output phase b current i,, becomes
zero when the open circuit faulty switch Sy4, is applied in active vector +9.

This is because the faulty output phase current i,,**

at the previous mod-
ulation period T,*7! is the biggest absolute value among the three output

currents. So the faulty output phase current i,, will recirculate through the
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clamp circuit diode D; and D;; and go back to output load phase b. There-
fore, the faulty output phase current i,, will provide all the current required
for output load phase b. This will cause the output current sensor located
at the direct matrix converter output phase b detects zero current as shown
in the Figure 7.27. The faulty output current 7,, recirculating path through
the clamp circuit during vector +9 is shown in the Figure 7.29.

From Figure 7.28 it can be seen that the output phase ¢ current i,. flows
as usual. This is because the switch S¢. is conducting during vector +9.
The bidirectional switch S¢. connects the output phase ¢ to the input source
phase C'. So the output phase voltage is +42V regardless the switch voltage
drop. The clamp circuit diode D;5 will not conduct due to the clamp circuit
characteristic. Therefore, the other part of the faulty output phase current
1oq Will flow through clamp circuit Diode D4 and go back to the direct matrix
converter. So the output phase ¢ current sensor will detect a non-zero current

during vector +9 as shown in Figure 7.28.
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Figure 7.26: The magnified sampling points of the output current i,, of the
direct matrix converter system with SVM strategy under bidirectional switch
S4q Open circuit condition
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Figure 7.27: The magnified sampling points of the output current 7, of the
direct matrix converter system with SVM strategy under bidirectional switch
S4q Open circuit condition
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Figure 7.28: The magnified sampling points of the output current i,. of the
direct matrix converter system with SVM strategy under bidirectional switch
S4q Open circuit condition
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Figure 7.29: The faulty output current i,, recirculating path through the
clamp circuit during vector 49

7.4 Fault Detection and Diagnosis Methods

Evaluation and Comparison

This section will evaluate and compare the Fault Detection and Diagnosis
(FDD) methods and the control cost between the SVM strategy and the
FCS-MPC strategy. The SVM strategy needs 0 input current sensor and
the FCS-MPC strategy needs 2 input current sensors. The SVM strategy
needs 3 output current sensors and the FCS-MPC strategy needs 3 output
current sensors as well. The SVM strategy needs 2 input voltage sensors and
the FCS-MPC strategy needs 4 input voltage sensors. Neither SVM strategy
nor FCS-MPC strategy need any output voltage sensor. As for the FDD
methods, the SVM strategy needs high bandwidth output current sensors
such as 2M Hz bandwidth because the over-sampling technique is applied.
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Table 7.3: FDD Methods and Control Cost Evaluation and Comparison

SVM | FCS — MPC
Input Current 0 2
Sensor Number
Output Current 3 3
Sensor Number
Input Voltage 2 4
Sensor Number
Output Voltage 0 0
Sensor Number
Output Current High Low
Sensor Bandwidth
Control Algorithm Low High
Computation Amount
FDD Algorithm High Low
Computation Amount

The FCS-MPC strategy needs low bandwidth output current sensors such
as 200k H z bandwidth because only one current sample is required within
each sampling period. The SVM control algorithm computation amount
is lower than the FCS-MPC algorithm. However, the SVM FDD algorithm
computation amount is higher than the FCS-MPC algorithm. This is because
there are at least 9 switching states within one SVM modulation period.
In addition, there are much more output current samples within one SVM
modulation period than the current sample within one FCS-MPC sampling
period. The FDD algorithm need more computation to analyze the data
obtained from the SVM system than from the FCS-MPC system.

7.5 Summary

This chapter presents the experimental results of the direct matrix converter
system. All the experimental data presented in this chapter is captured by
the DSP-FPGA control platform. This means that the fault detection and
diagnosis algorithm proposed in the previous chapter can be implemented
into the DSP-FPGA control platform. This will guarantee that the fault de-
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tection and diagnosis algorithm can do real-time fault detection and diagnosis
for the direct matrix converter system.

The proposed fault detection and diagnosis algorithm is experimentally
implemented into the direct matrix converter system with FCS-MPC strat-
egy. The advantage for doing fault detection and diagnosis with FCS-MPC
strategy is that there is only one fixed switching state within one sampling
period. So only one current sample is required within one sampling period.
This current sensing requirement will allow relatively low bandwidth of the
output current sensor. The low bandwidth of the output current sensor could
potentially reduce the hardware cost.

The proposed fault detection and diagnosis algorithm is also experimen-
tally implemented into the direct matrix converter system with SVM strategy.
The advantage for doing fault detection and diagnosis with SVM strategy is
that the switching frequency is fixed. The fixed switching frequency will make
it easier to design the filter for the direct matrix converter system with SVM
strategy than with FCS-MPC strategy. Because the switching frequency is
uncertain in FCS-MPC strategy. Another advantage for doing fault detection
and diagnosis with SVM strategy is that the SVM algorithm computation
amount is lower than the FCS-MPC algorithm. This advantage will reduce
the control cost for SVM strategy comparing with FCS-MPC strategy.

The speed and precision of the proposed fault diagnosis method require
adjustment depending on the application condition. Ideally, if the output
current frequency and amplitude are high, and the current sensors are well
resisted to noise, and the derivative of the faulty output current exceeds the
empirical threshold value, the open-circuited switch fault can be diagnosed
within one sampling period. However, if the output current frequency or
amplitude is low, the proposed method will diagnose an open-circuited fault
during the natural zero crossing. Therefore, at least two sampling periods are
required to guarantee the currents are not experiencing natural zero crossing.
The lower the output frequency and amplitude, the more numbers of the
sampling periods are required to avoid natural zero crossing. In addition, if
the current sensors are not resistant to noise, more sampling periods are also

required to inhibit the disturbance.
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Conclusion and Future Work

8.1 Conclusion

The matrix converter (MC) topology consists of a bidirectional switch ma-
trix which connects the output direct to the input. The main advantage
of the MC topology is the removal of DC-Link component, which makes
the MC topology suitable for weight and volume critical conditions such as
aerospace application. However, since the MC topology has more semicon-
ductor switches than the traditional back-to-back PWM converter topology,
the reliability of the semiconductors is always a big concern in the MC ap-
plications. It is inevitable that an open circuit switch fault will occur during
the MC system lifetime. Therefore, it is of vital importance to diagnose the
switch fault precisely and fast in order to prevent follow-on damage from the
fault.

An effective open circuit fault diagnosis method requires the expert knowl-
edge of the MC system behaviour under an open circuit switch fault. There-
fore, this thesis has investigated both the open circuit fault MC system be-
haviour and the fault diagnosis methods for the MC system. Chapter 4
investigated the direct matrix converter (DMC) system behaviour under an
open circuit fault condition with both the finite-control-set model-predictive-
control (FCS-MPC) strategy and the space vector modulation (SVM) strat-
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egy. In addition, the indirect matrix converter (IMC) system behaviour un-
der the FCS-MPC strategy is also investigated in section 4.6. The expert
knowledge of the open circuit fault system behaviour is then contributed to
development of the fault diagnosis methods described in chapter 5. The MC
system models are built and tested in simulation softwares such as SYNOP-
SYS SABER and MATLAB/SIMULINK. The simulation results are shown
in chapter 6. The laboratory prototype of the DMC system for experimental
test is described in chapter 7. The corresponding experimental waveform is
presented in chapter 8 to prove the feasibility of the proposed fault diagnosis

methods.

The three proposed open circuit fault diagnosis methods for the MC sys-

tems in chapter 5 are summarized as follows.

The first proposed fault diagnosis method is for direct matrix converter
(DMC) with finite control set model predictive control (FCS-MPC) strat-
egy. The three output current sensors are located ahead of the clamp cir-
cuit to measure the matrix converter output current directly. In addition,
expert knowledge is contributed to the fault detection system to avoid false-
diagnosis. Ideally the proposed method can locate an open-circuited switch
fault in one sampling period. Moreover, the proposed fault diagnosis method
is applicable within the whole range of modulation index from 0 to 0.866.
The fault diagnosis algorithm is implemented into the DSP-FPGA control
platform and can achieve real-time fault diagnosis. In this method, no ad-
ditional sensing unit is implemented. All the signals required for the fault
diagnosis system are also required for the normal operation of the DMC sys-
tem. Moreover, no additional hardware complexity is implemented in this
method. The bandwidth of the output current sensor is 200k H z, a common
LA55-P current transducer manufactured by LEM is enough for this appli-

cation.

The second proposed fault diagnosis method is for DMC with space vector
modulation (SVM) strategy. In this method, the over-sampling technique is

179



Chapter 8 — Conclusion and Future Work

applied to sample the DMC output current. Three high bandwidth current
sensors are required for this application. The high bandwidth current sen-
sor comprises of a shunt resistor, an amplifier, an analog-to-digital converter
(ADC), an isolator and differential transceivers. The current sampling fre-
quency is 16 times higher than the SVM modulation frequency in this thesis.
The reason to use over-sampling technique is because there are more than
one switching state in each modulation period. The advantage for doing fault
detection and diagnosis with SVM strategy is that the switching frequency
is fixed. The fixed switching frequency will make it easier to design the filter
for the direct matrix converter system with SVM strategy than with FCS-
MPC strategy. Because the switching frequency is uncertain in FCS-MPC
strategy. Another advantage for doing fault detection and diagnosis with
SVM strategy is that the SVM algorithm computation amount is lower than
the FCS-MPC algorithm.

The third proposed fault diagnosis method is for indirect matrix converter
(IMC) with FCS-MPC strategy based on error voltage. If the inverter stage of
the IMC occurs an open-circuit fault, the faulty switch can be located within
one sampling period by using the output error voltages and the switching
state information. The error voltage is acquired by comparing the reference
output voltages and the estimated output voltages. When the rectifier stage
of the IMC occurs an open-circuit fault, two additional voltages sensors will
be used to measure the fictitious DC-Link voltages of the IMC. Combining
the information of rectifier stage switching states and the DC-Link voltages,

The faulty switch can be identified within one sampling period.

8.2 Future Work

There are a few points which can be investigated further in order to enhance

the fault diagnosis performance of the MC systems.

1) The performance of the over-sampling current sensing system can be
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improved by improving the immunity to noise.

2) A more advanced current sensing system can be developed by using
scheduled-time sensing technique. The scheduled-time sensing technique can
guarantee that the sampling point is located at the middle point of each

switching state, which can effectively improve the immunity to noise.

3) A real time open circuit fault diagnosis implementation for the MC
system with the SVM strategy can be developed in the future. Since the
SVM strategy has 10 to 14 switching states in each modulation period, it
is more difficult to capture the switching state information in real time in
SVM strategy than in FCS-MPC strategy due to the limitation of the digital
signal processor (DSP) technology.

4) In this thesis, only the direct matrix converter topology is experimen-
tally implemented to test the feasibility of the proposed DMC fault diagnosis
methods. The indirect matrix converter topology could also be experimen-
tally constructed to test the validity of the proposed IMC fault diagnosis
method.

5) In this thesis, only the resistance-inductance load is used to test the
fault diagnosis methods for the MC systems. Future research could focus on
the fault diagnosis in the MC inductive machine drive system and the MC

permanent magnet synchronous machine (PMSM) drive system.

8.3 List of Publication

The work presented in this thesis has been published in the following journal

and conference papers:
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8.3.2 Conference Papers
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Chapter 9

Appendix

9.1 Simulation Schematics

Simulation works are done by MATLAB. Figure 9.1 shows the direct matrix
converter system simulation schematic. Figure 9.2 shows the indirect matrix

converter system simulation schematic.
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Figure 9.1: Direct matrix converter system MATLAB simulation schematic
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Figure 9.2: Indirect matrix converter system MATLAB simulation schematic
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9.2 Direct Matrix Converter System Experi-
mental Rig Set Up

In order to experimentally validate the effectiveness of the proposed fault de-
tection and diagnosis methods in Chapter 5 for the direct matrix converter
system, an experimental rig is set up for implementation. Figure 9.3 presents
a functional block diagram of the direct matrix converter system structure
when the FCS-MPC strategy is implemented. It can be seen from Figure
9.3 that the old current sensor is located behind the clamp circuit while the
new current sensor is located ahead of the clamp circuit. The FCS-MPC
DSP/FPGA control platform requires the input voltages, input currents as
well as the matrix converter output currents to generate the gate drive sig-
nals. The gate drive circuits provide the isolation between the DSP/FPGA
control platform and the matrix converter power module and drive the 1G-
BTs on the matrix converter. Figure 9.4 presents a functional diagram of the
direct matrix converter system structure when the SVM control strategy is
implemented. The output current sensor is also located ahead of the clamp
circuit. The SVM DSP/FPGA control platform requires the input voltages
and the output currents to generate the gate drive signals.

There are two hardware implementation differences between the FCS-
MPC strategy and the SVM strategy. The first difference is that the FCS-
MPC strategy requires input current information but the SVM strategy does
not. The second difference is that the FCS-MPC strategy requires low band-
width current sensors but the SVM strategy requires high bandwidth current

sensors for fault diagnosis algorithm.
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Figure 9.3: A functional block diagram of the direct matrix converter system
structure with the FCS-MPC strategy
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Figure 9.4: A functional diagram of the direct matrix converter system struc-
ture with the SVM strategy
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In this chapter, the experimental prototype which is used to implement
the direct matrix converter system is presented. The direct matrix converter
experimental prototype consists of the power circuit with the gate drive cir-
cuit, the input filter and the current direction detection circuit. The design
of this prototype has been developed by previous research work originated
in the PEMC group. An independent clamp circuit is implemented in par-
allel with the direct matrix converter to protect the bidirectional switches
from over-voltage damage. For the FCS-MPC direct matrix converter sys-
tem, three low bandwidth output current sensors are implemented for fault
detection and diagnosis purpose. For the SVM direct matrix converter sys-
tem, three high bandwidth output current sensors are implemented for fault
detection and diagnosis purpose. Finally, the direct matrix converter control
platform for real time fault detection and diagnosis analysis is also described
in this chapter. This control platform consists of a digital signal processor
(DSP) and a field programmable gate array (FPGA) and more details will

be given in section 7.2.5.

9.2.1 The Three Phase Direct Matrix Converter Sys-
tem Prototype

The three phase direct matrix converter system laboratory prototype is
shown in Figure 9.5. This laboratory prototype comprises of the direct ma-
trix converter power circuit, the control platform, the voltage and current
measurement circuits, and the clamp circuit. It can be seen from Figure
9.5 that there are four output phases on the matrix converter power circuit.
The fourth output phase is designed as a redundant phase for fault tolerant
operation as seen in [81]. The experimental tests that have been done for
this work use three output phases on the direct matrix converter for fault
detection and diagnosis purpose. There are nine bidirectional switches on
the power circuit. Each bidirectional switch consists of two IGBTs placed in
a common emitter configuration. Each IGBT has an independent gate drive
circuit. The current direction detection circuits are located at each output

phase to provide the current direction sensing for the four step current com-
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mutation of the bidirectional switches. Three 2uF' input filter capacitors
are implemented to attenuate the switching harmonics in the input currents.
Each capacitor is connected between the two input phases.

The clamp circuit comprises of 12 ultra fast recovery diodes, two elec-
trolytic capacitors and two bleed resistors. The clamp circuit is relocated
in order to place the output current sensors ahead of the clamp circuit as
shown in Figure 9.3 and 9.4. With this output current sensor location, the
direct matrix converter output phase current will be measured instead of the
output load current.

The measurement circuits include the input voltage and current measure-
ment circuit, the low bandwidth output current measurement circuit, and the
high bandwidth output current measurement circuit. When the direct ma-
trix converter system is operating with the FCS-MPC control strategy, the
low bandwidth output current measurement circuit will be used. When the
direct matrix converter system is operating with the SVM control strategy,
the high bandwidth output current measurement circuit will be used.

The control platform consists of a digital signal processor DSP card and a
field programmable gate array (FPGA) card. The DSP/FPGA based control
platform has been developed by the Power Electronic Machine and Control
(PEMC) group at the University of Nottingham as a general purpose control
platform. The control strategies are implemented on the DSP card and
the FPGA generates the PWM signal. A host port interface (HPI) card is
connected to the DSP card in order to read the real-time data from the DSP
using MATLAB. A high bandwidth current sensor interface card is mounted
on the FPGA card in order to obtain the output current data captured by
the high bandwidth current sensor.
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Figure 9.5: Direct matrix converter prototype

9.2.2 Power Circuit

A three phase direct matrix converter power circuit is required for the ex-
perimental validation of the proposed fault detection and diagnosis methods.
The power circuit PCB of the direct matrix converter is shown in Figure 9.6.
The simplified schematic diagram of the direct matrix converter power cir-
cuit is shown in Figure 9.7. There are nine SK60GM123 bidirectional switch
modules in the laboratory prototype. The gate drive circuit are located at the
top of the power circuit in order to minimize the distance between the gate
drive circuit and the power switch. Therefore, the stray inductance can be
effectively reduced by minimizing the distance between the gate drive circuit
and the power switch. There are three 2uF polypropylene film capacitors
MKPC4BS rated at 850V with 5% tolerance mounted on the power circuit.
The input filter cut off frequency is designed to be lower than the switching
frequency. In this experiment, the cut off frequency is designed to be around
3kH z. The current direction detection circuit is located at each output phase
of the direct matrix converter. There are two anti-paralleled Schottky diodes
connected in series with each output phase. The anti-paralleled Schottky
diodes are very effective when the output current is near the natural zero

crossing point. This is because the Schottky diode voltage drop is bigger
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Figure 9.6: Direct matrix converter power module

comparing to a resistance shunt when the output current is near the natural
zero crossing point. The input voltage measurement circuit is also mounted
on the top left of the power circuit in order to measure the line-to-line input

voltage.
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Figure 9.7: Schematic diagram of the direct matrix converter power circuit

Gate Drive Circuit

The gate drive circuit of the direct matrix converter is shown in Figure 9.8.
The gate drive circuit comprises of the buffer, the opto-coupler, the push-
pull amplifier and the isolated power supply. A structure diagram of the
gate drive circuit for each bidirectional switch of the direct matrix converter
is presented in Figure 9.9. The function of a gate drive circuit is to amplify
the switching signals generated by the control platform in order to drive
the IGBT module. There is a push-pull amplifier in the gate drive circuit
to source the current when the switch is turned on and to sink the current
when the switch is turned off. In addition, another function of the gate drive
circuit is to provide electrical isolation between the low voltage platform and
the high voltage power devices by using an isolated DC-DC converter and an
opto-coupler. The opto-coupler will isolate signals between control platform
buffers and the push-pull amplifiers.

The switch signals generated from the control platform are amplified by

the gate drive circuit to drive the bidirectional switch. The function of the
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Figure 9.9: A diagram of the gate drive circuit for a bidirectional switch

buffer is to buffer each switch signal from the control platform. The function
of the opto-coupler is to provide the electrical isolation between the low
voltage control platform and the high voltage power circuit. The function of
the push-pull amplifier is to provide the gate voltage and current when switch
on or off an IGBT. The function of the isolated power supply is to generate
isolated £15V voltage supply used for the output of the opto-coupler from a
5V DC supply.
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Input Filter

The function of the input filter is to attenuate the high frequency harmon-
ics in the input currents. There are three polypropylene film capacitors
MKPC4BS mounted between the input phases of the matrix converter. The
2 F polypropylene film capacitors MKPC4BS are rated at 850V voltage with
a tolerance of 5%. The input filter capacitor of the direct matrix converter
is shown in Figure 9.10.

The input filter inductor of the direct matrix converter is shown in Figure
9.11. The inductance of the inductor is 0.128mH due to the hardware avail-
ability in the laboratory. In addition, the inductance of the three phase AC
Variac is also used as the input filter inductor for the laboratory prototype.
The input filter cut off frequency is designed to be lower than the switching

frequency. In this experiment, the cut off frequency is designed to be around
3kHz.
Current Direction Detection Circuit

The current direction detection circuit of the direct matrix converter is used
to detect the output current direction of the direct matrix converter. The

output current direction information is essential for the four step current
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commutation strategy described in the previous chapter. The accurate de-
tection of the output current direction will guarantee there is no input side
short circuit or output side open circuit during a bidirectional switch commu-
tation process. The current direction detection circuit of the direct matrix
converter is shown in Figure 9.12.

The current direction detection circuit is composed of a pair of anti-
paralleled Schottky diodes (30CTQ045S), a voltage comparator (LM311D),
a high speed opto-coupler (HCPL-061N) and an isolated DC-DC converter
(DCP020515). A diagram of the current direction detection circuit is shown
in Figure 9.13. The function of the pair of anti-parallel Schottky diodes is to
generate a voltage drop depending on the current ¢,, direction. Using Schot-
tky diode is a very high precision way to detect the output current direction
because the voltage drop of the schottky diode is bigger than a resistance
shunt when the current is near the natural zero crossing point. However, the
schottky diode is not the most efficient option comparing to low resistance
shunt. Therefore, the design of the current direction detection circuit de-
pends on the specific application requirement. The function of the voltage
comparator is to detect the direction of the voltage drop. The function of
the high speed opto-coupler is to build electrical isolation between the power

circuit and the control platform.
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Figure 9.13: Diagram of the current direction detection circuit

Voltage Measurement Circuit

The voltage measurement circuit is placed on the top left of the power circuit
to measure line-to-line input voltages required by the control stategy. The
voltage transducer is Hall-effect LV25-P manufactured by LEM. This LV25-P
voltage transducer can provide galvanic isolation between the power circuit
and the control platform. The schematic diagram of the Hall-effect LV25-
P voltage transducer is shown in the Figure 9.14. It can be seen from the
Figure 9.14 that the voltage u, to be measured is first converted to a current
i, at the primary side. Then the output signal of the voltage transducer is
delivered by a output current 7,,.

The LV25-P voltage transducer is set up as shown in Figure 9.14. ¢, is the
primary current generated by the measured voltage u,, 7)s is the secondary
current and iy = 2.5, [82]. R, is the external resistor and Ry is the
measuring resistor. The external and measuring resistor values require to be
decided in order to allow proper operation of the voltage transducer.

The value of the external resistor R, can be calculated by Equation
9.1.The recommended range of 4, is from —14mA to +14mA [82]. Therefore,
the external resistor R, can be determined by ensuring primary current ¢, is

within that range.
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Figure 9.14: The schematic diagram of the LV25-P voltage transducer

1.2 max
% < 14mA
1.2 1.2 5pOV (0-1)
. up(maw) .z X
> = = 4.29k€)
P 14mA 14mA

Where p(maz) is the maximum possible value of u,. Be noticed that a
20% safety margin is applied on the maximum voltage estimation. In this
work a 40k() resistor is used for R, which will increase the safety margin
bigger than 20%.

The value of the measuring resistor R, is selected based on that u;; range.
The maximum voltage range that can be measured across the measuring
resistor is £5V. Applying a voltage higher than £5V will saturate the A2D
converter input. Due to the fact that ¢y, = 2.57,, the measuring resistor

value can be calculated by Equation 9.2.

1.2up(max

)
Ry < b5V
R, (9.2)

Ry < 1111Q

iM(mam)RM =2.0X

In this work, a 1902 resistor is used for Rj; due to the hardware avail-

ability in the laboratory.
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Figure 9.15: The clamp circuit

9.2.3 Clamp Circuit

The clamp circuit consists of 12 fast recovery diodes, the energy storage
capacitors and the dissipated resistors. Since there is no DC-Link in the
direct matrix converter topology, so a clamp circuit is required to protect the
direct matrix converter switches from over-voltage damage. The function of
the clamp circuit is to provide a path for the load current when there is an
open circuit fault at the output load side of the direct matrix converter. The
clamp circuit of the direct matrix converter is shown in Figure 9.15. Figure
9.16 shows the schematic diagram of the clamp circuit connected in parallel

with the direct matrix converter.

It can be seen from Figure 9.15 that The 12 fast recovery diodes (RHRP30120)

are mounted on the top of the clamp circuit to form a rectifier circuit. There
are two 2200uF, 400V electrolytic capacitors placed under the clamp circuit
for mechanical reason. The 22k} resistor is connected in parallel with the
electrolytic capacitor in order to dissipate the energy stored in the electrolytic
capacitor.

The clamp circuit will not work when the direct matrix converter is oper-

ating under healthy condition. When there is a fault such as an open circuit
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Figure 9.16: The schematic diagram of the clamp circuit
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fault in the power switches or a commutation failure between bidirectional
switches, the clamp circuit will provide a path for the output load current by
using the fast recovery diodes as discussed in Chapter 5. The energy stored
in the inductive load will be transferred to the clamp capacitor and then
dissipated in the paralleled resistor.

The clamp capacitor is a key element in the clamp circuit. The size of
the clamp capacitor will decide how much energy could be stored in the
clamp circuit. The maximum energy stored in the inductive load should
be taken into consideration when selecting the size of the clamp capacitor.
The equation of the maximum energy stored in a three phase resistance-

inductance load can be described in Equation in 9.3 [76].

1 . . ‘
ERLload - ELload(2a2 + 'Lb2 + ZCQ)
3
= ZLloadlp2

(9.3)

Where Errioaq is the maximum energy stored in the resistance-inductance
load. Lj,.q is the inductance of the R — L load. i,, 4, and i, are the three
phase balanced load currents and I, is the amplitude of the output phase
current.

When an output open-circuit fault occurs, the maximum energy absorbed
by the clamp capacitor can be expressed in Equation 9.4. Where E 4, is the
maximum energy absorbed by the clamp capacitor, Cgamy is the capacitance
of the clamp circuit, V;,4, is the maximum acceptable clamp voltage related
to the voltage rating of the power switches, V;,; is the initial clamp voltage

equal to the input line-to-line peak voltage.

1
Eclamp = _Cclamp(vmaz2

92 - ‘/intz) (94)

Due to the fact that the maximum energy stored in the resistance-inductance
load must be lower than the energy absorbed by the clamp capacitor, so the

capacitance of the clamp circuit can be calculated by Equation 9.5.
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3 Lloadlp2

s 2 Hloadlp 9.5
2 Vmaw2 - ‘/intQ ( )

C1clamp

For the worst scenario, the acceptable clamp voltage rate is 800V, The
maximum IGBT current is 60A and the load inductance is 17mH. After
calculation, the clamp capacitor size is around 145uF. In the experiment,

the clamp capacitor of 1100uF is selected for safety purpose.

9.2.4 Low Bandwidth Current Sensor

Since only one sample is required for the voltage and current signals during
one sampling period for the fault diagnosis algorithm with the finite-control-
set model-predictive-control (FCS-MPC) strategy as discussed in Chapter 5,
so low bandwidth current sensors with a bandwidth of 200k H z can satisfy
the fault diagnosis requirement.

Three low bandwidth current transducers are used for the direct matrix
converter FCS-MPC strategy fault detection and diagnosis. These three
current transducers are Hall-effect sensors LA55-P manufactured by LEM
and are connected as shown in Figure 9.17. The frequency bandwidth of the
LAB5-P current transducer is 200k H z [83]. The LA55-P current transducer
can provide galvanic isolation between the power circuit and the control
platform.

A schematic diagram of the low bandwidth current measurement circuit
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Figure 9.18: The schematic diagram of the low bandwidth current sensor
measurement circuit

used for measuring the direct matrix converter output phase current is shown
in Figure 9.18. The two primary side terminals of the current transducer are
connected in series with one direct matrix converter output phase. The mea-
sured current in the primary side will generate a secondary current in the
secondary side of the current transducer with a conversion ratio of 1 : 1000.
Then the secondary current of the transducer will flow through a measure-
ment resistor Ry;. The maximum voltage range across the measurement
resistor is £5V. Applying a voltage higher than this range will saturate the
input of the A2D converter. Due to the fact that ¢, = 1000¢,,, so the value

of the measurement resistor R;; can be determined by Equation 9.6.

9.6
R < - 5V 5V 5000 (9.6)

ZM(max) B 10mA

In this work, a 190¢2 resistor is used for the measurement resistor R,; due

to the hardware availability in the laboratory.
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9.2.5 High Bandwidth Current Sensor

When implementing fault diagnosis algorithm with space vector modulation
(SVM) strategy, more than one samples are required during each sampling
period. For example, there are 10 switching states in one modulation period
with One-Zero-SVM as discussed Chapter 5.

Due to the fact that there are four active vectors and at least one zero
vector are applied in each modulation period, a high bandwidth current sen-
sor is required to monitor the output current at each applied vector. When
the SVM modulation frequency is set to be 12.5kH z, the bandwidth of the
current sensor should be higher than 1M H z in order to detect the rising and
falling edges of the faulty current. This is because each switching vector is
forced to apply for at least 1lus by the DSP/FPGA control platform.

To achieve high bandwidth of the current sensor, a shunt resistor is imple-
mented. The high bandwidth current sensor comprises of a shunt resistor, an
amplifier, an analog-to-digital converter (ADC), an isolator and differential
transceivers. A schematic diagram of the high bandwidth current sensor is
shown in Figure 9.19. A shunt resistor is connected in series with the direct
matrix converter output phase to generate a voltage drop Vs when a current
1oa Hows through it. Then, the generated voltage drop V, will be amplified
and level shifted by the amplifier in order to satisfy the input requirement
of the ADC. The SDAT A in Figure 9.19 means the serial digital signal gen-
erated by the ADC. The CLOCK means the clock signal of the ADC. The
C'S signal is the chip select signal of the ADC.

Next, the ADC will start converting from analog signal to digital signal
and send the digital signal SDAT A to the control platform via an isolator
and transceivers after conversion. Meanwhile, the control platform will send
clock signal CLOCK and chip select signal C'S to the ADC via transceivers
and an isolator in order to control the output of the ADC. The three high
bandwidth current transducers used for the direct matrix converter SVM
strategy fault detection and diagnosis are shown in Figure 9.20. A more
detailed description of each element in the high bandwidth current sensor is

given in the following section.
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Figure 9.19: The schematic diagram of the high bandwidth current sensor

Figure 9.20: T hej high bandwidth current sensor

Shunt Resistor

In this work, the CS3FRO50E shunt with kelvin terminals is used as the
shunt resistor. The shunt resistance is 0.05¢2 and the tolerance of the shunt
resistor is 1%. A voltage drop Vi across the shunt will be measured when
a current flows through the shunt resistor. The shunt schematic is shown
in Figure 9.21. It can be seen from the schematic that two of the shunt
terminals are connected in series with the direct matrix converter output
phase. Another two terminals are connected to the input of the amplifier

which will be described next.
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The amplifier used in this work is the LLT1999-10 bidirectional current sense
amplifier. The bandwidth of the amplifier is 2M H z at the —3dB point. The
gain of the amplifier is 10V//V. The gain of the amplifier is chosen based on
the shunt resistance value. If accuracy is of greater importance than efficiency
in the experiment, the highest valued shunt resistor is recommended to use
together with the lowest valued gain amplifier. If efficiency is of greater
importance than accuracy, the lowest valued shunt resistor is recommended
to use together with the highest valued gain amplifier. In this work, the
accuracy factor is more important than th efficiency factor, so the highest
valued 0.05¢2 shunt resistor is used together with the amplifier with the lowest
valued gain of 10. The amplifier schematic is shown in Figure 9.22. It can
be seen from the Figure 9.22 that the VCC' is decoupled from the GND
by a 0.1uF and a 4.7uF capacitors. A 10pF capacitor is used to prevent
dv/dt edges on the input from coupling to the floating shutdown pin SHDN.
The amplifier output pin is connected to a RC' low pass filter whose cut-off
frequency is 33M H z. The resistance of the RC' low pass filter is set to 47052
and the capacitance of the RC' low pass filter is set to 10pF'.
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Figure 9.22: Schematic of operational amplifier

Analog to Digital Converter (ADC)

The analog to digital converter (ADC) used in this work is the AD7451 12-bit
ADC with 1M sps throughput rate as shown in Figure 9.23.. The track-and-
hold (T/H) amplifier in the AD7451 ADC can handle input frequencies up
to 3.5MHz. It can be seen from the Figure 9.23 that the input pin 7 is
the ADC clock input and the ADC clock is set to 10M H z in this work. The
input pin 5 is the chip select signal C'S and it is active low. The ADC output
data is transferred to the control platform with Serial Peripheral Interface
(SPI) through pin 6.

The timing diagram of the ADC AD7451 is shown in Figure 9.24. It can
be seen from the Figure 9.24 that the chip select signal C'S initiates the
conversion process and frames the data transfer. The falling edge of the chip
select signal C'S will take the serial data bus out of the three-state. Then
the analog input is sampled and the conversion is initiated. The analog-to-
digital conversion requires 16 clock cycles to finish. The ADC input clock
signal controls the transfer of data during conversion. The output serial data
bits are clocked out on the falling edge of the clock signal. The data stream of
the AD7451 comprises of four leading zeros, followed by 12 bits of conversion

data as shown in the Figure 9.24.
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Figure 9.24: Timing diagram of adc
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Isolator

The isolator used in this work is the ADuM5402 quad-channel isolator with
integrated DC-to-DC converter. The function of the isolator is to provide
galvanic isolation between the power circuit and the control platform. The
schematic of the isolator is shown in Figure 9.25. It can be seen from Figure
9.25 that the pin 16 of the ADuM5402 will provide an isolated voltage source
which will supply the ADC and amplifier as mentioned before. There are
four signal isolation channels in the ADuM5402 at a maximum data rate
of 25Mbps. Channel A is for the ADC clock signal and Channel B is for
the chip select signal. Channel C is for the ADC output serial data signal
and Channel D is for the ADC clock echo signal. The function of the ADC
clock echo signal is to overcome the isolator to isolator time jitter problem.
This is because even from the same batch the isolator to isolator time jitter is
varying from 50ns to 100ns, which will cause the outputs of each isolator can
not be clocked-in at exactly the same time. However, the channel to channel
jitter of a single isolator is varying only from 5ns to 10ns. Therefore, the SPI
clock of the ADC is fed-back across the isolation barrier as the clock echo

signal in order to overcome the isolator to isolator time jitter issue.
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Figure 9.25: Schematic of isolator

transceivers

transmitter which can operate at data rates up to 20Mbps .
used in this work is the MAX3281E RS-485/RS-422 receiver which can oper-

ate at data rates up to 52Mbps. The schematic of the transceivers is shown

The transceivers used in this work are for RS-485 and RS-422 communica-
tion. The transmitter used in this work is the MAX3295 RS-485/RS-422

The receiver

in Figure 9.26. The signals such as ADC clock signal, ADC chip select sig-
nal, and ADC serial output data signal are flow through the transceivers

with high noise immunity due to the nature of the differential signals in the

RS-485 communication.
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Figure 9.26: Schematic of tranceiver

9.2.6 Matrix Converter Control Platform

This section introduces the hardware implementation of the direct matrix
converter control platform as shown in Figure 9.27. The diagram of the
overall implementation of the direct matrix converter control system is shown
in Figure 9.28. The matrix converter control platform consists of a digital
signal processor (DSP) card, a field programmable gate array (FPGA) card,
a host port interface (HPI) daughter card and a high bandwidth current
sensor interface card. The main function of the DSP card is to calculate the
control algorithm of the direct matrix converter. The main function of the
FPGA card is to generate the PWM gate drive signal. The function of the
HPI daughter card is to realize bidirectional data transmission between the
host PC and the DSP card without interfering the normal operation of the
DSP card. The function of the high bandwidth current sensor interface card
is to provide bidirectional data transmission between the FGPA card and the

high bandwidth current sensor.
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Figure 9.27: The matrix converter control platform
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Figure 9.28: Overall direct matrix converter control system implementaiton

t

Digital Signal Processor (DSP) Card

The DSP development board with a high-performance Texas Instruments
TMS320C6713 floating-point digital signal processor is shown in Figure 9.29.
The clock frequency of the DSP is 225M H z. In this work, the SVM algorithm
and the FCS-MPC algorithm are executed in the DSP respectively. For the
FCS-MPC algorithm, it is executed at every interrupt interval of 100us. For
the SVM algorithm, it is executed at every interrupt interval of 80us. In
addition, the fault detection and diagnosis algorithm is implemented in the

DSP card in order to achieve real-time fault detection and diagnosis.
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Field Programmable Gate Array (FPGA) Card

The FPGA card shown in Figure 9.30 is designed and developed by the
PEMC group of the University of Nottingham [84]. A high performance
Actel ProASIC3 FPGA is implemented in this flexible and versatile FPGA
card in order to interface with the TMS320C6713 DSP to control the direct
matrix converter. There are ten 12-bit analog-to-digital conversion channels
on the FPGA card for control purpose [81]. The switch signals generated by
the FPGA card are transmitted to the gate drive circuits through the specific
output pins.

Several versions of the FPGA firmware have been previously developed
with reference to specific application requirements. In this work the FPGA
card is developed in order to realize oversampling fault detection and di-
agnosis in the direct matrix converter system. One function of the newly
developed FPGA cores is to provide an interface between the high band-
width current sensor and the FGPA card. Another function of the FGPA
cores is to reconfigure the switch signal output pins in order to generate an
open circuit switch fault. In addition, one more function of the FPGA cores
is to feedback the switching state to the DSP during each interrupt interval

for fault detection and diagnosis purpose.
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Host Port Interface (HPI) Daughter Card

The Educational DSP DSK6713HPI daughter card is shown in Figure 9.31.
Through the HPI daughter card, an external host PC can directly read the
entire DSP memory space without interfering the normal operation of the
DSP. In addition, an external host PC can also modify the variables in the
DSP in order to trigger an open circuit switch fault at the proper time-point.
A host program in MATLAB has been developed to provide the data visual-
ization ability as well as the state trigger ability. The HPI daughter card can
capture data from the DSP memory and plot the data in the MATLAB. In
addition, the HPI daughter card can modify the variables in the DSP to trig-
ger a switch fault through the developed MATLAB graphical user interface
(GUI).

B ie 9.31: The host port interface daughter card
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The Interface Card for The High Bandwidth Current Sensor

The interface card for the high bandwidth current sensor is shown in Figure
9.32. The function of the interface card is to provide bidirectional data
transmission between the FPGA card and the high bandwidth current sensor.
The interface card consists of six MAX3295 transmitters and six MAX3281E
receivers. The six MAX3295 transmitters provide the signal channels for
the ADC clock signal and chip select signal. The six MAX3281E receivers
provide the signal channels for the serial data output signal and the clock

echo signal.

Figure 9.32: The interface card for the high adith current sensor

Author contribution to the experimental rig

The original contribution in the experimental rig setting up including current
sensor design, current sensor interface design, experimental rig build up and

fault diangosis algorithm development.

9.3 Experimental Fault Diagnosis Results for

Statistic Analysis Purpose

In total of 44 sets of fault diagnosis results are being investigated to do the

statistic analysis. There are shown from Fig 9.33 to Fig 9.75.
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0.04
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Figure 9.42: Fault diagnosis on experiment number 3, threshold value th =
0.02
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Figure 9.46: Fault diagnosis on experiment number 4, threshold value th =
0.02
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Figure 9.47: Fault diagnosis on experiment number 4, threshold value th =
0.04
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Figure 9.48: Fault diagnosis on experiment number 4, threshold value th =
0.06
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Figure 9.49: Fault diagnosis on experiment number 5, threshold value th =
0.01
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Figure 9.50: Fault diagnosis on experiment number 5, threshold value th =
0.02
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Figure 9.51: Fault diagnosis on experiment number 5, threshold value th =
0.04
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Figure 9.52: Fault diagnosis on experiment number 5, threshold value th =
0.06
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Figure 9.53: Fault diagnosis on experiment number 6, threshold value th =
0.01
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Figure 9.54: Fault diagnosis on experiment number 6, threshold value th =
0.02
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Figure 9.55: Fault diagnosis on experiment number 6, threshold value th =
0.04
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Figure 9.56: Fault diagnosis on experiment number 6, threshold value th =
0.06
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Figure 9.57: Fault diagnosis on experiment number 7, threshold value th =
0.01
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Figure 9.58: Fault diagnosis on experiment number 7, threshold value th =
0.02
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Figure 9.59: Fault diagnosis on experiment number 7, threshold value th =
0.04
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Figure 9.60: Fault diagnosis on experiment number 7, threshold value th =
0.06
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Figure 9.61: Fault diagnosis on experiment number 8, threshold value th =
0.01
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Figure 9.62: Fault diagnosis on experiment number 8, threshold value th =
0.02

254



Spa Open circuited

for 1ms
1 Saa back to normal

Current(A)

Time(ms)

Threshold = 0.04

T

L‘E 05 j
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 .1
1L -
- Threshold = 0.04 4
o [~ -
ic 0.5 0 i
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 .1
1
Threshold = 0.04

Fc

°

&
LI e

S e e e e B N B O

1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 .1

Time(ms)
Figure 9.63: Fault diagnosis on experiment number 8, threshold value th =
0.04
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Figure 9.64: Fault diagnosis on experiment number 8, threshold value th =
0.06
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Figure 9.65: Fault diagnosis on experiment number 9, threshold value th =
0.01
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Figure 9.66: Fault diagnosis on experiment number 9, threshold value th =
0.02
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Figure 9.67: Fault diagnosis on experiment number 9, threshold value th =
0.04
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Figure 9.68: Fault diagnosis on experiment number 9, threshold value th =

0.06
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Figure 9.69: Fault diagnosis on experiment number 10, threshold value th =
0.01
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Figure 9.70: Fault diagnosis on experiment number 10, threshold value th =

0.02
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Figure 9.71: Fault diagnosis on experiment number 10, threshold value th =
0.04
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Figure 9.72: Fault diagnosis on experiment number 10, threshold value th =
0.06
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Figure 9.73: Fault diagnosis on experiment number 11, threshold value th =
0.01
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Figure 9.74: Fault diagnosis on experiment number 11, threshold value th =
0.02
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Figure 9.75: Fault diagnosis on experiment number 11, threshold value th =
0.04
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Figure 9.76: Fault diagnosis on experiment number 11, threshold value th =
0.06
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