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ABSTRACT

Several possible technologies for electricity storage are developed including high energy
batteries, flywheels, superconducting magnetics, compressed air, and Pumped Storage Power
Plants (PSPP). Among the mentioned technologies, PSPP is considered as reliable and bulk
energy storage system. The PSPP’s that are constructed in the beginning of the 20th century in
the European continent were of fixed speed type employing synchronous machine and the same
were continually established in Asian and American continents also. The total installed capacity
of fixed speed PSPP in India is 4804 MW out of worldwide capacity of 140 GW. However, the
fixed speed PSPP suffers from major drawbacks including: (i) inability to generate power over
full range of water head, (ii) reduced efficiency during partial generation/pumping modes of
operation. The aforementioned drawbacks can be overcome by the transformation of PSPP from
fixed speed mode to variable speed mode. In order to enable variable speed operation,
synchronous machines of fixed speed PSPP need to be driven by power electronic converters
with a rating equivalent to the rating of machine. Such design of high capacity power electronic
converter is not economical. Furthermore, these full size converters (> 200 MW) are very
challenging in size, cost and site clearance in case of underground power houses. Therefore,
variable speed PSPP employing Doubly Fed Induction Machine (DFIM) is an acceptable option
for the sites with wide variation in water head since they provide variable speed operation with
reduced power converter rating and high dynamic stability. In India, the first variable speed PSPP
(with 3-level VSI) having 4 nos. of 250 MW DFIM totaling to a capacity of 1000 MW is under
construction at the Tehri dam of Uttarakhand state.

In DFIM, rotor side power converters act as excitation system and control the real and
reactive powers of the machine based on set points (reference) and feedback signals from various
sensors. A comprehensive literature survey is carried out in the area of power converter topology,
modulation techniques, parallel converter schemes, circulating current reduction techniques,
machine control, grid disturbances, protection of power converter, fault analysis, fault tolerant
control and power converter redundancy techniques. In addition, operational challenges for the
power converter redundancy and the protection circuit is studied through simulation and
experimental tests.

Smooth starting/regenerative braking of the DFIM unit is discussed with real and

reactive power consumption/delivery. Time required during smooth starting and regenerative
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braking of large rated DFIM unit plays an important role in transition from generating to
pumping mode and vice versa. Furthermore, it is beneficial for the better management of grid
operation and energy balancing. An Energy efficient method for starting of DFIM fed pump
turbine is discussed. Variable voltage/frequency applied in rotor side and fixed dc supply
provided in stator circuit during starting, saves considerable amount of energy compared to
conventional smooth starting. It is observed that 35% of electrical energy shall be conserved in
comparison with conventional method during starting.

Dynamic behavior of power and control circuit (excitation system) faults of a 250 MW
DFIM hydrogenerating unit, to be commissioned in 1000 MW Tehri PSPP, operating at
generation, pumping and condenser modes are discussed. In addition, survivability status of
power and control circuit faults of DFIM at said modes are assessed based on performance
measures. Further, Economic analysis of 2000 MW PSPP under power and control failures are
also investigated. The present work also investigates fault tolerant operation of 250 MW DFIM
unit at open switch fault in converters to increase the continuity of the unit operation, where
power electronic converter redundancy is not available in large rated DFIM unit. Open switch
fault is detected through Park’s vector phase currents technique and variation in dc link voltage.
An experimental set-up with 2.2 kW DFIM is developed in the laboratory to support the
simulation results. Overall, the present research work shall be helpful to the project
authorities/policy makers in hydropower engineering during the design stage of their future

projects.

ii|Page



ACKNOWLEDGMENTS

| wish to acknowledge my deep sense of gratitude and indebtedness to Dr. Thanga Raj
Chelliah, Asst. Professor, Department of Water Resources Development and Management,
Indian Institute of Technology Roorkee, for his invaluable guidance, sincere advice and
encouragement throughout the completion of this research work. | feel highly privileged to have
worked under him during the course of this work.

My heartily gratitude to Prof. Deepak Khare, DRC Chairman and Internal Expert of my
SRC, Department of Water Resources Development and Management, 1IT Roorkee, whose
humanistic and warm personal approach always helped me from beginning to end of my work.

I intend to record my gratitude to Dr. Dheeraj. K. Khatod, External Expert of my SRC,
Associate Professor, Department of Electrical Engineering, IIT Roorkee for providing
constructive comments during my presentations.

| am extremely thankful to Prof. S.K. Mishra, Head of Department, Water Resources
Development and Management Department, IIT Roorkee and Prof. N.P. Padhy, Dean
Academics, IIT Roorkee for their moral support and humanitarian support during this period.

| am very indebted to Mr. Pradeep Loyola, Asst. Prof, St. Joseph University in Tanzania,
Dr. Raja Singh R., Asst. Prof, VIT University, Dr. Arun Dominic, Asst. Prof, NIT Jalandhar,
Mr. R.R. Semwal, DGM (O&M), THDC India Ltd., and Mr. S.V. Appa Sarma, Consultant,
THDC India Ltd., for their encouragement and support during this period.

I acknowledge all the teaching and non-teaching faculties of Water Resources
Development and Management Department for their support and making my stay pleasant during
this period.

| express my sincere thanks to THDC India Ltd, Uttarakhand, India for providing
financial support.

I would like to thank my fellow colleagues Mr. Birudula Anil Kumar, Mr. Carunai
Selvane, Mr. Raghu Selvaraj, Mr. Chandra Seker and Mrs. Rupesh Kumari for their positive
attitude and cooperation that always encouraged me to accomplish my research work. Special
thanks to Mr. Karthik Desingu, for his contribution in laboratory experimentation and proof

reading of my entire thesis.

iii|Page



I would heart fully thank Mr. Deepak Murugan, Mr. Kalai Vanan, Mr. Deepan,
Mr. Krishna Prasath, Mr. Vignesh G, Mr. Gowtham Raj Sampath, and Mr. Simbu Arasan for
being a good friend in all kind of situations along with me during my stay in 1IT Roorkee.

| gratefully acknowledge the moral support and encouragement of my grandmother
Mrs. Maria Savariai, my mother Mrs. D. Mary Rajammal, my dear brother J. Raja Simmon &
family. I salute you all for the selfless love, care, pain and sacrifice you did to shape my life.
Although you hardly understood what I researched on, you were willing to support any decision
I made. | would never be able to pay back the love and affection showered upon by my mother
and brother.

Thanks to my mentor Fr. Augustine P, my father-in-law Mr. M. Yesudhason, my mother-
in-law Mrs. Mary Judit, Mr. Antony Arul Dhas & family, Mr. Bruno Premson & family,
Mr. Saldin Pratheesh & family, whose blessings have helped me throughout the research work.

| appreciate and feel proud to always have helping hands and patience from my wife
Y. Angel Salvini. | greatly value her contribution and deeply appreciate her belief in me. I
appreciate our cute angels, R. Noa Senorina and A. Vian de Mario, for abiding my ignorance
and the patience they showed during my thesis writing. Words would never say how grateful |
am to both of you.

| am proud to humbly dedicate this research work to my family.

May all praises be to Almighty, the most beneficent, the most merciful.

(ANTO. J)

iv|[Page



CONTENTS

ABSTRACT

ACKNOWLEDGEMENTS....ccccvitiiiiiinennens

CONTENTS
LIST OF FIGURES
LIST OF TABLES
LIST OF ACRONYMS
LIST OF SYMBOLS

--------------------------------------------------------------------------

CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW..............

1.1
1.2

3

1.4

Litrogictiond .z g o 0 e e e .z B e et T
Power Converters Employed in DFIM Fed Variable Speed PSPP............
1.2.1 Load Commutated Inverters.........

1.2.2 Matrix Converter

1.2.3 Cycloconverters.......................

1.2.4 Back-to-Back Voltage Source Converters.................cocevenenn.n.

1.24.1
1.2.4.2
1.2.4.3
1244

Two Level Voltage Source Converter.......................
Three Level Neutral Point Diode Clamped VSC...........
Cascaded H-Bridge Multilevel Converter..................

Flying Capacitor Multilevel Converters.....................

Converter Modulation Techniques for Variable Speed PSPP..................
1.3.1 Sinusoidal PWM.....................
1.3.2  Space Vector PWM..................

1.3.3 Selective Harmonic Elimination PWM............ooveiiiiiii

Parallel Operation of Converters in Variable Speed PSPP.....................

1.4.1 Power Sharing in Parallel Converters.................coviiiiiniinnn

1411

Central Limit Control.......oooo .

1.4.1.3 Active Current Distributed Logical Control................

1.4.2 Circulating Current in Parallel Converters...............ccccoeevnenn..

1421

Phase Shift Transformers

© 0 ® O N o o U Ul A B M W R P

e el o o i =
w N NN R O

13



1.5

1.6
1.7
1.8

1.4.2.2  Space Vector Modulation....................ocooiiii

1.4.2.3 Individual Voltage Oriented Control........................

Operational Issues of Power Converters in Variable Speed PSPP............

1.5.1 Power Redundancy during the Converter Fault........................
1.5.1.1 Contactor used in series with each power converters in

parallel converter system............c.oovviiiiiiiiiiiniii,

1.5.1.2  Detection of dc component during a fault..................

1.5.2 Control Redundancy........cccooeveiiiriiiiiiiiiieiei i

1.5.3  Deficiency in Protection of Power Converter.........................

1.5.4 Circulating Current in Parallel Converters.............c..cccoeeiien.

1.5.5 + Operating at Synchronous Speed...............ccooiiiiieiiiiiiiinn.,

Problem Description and Importance of Present Work........................

Thegis Orfanization. ... N ™ ome  Coe S 08T 0 N

Conclusionof the Chapter......................c im0

CHAPTER Il: DYNAMIC MODELLING OF DFIM WITH BACK-TO-

2.1
2.2
2.3

2.4

2.5
2.6
2.7

BACK POWER CONVERTER...ccccttieiiiiiieriieeniennnn
JgCAUCTION L ... i g 8 0 el L e O RN e X
Dynamic Modelling of DFIM......... ...,
Modelling of Back-to-Back Voltage Source Power Converter................
238" TN eVRI VST .. g g lo.. A G
2. 32 hreg"lsevely/SCo= .. g 1 UL SR T G e
2.3.3 B ModulationIssues. ...............60. . He. oo L
2.3.4 "BC Lnk Mo R . ... g .o e
2.3.5 Selection of Power Converter Rating...........oooovvieiiiieniiiennnn.
2.3.6 DC Link Voltage Selection...............c.coooiiiiiiiiiei e,
2.3.7 DC Link Capacitance Selection................oceviuieeenniiniennenn
Modelling of Sinusoidal Pulse Width Modulation..............................
241 SPWMforTwo Level VSC.......cooiiiiiiiiiieieeee,
242 SPWM for Three Level VSC......cooiiiiiii e
Grid Voltage Oriented Vector Control..............cccooiviiiiiiiiiiiiienn,
Stator Flux Oriented Vector Control..............oooviiiiiiiiiiiine,
Volts/hertz Control...........ooiii e

13
13
14
15

16

17
18
19
21
22
23
26
28

29

29
30
35
35
38
39
40
40
41
41
41
41
42
42
45
47

vi|Page



2.8 Active Current Sharing Control for Parallel Converters........................ 48

2.9  Modelling of Power and Control Circuit Faults...............................l. 49

2.10  Simulation Model.........oii 51

2.11  Experimental Set-Up.... ..o 53

2.12  Conclusion of the Chapter.............coiiiiiii e 55
CHAPTER 111 : STARTING AND BRAKING OF A LARGE VARIABLE

SPEEDRAPSHEP. /fasall s oo tle e e s oo ececececereressssrercssasaonsan >

3.1 INtrodICtiOR2%. o . ™ e Bl . ... ... W T 57
3.2 _Smooth Starting and Regenerative Braking of DFIM Hydro- Generating

WINIL . o L e K >

S, 1=""Smebth Startingg”.........¢.......... B o R 58

3:2.2 Regenerative Braking........0.0 ... 0B e L LR 61

3.3  Simulation Results (250 MW DFIM).........cooiiiiiiiiiiiin i e, 61

3.3.1 Smooth Starting Mode........ L. 0a . e DL L e 61

3.3.1.1 Power Converter Failure in a Single Converter............. 62

3.3.1.2 Control Circuit (Sensor) Failure...................oooiininn. 70

3.3.1.3 Power Converter Failure in All Channels.................... 73

3.3.2 Regenerative BrakingMode...............cooooiiiiiiiiiiii, 76

3.4  Experimental Validation (22 KW DFIM)........cc.oooiiiiiiiiiiiiiiiiins . 77

3.5  Fault Tolerant Operation in Power Converter Open Switch Fault............ 82

3.6  Energy Efficient Start-up Control of DFIM Fed Large Pump Turbine...... 86

3.6.1  Simulation Results (250 MW DFIM).........ccooiiiiiiiiiin, 88

3.6.2  Experimental Validation (2.2 kW DFIM)..................oooeei. 90

3.6.3 Key Elements of Energy Efficient Starting............................. 93

3.6.3.1 Rotor speed at which the transfer switch is operated.... 93
3.6.3.2  Selection of Fixed DC Voltage..................ccevennnn. 94
3.6.4 Power and Control Circuit Faults during Energy Efficient

StAMTING . . %

3.7 Conclusion of the Chapter...........coviiiiiiii e, 98
CHAPTER IV : DYNAMIC PERFORMANCE OF GENERATION

MODE OF A LARGE VARIABLE SPEED PSPP.............. %

A 1011 0 18 o] o PP 99

vii|Page



4.2 Variable Speed Hydrogenerating Unit...................coooiiiiiiinan. 99

4.3 Real and Reactive Power Control of DFIM...........c.coooviiiiiiiiiennn. 102
4.3.1 Grid Voltage Oriented Vector Control.................ccoevviinnn... 103
4.3.2  Stator flux Oriented Vector Control.................coooiiiiiinnnnn.. 104

4.4 ReSults and DiSCUSSION. ........uiueeie et eaas 104
4.4.1 Simulation Results (250 MW DFIM)..........ccooiiiiiiiiiiin.. 105

4.4.1.1 Power Converter Failure in a Single Converter............ 105
4.4.1.2 Power Converter Failure in All Channels................... 108
4.4.1.3 Control Circuit (Sensor) Failure...................coeeeie. 110
4.4.1.4 Economic Analysis on Power and Control Circuit

RAitS ... e e i
4.4.1.5 Open Switch Fault Diagnostic Method for Multi- N

Channel VST 8. T _ oo S 8 TEET o N ER
4.4.1.6 Fault Tolerant Operation of RSC Open Circuit Fault...... 117
4.4.2 Experimental Validation (2.2 kKW DFIM)...........ccooiiiiiiniine. 120
45 gGenclusionafthe Chapter..........coo it eee B 124
CHAPTER V: DYNAMIC PERFORMANCE OF PUMPING MODE OF A 1o

LARGE VARIABLE SPEED PSPP...cccttiieiiiieriinncecerennne

5.1 Variable Speed Pumping Unit............coooiiiiiiiiiiiiiieceeeeas 125

5.2  Speed and Reactive power Control of DFIM..................ooiiiiinnis 127
5.2.1  Grid Voltage Oriented Vector Control......................coooienn. 129
5.2.2  Stator Flux Oriented Vector Control.................coeiiiiiinennn... 130

5.3  Results and DiSCUSSIONS. ... ... oteuenintetiniteieesian et eene i aeananns 131
5.3.1 Simulatiion Results (250 MW DFIM)........cc.cooiiiiiiiiiiiiin i, 131

5.3.1.1 Power Converter Failure in a Single Converter............ 131
5.3.1.2 Power Converter Failure in All Channels................... 133
5.3.1.3 Control Circuit (Sensor) Failure.............................. 136
5.3.1.4 Economic Analysis on Power and Control Circuit
Faults. ... 199
5.3.1.5 Fault Tolerant Operation of RSC Open Switch Fault..... 139
5.3.2 Experimental Validation (2.2 kW DFIM)...............cooiiiiinanl. 140
5.4 Conclusion of the Chapter...........coooviiiiiiii e, 143

viii|Page



CHAPTER VI: DYNAMIC PERFORMANCE OF CONDENSER MODE
OF A LARGE VARIABLE SPEED PSPP....ccccteteieiaiiannne.
6.1 INErOTUCTION. ... e
6.2 DFIM Operation as Condenser Mode.............ccooiiviiiiiiiiiiiiiin..
6.3 Results and DiSCUSSIONS. ... ....oueuieitiit et eaes
6.3.1 Simulation Results (250 MW DFIM ).........cooiiiiiiiiiiiin
6.3.1.1 ~ Power Converter Failure in a Single Converter............
6.3.1.2 Power Converter Failure in All Channels...................
6.3.1.3 Control Circuit (Sensor) Failure...........c..................
6.3.1.4 Fault Tolerant Operation of RSC Open Switch Fault......
6.3.2 Experimental Validation (2.2 KW DFIM).........c..cooiveiiiinnnn.
6.4." €enclusion of the Chapter. ....... L A8E ... M DR B
CHAPTER VII: CONCLUSION AND FUTURE SCOPE......ccccioteterenecncnne
X @onclUSI@m. B.a%. 00 oot 0 T, M e N L T e
7.2 JFutire SEOpESE™..... . L LR E.2.... 0o ... L..........
PUBLICATIONS FROM THE WORK .. ...iitiiiiiiiiieieeeieieeesacnsesnsasesnsesens
BIBLTIDGRAPREY 4.5 oo s . cntllin (o e s e oh g e oo fheroseseses quum

145

145
145
148
149
149
150
153
156
157
161
163
163
164
167
169

iXx|Page



xxxxx



LIST OF FIGURES

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
=0
2.1
2.2
2.3
2.4
28
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21

Machines serving to a typical 250MW hydro generating unit
Power converter topologies and their voltage waveforms
Operating waveform for modulation techniques for two-level VSC
Parallel converters serving to DFIM fed variable speed PSPP
Parallel converters control strategies

Response of contactor used isolation — 250MW DFIM

DC component current

Response of encoder fault

Momentary grid voltage sag fault for a 250 MW DFIM
DFIM operation in generation/pumping mode

Voltage quantities in stationary reference frame

Voltage quantities in rotating reference frame

Kroon’s primitive machine model

One phase equivalent circuit of DFIM referred to stator
Block diagram of d-q model of DFIM

Two level voltage source converter

Equivalent circuit of single phase grid circuit

Output voltages of two level VSC

Simplified two level VSC model

Three level VSC

Output voltages of three level VSC

Simplified three level VSC model

DC link model

SPWM for two level VSC

SPWM for three level VSC

Vector diagram of grid voltage oriented control

One phase equivalent circuit of DFIM referred to stator
Grid voltage oriented vector control for grid side converter
Stator flux oriented vector control for DFIM

V/f control diagram

2

5

9
11
12
17
18
19
21
30
31
31
32
33
34
35
35
37
37
38
38
39
40
41
42
43
43
44
46
48

xi|Page



Fig. 2.22

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

2.23
2.24
2.25
2.26
2.27

3.1

3.2
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14

3.15

3.16
3.17
3.17

3.18

3.18

Active current sharing control

Modelling of sensor fault type

Modelling of test platform

Control diagram of DFIM with parallel converters

Three level back-to-back voltage source converter

Experimental set-up

Hydrological and electrical depiction of a 250 MW variable speed
hydrogenerating unit - starting & braking

(a) Starting and braking of a 250 MW DFIM unit - flowchart

(b) Starting and braking of a 250 MW DFIM unit - timing diagram
Smooth starting of 250 MW DFIM

GSC single device OCF (250 MW DFIM ) at starting

GSC single leg OCF (250 MW DFIM ) at starting

GSC upper two switches SCF (250 MW DFIM ) at starting

GSC single leg SCF (250 MW DFIM ) at starting

RSC upper two switches OCF (250 MW DFIM ) at starting

RSC single leg OCF (250 MW DFIM ) at starting

RSC upper two Switches SCF (250 MW DFIM ) at starting

DC link voltage sensor omission fault (250 MW DFIM ) at starting
Single rotor grid current sensor fault (250 MW DFIM ) at starting
Single rotor grid voltage sensor fault (250 MW DFIM ) at starting

GSC single device OCF (250 MW DFIM ) in all channels at starting

RSC upper two switches OCF (250 MW DFIM ) in all channels at

starting

RSC single leg OCF (250 MW DFIM ) in all channels at starting

(a) Experimental results.of a 2.2 kW DFIM during starting

(b) Simulation results of a 2.2 kw DFIM during starting

(a) Experimental results of a 2.2 kW DFIM during starting at single
device OCF

(b) Simulation results of a 2.2 kW DFIM during starting at single
device OCF

48
50
50
52
53
54

58

59
60
62
63
64
65
67
68
69
70
71
72
73
74

75

76
77
77

78

78

xii|Page



Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

3.19

3.19

3.20

3.21
3.22
3.23
3.24
3.25
3.26
3L
3.28
3.29
3.30
3.31
3.32
3.33

4.1

4.2

4.3
4.4
4.5
4.6

4.7

4.8
4.9
4.10

@ Experimental results of a 2.2 kW DFIM during starting at
single leg OCF

(b)  Simulation results of a 2.2 kW DFIM during starting at single
leg OCF

GSC upper two switches OCF (2.2 kW DFIM) at starting in all
channels

RSC upper two switches OCF (2.2 kwW DFIM) at starting

RSC single leg OCF(2.2 kW DFIM) at starting

RSC single leg open circuit fault tolerant operation

Fault tolerant operation of a 250 MW DFIM variable speed PSPP
Control diagram of energy efficient starting of DFIM

Energy efficient starting sequences of DFIM

Energy efficient starting of 250 MW DFIM

Experimental block diagram of energy efficient starting

Energy efficient starting of 2.2 kW DFIM

Speed Vs Torque characteristics

DC link voltage source characteristics

DC link voltage sensor gain fault in VSC 250 MW DFIM

DC link voltage sensor gain fault in dc chopper

Hydrological and electrical depiction of a 250 MW DFIM variable
speed hydrogenerating unit — generation mode

Comparison of a typical fixed speed and variable speed PSPP
schemes

Vector control of DFIM with parallel converters

Real and reactive power control of 250 MW DFIM

GSC upper single switch OCF (250 MW DFIM ) at generation
RSC single leg OCF (250 MW DFIM ) at generation

RSC single switch OCF (250 MW DFIM ) at generation in all
channels

RSC single leg OCF (250 MW DFIM ) at generation in all channels
single rotor current sensor fault (250 MW DFIM ) at generation

open switch fault diagnosis of grid side and rotor side converter

79

79

80

80
81
83
85
86
87
89
91
92
93
95
96
97

100

100

103
105
106
107

108

109
110
114

xiii|Page



Fig
Fig

Fig.

Fig
Fig
Fig

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

.4.11
.4.12

4.13

.4.14
.4.15
.4.16
4.17

4.18

5.1

5.2

5.3

5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
6.1

6.2

6.3

Diagnostic variables for GSC single open switch fault

Diagnostic variables for RSC single leg fault

Fault tolerant operation of converter open circuit fault at generation
mode for a 250 MW DFIM

Power generation of 190 MW at various water heads

RSC single leg OCF (2.2 kW DFIM) at generation in all channels
RSC single leg OCF (2.2 kW DFIM) at generation

Experimental results of fault diagnosis in RSC single leg Fault
Fault tolerant operation of converter open circuit fault at generation
mode for a 2.2 kwW DFIM

Hydrological and electrical depiction of a 250 MW DFIM variable
speed hydrogenerating unit — pumping mode

Pump turbine efficiency at variable vane settings of fixed speed PSPP
Comparison of a typical fixed speed and variable speed PSPP
schemes

Vector control of DFIM with parallel converters at pumping mode
Power flow diagram of 250 MW DFIM at part load operation
GSC upper single switch OCF (250 MW DFIM ) at pumping

RSC single leg OCF (250 MW DFIM ) at pumping

RSC single switch OCF (250 MW DFIM ) at pumping in all channels
RSC single leg OCF (250 MW DFIM ) at pumping in all channels
Encoder omission fault (250 MW DFIM ) at pumping

Payback period in redundancy converter

Fault tolerant operation of a 250 MW DFIM variable speed PSPP
RSC single switch OCF (2.2 kW DFIM) at pumping in all channels
RSC single leg OCF (2.2 kw DFIM) at pumping in all channels
Encoder omission fault (2.2 kW DFIM ) at pumping

Transition of generation to condenser mode of a 250 MW DFIM unit
Reactive power transfer between grid and DFIM vs. Rotor voltage
(2.2 kW DFIM)

Power flow diagram of 250 MW DFIM delivering 0.7 p.u reactive
power to grid

116
117

119

120
121
122
122

123

126

126

127

129
130
132
133
134
135
136
139
140
141
142
142
146

147

148

Xiv|Page



Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

6.4
6.5
6.6

6.7

6.8
6.9

6.10

6.11
6.12
6.13

6.14

Al

Reactive power delivery of a 250 MW DFIM

GSC upper single switch OCF (250 MW DFIM ) at condenser
RSC single leg OCF (250 MW DFIM ) at condenser

RSC single switch OCF (250 MW DFIM ) at condenser in all
channels

RSC single leg OCF (250 MW DFIM ) at condenser in all channels
Recative power signal gain fault (250 MW DFIM ) at condenser
Fault tolerant operation of converter open circuit fault at condenser
mode for a 250 MW DFIM

RSC single switch OCF (2.2 kW DFIM) at condenser in all channels
RSC single leg OCF (2.2 kw DFIM) at condenser in all channels
RSC single switch OCF (2.2 kW DFIM) at condenser

Fault tolerant operation of converter open circuit fault at condenser
mode for a 2.2 kW DFIM

Hill curve (unit dimension Francis model turbine)

148
149
150

151

152
153

156

158
159
160

161

183

xv|Page



xvi|Page



LIST OF TABLES

Table 1.1
Table 1.2
Table 1.3
Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 2.6
Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Table 4.2

Table 5.1

Table 5.2

Table 6.1

Comparison of converter topologies (used in DFIM based PSPP)
Comparison of modulation techniques (used in DFIM based PSPP)
Power and control circuit failures in back-to-back VSC

Principle of operation of DFIM

Output voltage combinations of two level VSC

Leading faults in DFIM drive under converter and sensors

Values used with sensor faults

Machine and Excitation parameters of 250 MW DFIM

Machine and Excitation parameters of 2.2 kW DFIM

10
24
29
37
49
49
51
55

DFIM drive status at converter and sensor failure during starting and

braking

Economic analysis of fault tolerant operation of DFIM

Energy calculation of a 250 MW DFIM during starting

Energy calculation of a 2.2 kW DFIM during starting
Comparison of typical fixed and variable speed PSPP schemes at
generation mode

DFIM drive status and economic analysis of converter and sensor
failure at generation mode

Comparison of typical fixed and variable speed PSPP schemes at
pumping mode

DFIM drive status and economic analysis of converter and sensor
failure at pumping mode

DFIM Drive status and economic analysis of converter and sensor

failure at condenser mode

82

84
90
91

101

111

128

137

154

xvii|Page






LIST OF ACRONYMS

ACS
ANSI
CCC
CHB
CLC
DCSC
DFIG
DFIM
DLC
FC-MLC
GCT
GSC
GTO
HVDC
IEC
IEEE
IEGT
IGBT
LCI
MCM
MIV
NPC
OCF
PGSC
PPSC
PSPP
PWM
QEP
RMS
RSC

Active Current Sharing

American National Standards Institute
Circular Chain Control

Cascaded H-Bridge

Central Limit Control

DC Link Short Circuit

Doubly-Fed Induction Generator
Doubly Fed Induction Machine
Distributed Logical Control

Flying Capacitor Multilevel Converters
Gate Commutated Thyristor

Grid Side Converter

Gate Turn Off Thyristor

High-Voltage Direct Current
International Electro-technical Commission
Institute of Electrical and Electronics Engineers
Injection Enhanced Gate Transistor
Insulated Gate Bipolar Transistor

Load Commutated Inverters

Million Cubic Meter

Main Inlet Valve

Neutral Point Diode Clamped VVSC
Open Circuit Fault

Phase to Ground SC

Phase to Phase SC

Pumped Storage Power Plant

Pulse Width Modulation

Quadrature Encoder Pulse

Root Mean Square

Rotor Side Converter

xix|Page



SC
SDOC
SDSC
SFC
SHE
SLOC
SPWM
SSC
STATCOM
SVM
THD
VSI

Short Circuit

Single Device Open Circuit Fault
Single Device Short Circuit
Static Frequency Converter
Selective Harmonic Elimination
Single Leg Open Circuit Fault
Sinusoidal PWM

Stator Short Circuit

Static Synchronous Compensator
Space Vector Modulation

Total Harmonic Distortion

Voltage Source Inverter

xx|Page



LIST OF SYMBOLS

AB,C
a,b,c
Va, Vi, Ve

Vabs Vber Vea

Pmec
Ry, R;
LefL,

Stator phases

Rotor phases

Phase voltages

Line voltages

Stator phases voltage

Rotor phases voltage

Grid voltage

Stator current

Rotor current

DC-link voltage

Stator side real power

Stator side reactive power

Rotor side real power

Rotor side reactive power

Mechanical power

Stator and rotor winding resistances/phase
Stator and rotor winding inductances/phase
Magnetizing inductance

Stator and rotor winding leakage inductances/phase
Flux

Stator flux magnetizing current

No of poles

Stator flux angular frequency

Rotor flux angular frequency

Rotor angular speed (electrical)

Stator frequency

Rotor frequency

Angle between aff and dq reference frames

Angle between aff and DQ reference frames

xxi|Page



pu
Subscript
d

q

Superscript

Angle between dq and DQ reference frames
Electromagnetic torque

Load torque

Induced emf

Slip

Moment of inertia

Friction coefficient

Rotor flux angular frequency
Efficiency

Leakage coefficient

Head

Per unit

Direct component
Quadrature component
Stator quantity

Rotor Quantity

Stationary reference frame
Rotor reference frame
Synchronously rotating reference frame

Reference quantity

Vector quantity

Complex conjugate of vector quantity

xxii|[Page



Chapter |

Introduction and Literature Review

[This chapter summarizes the present research work and expounds the power converter
topologies in large rated variable speed pumped storage power plant (PSPP), suitability of
converter topology, modulation techniques, and parallel converter schemes in PSPP is
discussed. Also, it presents operational issues of parallel converter system fed variable speed
hydrogenerating unit such as converter redundancy and fault tolerant control schemes, power
outage due to the inadequacy of converter protection system, and unbalanced power sharing due
to circulating current. Further, it describes the importance of present work and discusses the
benefits to the project authorities of large variable speed PSPP.]
1.1 Introduction

In hydroelectric energy systems, pumped storage power plant is adopted in view of,
(1) bulk energy storage, (ii) ability to provide flexibility to the power system, and (iii) load
balancing [1]. Since 1900’s, synchronous machine based fixed speed PSPP has been installed in
the European, American and Asian continents, and now more than 140 GW fixed speed PSPP
operating in the world. In India, 4804 MW of fixed speed PSPP are installed and presently only
about 2600 MW are being operated under pumping mode [2]. Nowadays, variable speed PSPP
Is an emerging technology in a pumped storage system where it has several benefits, specifically:
(i) increased efficiency in generation/pumping mode with respect to the varying water level in
the dam, (ii) taking minimum time during mode transition from pumping to generation and vice
versa, (iii) high dynamic stability during grid voltage and speed perturbations, (iv) high ramp rate
in generation/pumping compared to fixed speed unit, etc. [3]. The first variable speed PSPP was
commissioned in the early 1990’s and till now 18 nos. of such power plants are installed/under
construction all over the world with a total capacity of 9425 MW. Large variable speed PSPP
(>200 MW) employing synchronous machines is not viable due to: (i) the requirement of power
converters of higher rating corresponding to the rating of the machine, (ii) full size converter is
challengeable in cost, size and site clearance in case of underground power houses, (iii) rotating
over full range of speed in hydrogenerating unit is not given much difference in efficiency
compared to 10-15% speed variation in the unit [4], [5]. Therefore, variable speed PSPPs with
doubly fed induction machine (DFIM) have gained prominence all over the world since they
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Fig. 1.1 Machines serving to a typical 250MW hydro generating unit

provide variable speed operation with reduced power converter rating and high dynamic stability
[6], [7]. In India, four DFIM units with a unit capacity of 250 MW with the speed variation
of -10.73% to +8.33% is under construction at Tehri dam of Uttarakhand state. The speed of
machine (250 MW DFIM) was fixed at 230.77 rpm based on hydraulic studies conducted in Tehri
pumped storage plant. Therefore, the design team has gone for DFIM with 26 poles to meet grid
frequency. It is noted that a DFIM with 18 poles is serving in Goldisthal PSPP (Germany) at the
rotational synchronous speed of 333 rpm [4]. In addition, brushless DFIM is not preferred for
large rated PSPP in view of quick voltage regulation and large amount of reactive power support.
As far as author’s knowledge, brushless DFIM is not yet installed or planned for large rated PSPP
in any part of the world [8] — [10]. High amount of current in rotor circuit of DFIM through
brushes and slip rings seems to be challengeable due to: (i) operating temperature, and (ii) brush
voltage drop. However, it is practically acceptable in presently available technology, e.g. a 400
MW Ohkawachi (Japan) hydrogenerating unit with rotor currents of 12670A and a 300 MW
Goldisthal (Germany) hydrogenerating unit with rotor currents of 8970A are currently in
operation [6], [11].

The schematic diagram of doubly fed induction machine fed variable speed PSPP is
shown in Fig 1.1b. The power electronic converters are connected in rotor circuit of the DFIM,
there by acting as AC excitation system of the machine. The main advantage of such scheme is
the requirement of the power electronic converter with rating equivalent to slip power, normally,
will be a fraction of the machine rating [12] - [18]. The rating of the rotor side power converter
in DFIM is chosen based on required speed variation of the unit. In general, the rotor side power
converters are chosen at 10 to 15% of the rated capacity of the machine (e.9. 72 MVA

cycloconverter is chosen with a current rating of 8760 A for a 400 MW DFIM unit, Ohkawachi,
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Japan; 45 MVA three level back-to-back power converter is chosen with a current rating of
11600A for a 250 MW DFIM unit, Tehri, India) [19] — [20]. In a situation where in the
semiconductor devices ratings are limited, it is preferred to employ parallel converters to share
the rotor circuit current [21]. Under the availability of water head and grid supply, the power
electronic converters primarily dictate the continuity of operation of the DFIM fed variable speed
PSPP. This type of plants helps in improving power controllability, grid balancing, increase
energy efficiency and power quality in grid networks [22].

The application of semiconductor devices in DFIM fed variable speed PSPP ranges from
naturally commutated devices (Thyristor) to self-commutated devices (IGBT, IEGT, etc.,)
depending on the requirements such as switching characteristics, ease of gate control, reliability,
low on state power losses and voltage drop, etc. [18], [19]. During these modes of operation, bi-
directional power flow is achieved through the rotor side power converters. Therefore,
HV-IGBT/IEGT device is selected for the rotor side converters. In Tehri variable speed PSPP
(India), IEGT (Injection Enhanced Gate Transistor) is selected for handling large currents in rotor
circuit in view of low on state voltage drop and lower conduction losses, etc. compare to IGBT.
In a similar way, the advancement in power converter topology ranges from cycloconverter to
multi-level voltage source converters to achieve rotor current harmonic distortion reduction, pure
sinusoidal supply, etc. [23], [24]. The usage of cycloconverter in variable speed PSPP were
prominent in the past and it has been started by using external static frequency converters (SFC)
during pumping mode (e.g. 400 MW DFIM PSPP, Ohkawachi (Japan); 300MW DFIM PSPP,
Goldisthal (Germany)). However, presently cycloconverters are not preferred in PSPP
applications as with advancement in power electronics technology, now back-to-back voltage
source converter (VSC) gives better current waveform and lesser THD. In addition, this converter
is used for smooth starting and dynamic/regenerative braking of unit in pumping mode and there
is no requirement of SFC (e.g. 380 MW Frades || DFIM PSPP, Portugal employed with 2 level
back-to-back VSC; 250 MW Linthal DFIM PSPP, Switzerland employed with 3 level back-to-
back VSC).

1.2 Power Converters Employed in DFIM Fed Variable Speed PSPP

Power converters play an important role in DFIM fed variable speed PSPP by facilitating
variable speed operation, smooth starting, braking (regenerative & dynamic), reactive power
compensation and also acting as active power filters. Moreover, the converters are also

responsible for achieving real & reactive power control in generation mode and speed & reactive
3|Page



power control in the pumping mode [25]. The different power electronic converters that are
employed in PSPP are presented below.
1.2.1 Load Commutated Inverters

Load commutated inverters (LCI) are employed in the fixed pumped storage plants driven
by synchronous machines are in operation with the rating of 50MW to 100MW range [26], [27].
Due to lack of reactive power control, current distortion, and low power factor, these inverters
are not recommended for DFIM fed variable speed PSPP [28] — [30]. It is also to mention that
the installation of LCI fed DFIM in variable speed PSPP is not yet adopted in any of
commissioned PSPP.
1.2.2 Matrix Converter

Matrix converter fed DFIM used in wind power system is discussed in [31], [32].
However, back-to-back converter topologies are preferred in such systems than matrix converters
due to: (i) output voltage step-up capability, (ii) unconstrained reactive power compensation,
(iii) simple feedback control of the input currents independent of the output currents, (iv) single
phase operation capability [33]. In addition, considering the system operation under faulty
conditions (open circuit fault), back -to- back converter seems to be a preferred option in
industrial drives as it allows the process to continue even at open circuit faults in rectifier side
i.e. ac- dc conversion stage [34]. Also, high power density and power -to- mass ratio are
questionable in large rated, low switching frequency applications equipped with matrix
converter. In view of this, matrix converters fed large rated DFIM is not yet adopted in any of
commissioned PSPP [35].
1.2.3 Cycloconverters

Cycloconverter (shown in Fig. 1.2a) is a type of power electronic converter which
provides variable AC voltage of variable frequency without DC link. Such type of converter
employing GTO (Gate Turn Off thyristors) was adopted in the hydroelectric variable speed plants
at Ohkawachi power station in Japan [6] and Goldisthal power plant in Germany [11]. The merits
of cycloconverter over LCI is: (i) generation of low frequency AC voltage, (ii) Instantaneous real
and reactive power control, (iii) low on state power losses. However, the cycloconverters suffers
from demerits including: (i) inability to generate output voltage with a frequency greater than
input frequency, (ii) requirement of additional static frequency converter (SFC) during starting
in pump mode, (iii) high distorted rotor current in DFIM, thereby introducing the large size of

filters compare to VSC’s, (iv) reactive power absorption from grid in rotor side [11], [36]. The
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V,n — average value of the phase voltage f1 — fundamental frequency V4. — dc link voltage

(a) Cycloconverter (b) 2L- VSC (c) 3L-NPC VSC (d) 5L-CHB VSC
Fig. 1.2. Power converter topologies and their voltage waveforms

preferable number of switching devices used in cycloconverter is seventy two (Conventional
12-pulse cyclo-converter cascade) [37], [38] for the minimum distorted required rotor current
waveform (adopted in Ohkawachi power station, Japan), however, the number of switching
devices shall be increased as per the higher pulse-numbers to achieve better quality of rotor
current, which leads to increase in size and cost of the converter.
1.2.4 Back-to-Back Voltage Source Converters

Back-to-back Voltage Source Converters are the converters which has widespread
applications including the control of DFIM based variable speed PSPP. Such converters have an
ability to provide variable voltage and variable frequency supply during starting of the machine
resulting the reduction of start-up transients and energy losses [39] - [41]. Also, VSC with
suitable control technique finds applications in power conditioning circuits such as STATCOM
(reactive power compensation) and active power filters (elimination of harmonics). The main
advantage of VSC is its ability to offer decoupled control of real and reactive power with a
significant reduction of load current harmonics [42] - [45]. The following are different types of
VSC that are used DFIM fed variable speed PSPP.
1.2.4.1 Two Level Voltage Source Converter (2L-VSC)

This converter (shown in Fig. 1.2b) comprises six nos. of (3-phase) IGBT or GCT switch
with a freewheeling diode across each switch [46]. The merits of this converter are: (i) simple

converter topology and control scheme, (ii) active and reactive power control, (iii) independent
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control of grid-side and machine-side converter, (iv) no need of auxiliary devices for start-up
application in pumping mode, (v) unity power factor at grid side. The demerits are: (i) due to
cross-influence of d- and g-axis, multi variable controllers are required for grid-side and
machine-side converter, (ii) high THD, high dv/dt, high harmonic losses compare to multilevel
VSC’s, (iii) possibility of predominant harmonic injection into the grid depending on the PWM
carrier frequency [47], [48]. The Frades Il variable speed pumped storage hydropower plant
(Portugal) has employed 2L-VSC [49].

1.2.4.2 Three Level Neutral Point Diode Clamped VSC (3L-NPC)

This type (shown in Fig. 1.2c) of VSC belongs to multi-level converter family, in which
odd no.of levels are achieved due to the availability of the neutral clamp structure. This converter
is maturely applied in large rating drives due to the lesser voltage stress on devices, resulting in
the reduction of failure rate in semiconductor devices and generation of resultant waveform with
better spectral performance [50]. Further, THD in rotor current is lesser than cycloconverter and
2L-VSC which leads reduction of filter size in 3L-NPC [51]. The drawbacks of this converter
type of VSC are: (i) requirement of additional clamping diodes which increase the size and cost
of the system, (ii) Non uniform power loss distribution among switches due to switching logic,
(iii) complex control system compared to that of 2L-VSC, (iv) voltage imbalance problem in dc
link capacitor due to clamping diodes [52]- [54]. This type of VSC is employed in variable speed
PSPP at Linthal, Switzerland. Also, Tehri Hydropower Development and Corporation (THDC
India Ltd) is planning to install 3L-NPC in stage Il project of Tehri dam.
1.2.4.3 Cascaded H-Bridge Multilevel Converter (CHB)

This converter (shown in Fig. 1.2d) circuit is having a special arrangement with phase
shift transformers (phase angle 15°) employed for the input line current/voltage THD
improvement and common mode voltage mitigation [55]. The major advantages of such
converter include: (i) very low rotor current THD, thereby requiring lesser cost and small size
rotor side filters compare to 3L-NPC’s, (ii) identical phase connections leading to optimized
circuit layout, (iii) elimination of clamping diodes, (iv) the output voltage waveform nearer to
sinusoidal. However, the cost of this converter is very high due to the requirement of phase shift
transformer and associated cabling needs [56], [57]. In China at Xiang Hong PSPP, CHB is

adopted in start-up applications of the synchronous machines fed pumped storage plant [58].
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Table 1.1 Comparison of converter topologies (used in DFIM based PSPP)

Cycloconverter 2L —VSC 3L - NPC CHB FC-MLC
[11].[36]-[38]  [46]- [49] [50]- [54] [55], [56] [47],[59]
No.of power
Switches
72* 12 +12 24 + 36 24 + 24 24 +24
(IGBT +
Diode)
dv/dt voltage . -
stress Very high high low Very low Very low
THDInrotor 587 04 0.482 % 0.449% 0.283 % ~0.3%
current
Size of filters Very high High Moderate Compact Compact
Cost of filter Very High High Reasonable Low cost Low cost
hault t.o_lerant No No No Yes Yes
capability
E_qua_ll Io_ss good
Simple structure  High efficiency distribution, * herformance
Advantages No intermediate at increased Less for high and
g DC link required FeV\_/ no.of power  switching common low
devices frequency modl _modulation
voltage index
requirement of . 11! Clamping
additional SFC IH'gh SWRCHIAG " " diodes
during Starting in 0sses, requirement, More DC The increase in
Disadvantages ~ PUMP mode, Efficiencyand ~ Unequal power = . ¢ gahatiions
) technical loss distribution requited leads to more
;?)z?rlvfig:\pr/zrm requirements are  iN Switches, costs and space
gl difficult to fulfill ~ PC-link
rotor side grid balancing
. Fra_des L Linthal variable
Ohkawachi variable speed . .
Employed ower station umped storage pReRdeped gliangtHong  Used as static
ploy P . e g storage plant, PSPP, China  compensators

Japan

hydropower
plant, Portugal

Switzerland

* Conventional 12-pulse Cyclo-converter cascade.

** based on the simulation of 230MVA DFIM in SIMSEN software [29].

1.2.4.4 Flying Capacitor Multilevel Converters (FC-MLC)
The number of switching devices used in this topology is reasonable and the use of dc
link capacitors provide more flexibility [59]. The voltage imbalance problem can be reduced by

selecting proper switching technique of charging and discharging of capacitors. The most
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important advantage of FC-MLC is low rotor current THD, improved power quality, and
capacitor voltage balance. In addition, pre-charging of capacitors are necessary and sometimes it
is difficult [60]. These converters are mostly used in static compensators and active filters in
PSPP’s. The summary of different types of voltage source converters is also presented in
Table 1.1.

1.3 Converter Modulation Techniques for Variable Speed PSPP

The key factors to be considered while formulating the modulation technique in power
converters are: (i) minimization of utility line harmonics, (ii) minimization of load current
harmonics, (iii) good utilization of dc link voltage, (iv) minimization of switching frequency and
losses, (v) uniform switching losses, (vi) uniform switching frequency for all switching devices,
and (vii) voltage balance in dc link capacitor [61] — [71]. The following are the different
modulation techniques adopted in variable speed PSPP applications.

1.3.1 Sinusoidal PWM (SPWM)

In electric drives, SPWM is the widespread modulation scheme used in power converter
control [72]. In this technique, the low frequency modulating signal (sinusoidal wave) is
compared with the high frequency (switching frequency) carrier signal (triangular wave) in a
logic device that provides PWM pulses, which in turn control the switching devices. The
amplitude and frequency of converter output voltage depend on the modulating wave amplitude
and frequency respectively [73]. The output voltage waveforms and equation are shown in
Fig.1.3a. The maximum value of modulation index selected for SPWM in large rated electric
drives is 0.7885 and the value of switching frequency is limited to less than 1.5 kHz [74]
considering semiconductor losses and filter requirements for the large rated converters. However,
the third harmonic injection in the modulating wave can be utilized to ensure better utilization of
dc link voltage in the high rated plant. SPWM strategy is commonly used in starting of the DFIM
fed variable speed PSPP (pumping mode) [75], [76].

bus out

The selection of dc link voltage for SPWM, v =v /( (ngM] (1.1)

M — modulation index
1.3.2 Space Vector PWM (SVM)

SVM technique is derived from space vector theory and generates modulation signal
according to the switching sector and angle [77]. Basically, it produces the acting and null vectors

based on the level of converters, which decide the switching of power devices [78], [79]. The
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(a) SPWM (b) SVM (c) SHE-PWM
Fig. 1.3. Operating waveform for modulation techniques for two level VVSC [39]

output voltage waveforms and equation are shown in Fig. 1.3b. Compared to universal SPWM,
space vector modulation utilizes 15.4 % additional dc supply. In addition, SVM fired converters
generate waveforms with less THD in rotor current and also suitable for fast dynamic response
application. Moreover, it can accommodate maximum modulation index (0.907) and provide less
switching losses [80] - [82]. The dynamic control of real and reactive power in variable speed
PSPP is desirable through SVM for low switching frequency operation. e.g., Linthal variable
speed PSPP, Switzerland.

The selection of dc link voltage for SVM, \, -y /[ﬁ'ﬁ'M] (1.2)
3

bus out

1.3.3 Selective Harmonic Elimination PWM (SHE-PWM)

This PWM technique is framed based on frequency switching theory. The main advantage
of this technique is that the harmonics of higher order (e.g. 11, 13, 17, etc.) can be eliminated by
selecting the switching angle corresponding to the harmonic order as per pre-determined look-
up table [83], [84]. The output voltage waveforms and equation are shown in Fig. 1.3c. In general
Newton-Raphson iteration method is used to formulate the look-up table. Due to the elimination

of higher order harmonics it is possible to obtain superior sinusoidal output waveform with a
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Table 1.2 Comparison of modulation techniques (used in DFIM based PSPP)

Third Order Injection ~ SVC SHE - PWM
SPWM [72] - [76] [77] - [82] [83] - [86]

Modulation Index  0.7855 0.907 0.83

Engaged Smooth starting Real and reactive power Active power filters
control

DC bus utilization  86.6% 86.6 % 86.6%

Maximum line- 4 77 /¢ 0.707 Vidc 0.707 Vdc

line voltage

Switching ~ 15 kHz 250 Hz to 500 Hz < 1kHz

frequency

L Carrier based Sine- X

Principle triangle modulation Space vector theory Frequency switching theory

Switching losses  high moderate less

Dynamic congfbl moderate high low

response
precise control of the dc superior sinusoidal current

Advantages Easy implementation and ac current magnitude waveform with a lower value
and phase of switching frequency

. high level computational !
Disadvantages Low output voltage Low dynamic response

works required

lower value of switching frequency comparatively. This technique is widely used in active power
filters. However, the dynamic response of the converter in closed loop control is low due to the
pre-specified values [85], [86]. Due to selective harmonic elimination capability, this PWM
technique finds application as active power filters in variable speed PSPP. The summary of
different types of modulation techniques is also presented in Table 1.2.
1.4  Parallel Operation of Converters in Variable Speed PSPP

Due to the limitation in the semiconductor device rating, it becomes difficult to design a
single converter for large power ratings. In such a situation parallel converters can be adopted to
share high power in rotor circuit of the machine. The main criteria for the parallel operation of
converters are that the output voltage of all converters connected in parallel should be equal in
amplitude, frequency and phase. In such a configuration it is possible to have equal/unequal
power sharing depending on the power rating of each converter. The application of parallel
converter results in improvement of reliability, flexibility, and power quality of the plant. Further,

the parallel converter operation increases the efficiency of the plant as the participation of each
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Fig. 1.4. Parallel converters serving to DFIM fed variable speed PSPP

converter can be controlled depending upon the output requirements [87]-[91]. Parallel
converters serving to DFIM fed variable speed PSPP is shown in Fig. 1.4. From figure, it is
inferred that the rotor circuit is connected to the grid through phase shift transformers (it is
designed with phase shifts in secondary windings for harmonics reduction (Yd1 (-12°) d1 (-6%)
d1 (0°) d1 (+6°) d1 (+12°)) and five back-to-back converters are connected in parallel.
1.4.1 Power Sharing in Parallel Converters

In general: (i) Passive current sharing, (ii) Droop control method, and (iii) Active current
sharing methods are utilized for the effective power/current sharing in parallel converters.
Passive current sharing and droop control methods deal with low power circuits including
uninterruptable power supplies (UPS) and islanded micro grid applications. Master-slave control
used in active current sharing method is also preferable for UPS applications [92]-[105]. Hence,
these methods are not discussed in this thesis as it focuses on large rated power converters serving
in variable speed PSPP.
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The active current sharing method is most suitable for the parallel converters in large
rated variable speed PSPP. In active current sharing method, each converter to be connected in
parallel is connected by wired communication [106]. A control system is developed to generate
the reference current for power sharing, thereby eliminating the need of large impendence for
current sharing. Depending upon the control the following are the different types of active current
sharing methods.
1.4.1.1 Central Limit Control (CLC)

In this configuration (Fig.1.5a), the number of converters is pre-known and each
converter is of same rating/topologies. Depending upon the load current requirement, the central
control system sends a signal to each converter for sharing the load current. However, such
scheme is less reliable due to the fact that the failure of any one converter renders the system to
a standstill [107], [108].
1.4.1.2 Circular Chain Control (CCC)

In this method (Fig.1.5b), the converter controls are formulated in the circular
configuration, wherein, each converter tracks the power of the preceding converter to achieve
equal current sharing of the load [109]. This chain control requires more communication wires
in between the converters and hence making the control complex. In addition, the implementation
of redundant converter operation is not easy [110].
1.4.1.3 Active Current Distributed Logical Control (DLC)

In this method (Fig.1.5¢c), there are two types of controllers are employed namely,
individual controller and coordinated controller. Coordinated control systems track the load
current and give the reference current to the individual controller of each converter, which in

turns regulates the sharing of load current. Inaddition, the individual controller is designed with
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Fig. 1.5. Parallel converters control strategies: (a) central limit control [64], (b) circular chain control [66],
(c) active current distributed logical control [67]
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a capability to limit the circulating and harmonic currents in parallel converter configuration
[111]. The merits of this method are: (i) the converter of different rating and topologies can be
connected in parallel, (i) extension of parallel converter is simple, (iii) isolated/redundant
operation of converters are possible, (iv) for low power application it is possible to select the
required number of converters in parallel configuration, (v) no need of external fault monitoring
and detection schemes as in-build controller can identify defective converter [112] — [113].
1.4.2 Circulating Current in Parallel Converters

Circulating current is an important issue in the parallel connected converters during the
sharing of current between them. These circulating currents are formed due to: (i) unbalance
impedance in phases of the converter, (ii) characteristic of the converter components, and (iii)
asynchronous switching operations [114] - [118]. The following are the schemes used to reduce
the circulating currents in parallel converters.
1.4.2.1 Phase Shift Transformers

The provision of phase shift transformer (PST) in parallel converters are used to prevent
the common mode over voltage and suppressing the circulating current by designing with certain
turn’s ratio and phase shift [119], [120]. These PST’s are also used to reduce the line current
harmonics e.g. Linthal variable speed PSPP, Switzerland (2011), PST vector group is
Yd1 (-12 °) d1 (-6°) d1 (0%) d1 (+6°) d1 (+12°). In olden days (1995°s), dc choke had been used
to suppress the circulating current in variable speed PSPP instead of PST’s. e.g. 300 MW
Goldisthal variable speed PSPP, Germany.
1.4.2.2 Space Vector Modulation

The interleaved PWM with discontinuous space-vector modulation techniques can be
used to reduce circulating currents. The interleaving techniques, maximizes the cancelation of
harmonics between parallel modules, thereby reducing the filtering requirements [121].
1.4.2.3 Individual Voltage Oriented Control

This techniques can be used to eliminate the circulating current in the respective power
converter module. An each module having its own modulator and controller with the closed loop
system [122]. This independent regulation of each parallel module is adjusted the zero-sequence
voltage to restrain the circulating current [123], [124]. Each power module has its own modulator
and controller which makes system expandable to any number of modules in parallel.

In summary, phase shift transformers with multi-channel voltage source converters are

preferable in rotor circuit of DFIM in variable speed PSPP (shown in Fig 1.4). This set-up offers
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reduction in line current harmonics and maintain unity power factor of the system. Starting of
pump turbine at motoring mode of operation is done by energizing rotor circuit through power
converters. The stator circuit is short circuited while starting. Active current sharing method is
desirable in multi-channel power electronic converter fed large rated hydrogenerating unit. Space
vector modulation with less switching frequency (300Hz - 500Hz) is widely used in such units
for real and reactive power control.

1.5  Operational Issues of Power Converters in Variable Speed PSPP

In fixed speed pumped storage plants, thyristor-based power electronic converters are
used in the excitation system (DC) having a lower power rating in comparison with machine
rating (e.g. for a typical 250MW synchronous machine, the excitation system needs around
0.58MW of power, i.e. 0.23% of the machine capacity). In addition, the failure rate of the
thyristor is low and it can handle high power compared to self-commutated power semiconductor
devices. Moreover, the. power converters are not much affected by the stator side grid
disturbances (voltage drop, short circuit, and frequency drop) due to the design of the
synchronous machine. Therefore, the protection of the converter is not much complicated and
the ability to fault ride through in plant is easy-going. Furthermore, providing redundancy in both
power and control circuits is also easy in case of a fault in converter module, as the power
handling of the converter is less. In Tehri (India) hydropower plant (Phase 1), redundancy is
ensured by means of two fully automatic power converter units with independent control.

On the other hand, the rating of excitation system (AC) equipped with power electronic
converter is quite large in DFIM fed variable speed PSPP which handles slip power of the
machine (Ex: For a typical 250MW doubly fed induction machine with the target of -10.73% to
+8.33% speed variation, power converters need to handle 25MW (slip power) of power with the
current rating of 11,600A). Due to the high power rating requirement there is a critical necessary
to opt for the parallel operation of converters in DFIM fed variable speed PSPP. The operational
issues associated with the power converters serving DFIM fed variable speed PSPP’s are:

» Power Redundancy during the Converter Fault
= Contactor used in series with each power converters in parallel converter system
= Detection of dc component during a fault

» Control Redundancy

» Deficiency in the Protection of Power Converter

» Circulating Current in Parallel Converters
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» Operating at Synchronous Speed.
Each operational issues are presented in detail below.
1.5.1 Power Redundancy during the Converter Fault

Around 38% of failure in an electric drive is due to the faults occurred in power converters
which includes power devices failure, dc link capacitor failure, and driver circuit failure [125].
In power converters, open and short circuit faults are due to: (i) electromagnetic interference,
(it) malfunction in the driver circuit, (iii) rapid voltage dip/swell, (iv) auxiliary power supply
failure, (v) avalanche stress, and temperature overshoot in power devices [126], [127].
Moreover, if any disturbances (voltage drop, short circuit) occur in the stator circuit, results in
higher current/voltage in the rotor circuit, which easily affects the power converter connected in
the rotor circuit of the machine.

In addition, a typical fault in converter circuit (without redundant converters) employed
in variable speed PSPP may result in stopping of the plant for more than 8 hours, leading to huge
financial losses. To illustrate, consider a plant having 5 units with each unit rated at 300 MW. If
a converter fault at any one unit results in stopping of a unit for 8 hours, the estimated financial
losses will be $176,560/fault/unit (considering $ 0.07/kWh). Further, if it is assumed that every
unit encounters a fault per year, the estimated financial losses of the plant will be
$882,800/plant/year. The assumption of one fault per year was taken by considering: (i) IGBT
triggering circuit failure rate is 0.96 failure per year (i.e., 1 failure occurs at 1.04 years) [128],
(i) Motor drive failure rate is 0.27 failure per year (i.e., 1 failure occurs at 3.7 years) [129], (iii)
IGBT failure rate is 500 FIT (1 FIT equals 107 failures per hour) [130], [131]. It is noted that the
probability of failure of power converter serving in PSPP.is high as it has more than 300 power
devices (IGBT & Diode) [32].

In order to overcome the power converter failure, redundancy phenomena need to be
incorporated so as to allow for the sustained operation of the plant. In India, the Central
Electricity Authority (CEA) has mandated that all the hydropower plants having rating more than
100 MW must have power and control redundancy in excitation circuit [132]. However, there is
no redundancy in any of the practical parallel converter system fed DFIM based variable speed
PSPP in the world [133]. Generally, providing contactors/mechanical breaker connected in series
with each converter is a solution to have redundancy. This contactor can be connected in either
DC side or AC side of the converter. The following issues are identified when contactors are

considered for the isolation of converters in the high rating plant.
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1.5.1.1 Contactor used in series with each power converters in parallel converter system

The contactors connected in series with the power converter produces triangular transient
recovery voltage (high amplitude and high frequency of short duration) during interruption of
the fault current in the high power rated circuit [134], [135]. This very high steep voltage causes
the insulation of the rotor winding of the DFIM to be stressed and can result in breakdown. This
rapid change in the voltage have deleterious effects on the power devices and sometimes this will
also affect the healthy converters that are in service. The developed transient voltage is given by
the eqgn. 1.3. Moreover, provision of contactors increases the risk and maintenance related issues
in the high rated plant [136], [137]. Hence, this contactor configuration is not preferred for

redundant operation of the converter.

Viry =\/§| foL, {(1 -e™ )(COShBH"% Sinhﬁt]} (1.3)
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eq eq eq eq

VT1rvy — transient recovery voltage across the breaker contacts

It — fault current magnitude (in kA rms)

Zeg  — equivalent source impedance in ohms

Leg — equivalent source inductance in henrys

Cey  — equivalent source capacitance in farads

As per the standard ANSI/IEEE C37.013-1993, the acceptable level of transient recovery
voltages (TRV) for 10 to S0MV A generator is 1.5kV/us during the interruption of circuit breaker
and the production of peak voltage is 1.84 times rms value of maximum input voltage . However,
the maximum permissible rotor voltage is limited to 1.34 times rms value of the rotor voltage
and the TRV rate is limited to 0.6kV/us for considering the insulation of the rotor winding of a
DFIM based variable speed unit [138]. Hence, the interruption of circuit breaker will definitely
cause overburden to insulation used in rotor winding of DFIM and converter redundancy is
challengeable.

In order to investigate the effect of this option, a contactor is connected in series with
each converter (Fig. 1.4). The simulation is carried out by introducing a single leg open circuit
fault within any one of the main converter at 125s and the fault is detected by the Park’s vector

phase currents technique and variation in dc link voltage. The faulty converter is isolated from
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the system by contactor as well as redundant converter comes to the action for continuous
operation of the plant. It is observed that phase voltage in rotor winding reaches to 1.75 p.u,
(shown in Fig. 1.6) during isolation of faulty converter. Over voltage in rotor windings leads to
deteriorate the life of insulation.
1.5.1.2 Detection of dc component during a fault

During faults in the converter, due to the large time constants (high X/R) a current of high
amplitude and very low frequency is produced, typically with the absence of zero crossing. The
magnitude of DC component depends on fault current and fault inception in the cycle [139]. This
high DC component can pose problems/challenges in diagnosis of fault current and interrupt
difficulties. According to the standards IEC 62271-100 and IEEE C37.013-1997 that the
interruption of current by a high speed circuit breaker should be completed in not more than
40ms, otherwise results in serious damage to the contactors and equipment [140], [141]. The
detection of DC component and to break such a current during this fault by contactors is very
difficult, prolonging the fault isolation process resulting in the damage of other converter
modules due to the fault current. Moreover, a suitable circuit breaker break such a high DC
component in power converter circuits is high challengeable [142] - [144].

ALSTOM jointly with EPFL, Switcherland suggested a possible solution for detecting
DC component or extremely low frequency rotor current by using digital substation technology
which incorporates Rogowski current transformers and resistive voltage dividers with IEC
61850-9-2 LE [133]. Nevertheless, the solution of these findings are not yet adopted in any of
variable speed PSPP.

Rotor side short circuit faults (phase-phase and single leg) are injected at 125s. During

faults, high magnitude (about 1.85 p.u) and very low-frequency (< 0.5 Hz) rotor phase currents
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are produced as shown in Fig. 1.7a and Fig.1.7b. High magnitude and dynamic variation of
frequency in rotor fault currents are challengeable in detection. Further, high DC or extremely
low frequency fault currents are also challengeable in disruption by contactors. Experimental
results reported in [144] validate the simulation results obtained.
1.5.2 Control Redundancy

Field oriented vector control provides the good dynamic performance of the doubly fed
induction machine. This dynamic control works with the aid of controllers, sensors (speed,
voltage, current, etc.), and accessories. These sensors and controllers can be affected by
electromagnetic interferences, internal and external faults. Moreover, the complexity of the
control circuit involving parallel converters, sensors, controllers, etc. will increase the chance of
failure. Any failure in sensors at DFIM drive results to current transients in rotor winding,
produces grid disturbance in- higher magnitude and decisively process of the machine is
interrupted. In variable speed drives, 53% of faults [125] are due to control circuit failure,
therefore, much attention needs to be given to the control circuit faults and provide possible
redundancy/fault tolerance in the control circuit of large rated variable speed pumped storage
plant. Furthermore, the power converters are precisely controlled with the suitable modulation
techniques by the use of driver circuit. If any faults occur in driver circuit leads to open circuit
fault in the converter, which in turn produces non-sinusoidal current waveforms. These
waveforms introduce the thermal overstress on the power semiconductor devices resulting in a
short-circuit fault [127], [131].

Closed loop vector control system to facilitate desired dynamic performance of DFIM
fed variable speed PSPP requires encoder, dc link voltage, grid voltage, grid current, stator

current and rotor current sensors. The encoder omission fault is injected in the closed loop control
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system and observe the performance of the drive (omission fault is modeled by setting the sensor
output to zero). The performance measures are set for speed, dc link voltage, current and settling
time. The performance bounds are considered as follows, (i) speed variation is £ 0.05p.u rpm (ii)
dc link voltage variation is + 0.1p.u (iii) current is acceptable up to 1.2p.u (iv) controller settling
time is less than 250ms.

The encoder fault is injected at 125s and the results are shown in Fig. 1.8. During fault,
speed controller reads input as zero and increases proportional gain of the controller which
increases the speed of machine. Consequently, frequency of rotor current increases, shown in
Fig. 1.8a, until the speed gets saturated (shown in Fig. 1.8¢c). From the test results, it is
summarized as: (i) speed of the machine increases until the g-axis rotor current (Iqr) gets
saturated and consequently magnitude of rotor voltage gets increased as shown in Fig. 1.8Db,
(ii) increase in lqg (direct axis current - grid) to maintain the dc link voltage, (iii) reactive power
delivery/consumption during encoder fault is unchanged. The probability of the survival of DFIM
under the said fault is analyzed with the performance bounds. Results show that the unit fails to
continue its operation under encoder omission faults, hence control redundancy is necessary to

increase the continuity of operation of hydrogenerating units.
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Fig. 1.8 Response of encoder fault

1.5.3 Deficiency in Protection of Power Converter

Rotor side power converter facilitates real and reactive power control in DFIM fed
variable speed PSPP. These converters are easily affected by grid disturbances and external
faults. In general crowbar protection circuit is used for the protection of power converters and it
is enabled based on the threshold value of dc link voltage [145]. This circuit is connected in rotor
terminals of the machine in parallel with power converters. It consists of resistors and power

switching devices to offer short circuited rotor at the time overvoltage experience by grid
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disturbances. The value of resistance is selected based on the dc link clamp effect and this
resistance should be sufficiently high to limit the short circuit current and low enough to avoid
the high voltage while in operation [146], [147]. If any disturbances occur in the grid, then the
value of dc link voltage will increase and crowbar protection circuit will come to operate. The
crowbar circuit should not be turned on for the transient faults (short term faults, switch on/off
of electrical equipment) and if it is triggered, the circuit gets to turn off when the transient is
reduced. Hence, the self-commutating device (e.g. IGBT) is a better solution for the power
devices in crowbar circuit [148].

Nowadays, crowbar protection is the only protection available for converters in variable
speed PSPP. Once the crowbar protection is enabled, DFIM acts as the conventional induction
machine (squirrel cage induction machine) and draws more reactive power from the grid causing
voltage instability in the weak grid [149]. Therefore, the controller is instructed to stop the
machine by enabling shutdown procedure in hydropower plants. To illustrate, consider a machine
operating in generation mode at sub-synchronous speed, during which compensation frequency
is supplied by the power converter to get the synchronization frequency for the delivering power
to the grid. The sudden removal of the power converter in this situation leads to the cutoff of
compensation frequency, end up in delivering power with a different frequency in reference to
grid frequency which results to instability in the machine. Hence, it is clear that the plant will get
shut down as soon as crowbar protection acts. The aforementioned consequences do happen for
even a small disturbances occur in the grid (i.e. 0.05 p.u depth voltage sag) and stoppage of the
plant further increases. However, once the plant is shut down, it will take several minutes to get
restarted leading again to high economic losses. In addition, the fault ride-through capability of
the plant is a major problem in the aforementioned situations. Hence, additional protection is
needed for the plant to increases the fault ride-through capability and thereby ensuring the
continuity of plant operation.

Single stage protection (crowbar protection) of the power converter in doubly fed
induction machine is continuously disturbed the service of the plant even the fault is not severe.
Momentary voltage sag of 0.5 p.u depth is applied between 150s and 151s (duration of 5 cycles)
and results are shown in Fig. 1.9. Performance bounds are considered as discussed in test 4.
Results shows (Fig. 1.9) that the parameter measures are near or slightly above the performance
bounds, the crowbar protection is activated for this disturbance and the plant gets shut down. But

if we are adjusting the parameter limits with the consideration of modest performance degrades
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Fig. 1.9. Momentary grid voltage sag fault for a 250 MW DFIM (A- Crowbar protection)

will increase the survival of the plant under this fault. Otherwise, the suitable circuit is required
to suppress the rotor current with the considerable limit helps to continuous operation of the plant
of the disturbance.

Experimental results reported in [150] validate the simulation results obtained. It was
observed that dc link voltage of the back-to-back voltage source converter rises up to 1.3 p.u and
consequently crowbar protection is activated during the grid disturbances (voltage sag).

1.5.4 Circulating Current in Parallel Converters

Circulating current is an important issue in the parallel connected converters. These
circulating currents are more vulnerable to the high rated parallel power converters in large rated
variable speed PSPP. Such circulating currents will distort the current waveforms, increase the
losses and introduced unbalance currents in rotor side of the machine. DC chokes are employed
in 300 MW Goldisthal Variable speed PSPP to suppress the circulating current [11]. In addition,
circulating current controller is also enabled in the vector control structure of the power

converters. Also, it is to mention that the research has been continuously carried out to eliminate
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circulating current in large rated parallel power converters with better robust characteristics
[151], [152].
1.5.5 Operating at Synchronous Speed

When DFIM is operated at synchronous speed, due to the low frequency of the rotor
currents, unbalanced thermal heating (unequal distribution of losses among the power devices)
is produced in power converters [153]. In addition, it is noted that the junction temperature in
power semiconductor devices (IGBT) during low frequency rotor voltage is higher which results
high junction temperature swings [154]. Hence, the large rated doubly fed induction machines
are not preferred to operate at synchronous speed and it is considered as an insensitive band.
However, the research has been continuously undertaken to reduce the dead band around the
synchronous speed [155]. In practice, three level VSC fed DFIM based variable speed PSPP is
not designed to operate within the band of + 0.33 Hz with reference to its synchronous speed.

In summary, power converter redundancy and protection of power converter connected
in rotor circuit are considered the most important operational challenges in DFIM fed variable
speed PSPP [133]. However, HVDC - VSC stations rated about 500MW (between Ireland and
Great Britain, operating at +/- 200kV, 2012) are in action and redundancy in these power
converter station is not an immense issue [156]. But, it is experimented/noted that multi-channel
power converters connected in rotor circuit of DFIM produce over voltage in rotor windings
during the operation of breakers/contactors, placed in each channel of converters, which causes
insulation failure. Also it is known that, voltage rating of DFIM rotor circuit is much lesser than
stator due to the usage of slip rings (typical 250MW DFIM rotor windings are ~ 4.8 times lesser
voltage handling capabilities than stator).

DFIM is also widely used in wind power generating systems (WPGS) [157] - [159].
Issues on power redundancies (possibilities of overvoltage in rotor windings), protection of
power converters (dynamic variation of rotor frequency and detection of dc component rotor
current) are also applicable to WPGS [133]. However, the rating of DFIM used in WPGS
(maximum of 8MW [110]) is much lesser in comparison with variable speed PSPP (e.g.
400MW). In addition, stoppage of one machine in wind farm does not make any impact on the
stability of power grid. Furthermore, it is mandatory to have power and control redundancies in
large rated hydro power plants (> 100MW) according to the country’s electricity authority e.g.,
Central Electricity Authority (India) [132]. Unlike WPGS, DFIM is operated as motor in variable

speed PSPP which has a dedicated control system for starting of pump turbine.
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Energy conservation is the substantial factor to expand the growth of energy sector.
Further, energy conservation is indirectly protecting the environment for future generations.
According to WEC (world energy council, 2009), electrical motors are consuming 45% of
countries electricity, predominantly asynchronous (induction) machines [160] - [161]. Energy
conservation during starting period of large rated DFIM (> 100 MW) is worthy to attention since
it consumes considerable amount of electrical energy [6], [162]. For example, a typical 250 MW
DFIM consumes 540 kWh/start of electrical energy during conventional V/f smooth starting,
reported at Tehri PSPP, India.

In 2011, Xibo Yuan et al. published a VV/f smooth starting method for DFIM in centrifugal
pump applications and the procedure for starting and grid synchronization. In addition, it is
suggested that the stator is short-circuited during starting and rotor is energized through V/f
control [25]. During V/f smooth starting, power consumption of the machine mainly depends on
reactive component current (magnetization) and torque component current (acceleration). If
stator is short circuited, both aforesaid currents are supplied by rotor side converters. This method
is extensively used in all large rated DFIM (e.g. 250 MW DFIM variable speed PSPP, Linthal,
Switcherland (2015)) [163]. In 2017, Rajasingh et al. published an energy efficient smooth
starting of doubly fed induction machine [164]. In which, FDC is applied in stator winding where
as it is short circuited in conventional smooth starting. However, it did not discuss the interplay
of key factors such as selection of FDC and the value of rotor speed at which FDC applied to
stator circuit. Therefore this thesis addresses the selection of key factors and their consequences
in the performance of machine. Further, it analyses the dynamic behavior of the machine during
energy efficient smooth starting subjected to various faults.

1.6 Problem Description and Importance of Present Work

From a study (discussed in Chapter 1V and Chapter V), a 250 MW variable speed
hydrogenerating unit provides additional generation of 6.1% per year and additional energy
storage of 7.87% per year in generation mode and pumping mode respectively in comparison
with synchronous machine based fixed speed PSPP with the speed variation of -10.73% to
+8.33% (Tehri variable speed PSPP, India).

Application of doubly fed induction machine for pumped storage of this magnitude is a
recent development considering the fact that only one more such project has been commissioned
in Linthal, Switzerland (4 x 250 MW DFIM with the speed variation of + 6% synchronous speed

(500 rpm)). Problems associated with power part redundancy in excitation system of DFIM unit
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is challengeable due to: (i) over voltages in rotor windings on opening of contactors/ breakers in
converter redundant process, (ii) detection of DC component in rotor current and dynamic
variation of rotor frequency during converter short circuit fault. Till date, there is no full converter
redundancy available in any of the operational DFIM based variable speed PSPP in the world
with parallel converter system.

However, in variable speed drives, around 90% of failure occurs due to the faults in
converter’s power and control circuits which includes power devices failure, driver circuit
failure, failure of capacitor dc link, sensor failure and controller failure. The probability of a
back-to-back power converter not having redundancy to be in operational state per year is
96.10%. In addition, Table 1.3 shows that the number of failures occurred in back-to-back power
converter including GSC, RSC, and DC Link [165], [166]. Open switch fault in three level back-
to-back converter is analyzed in [167]. Authors of [168] investigated the effects of short circuit
faults in back-to-back power converter fed doubly fed induction generator. Different techniques

for fault detection and isolation during speed sensor faults in electric drives are discussed in

Table 1.3.Power and control circuit failures in back-to-back VSC [165], [166]

System Faults No.of Failures/year
Open Circuit Fault
(SDOC, SLOC) §9940
RSC I P
Short Circuit Fault 0.6646
(SDSC,PPSC,PGSC) i
Power Converter Open Circuit Fault
(SDOC, SLOC) 0008%
GSC .
Short Circuit Fault 0.1008
(SDSC,DCSC,PPSC,PGSC) :
DC Link Open circuit/Short circuit 0.007
. Omission/Saturation 0.247
Control Circuits |
Gain 0.355
SDOC - single device open circuit fault SLOC - single leg open circuit fault
SDSC- Single device short circuit DCSC - DC link short circuit
PPSC - Phase to phase SC PGSC - Phase to ground SC
S - Survived F - Failed

[169] — [173]. Several publications were discussed the detection of open switch faults in three
level converters [174] — [180]. In which, Gaillard et al. had presented the open switch fault
detection using voltage based approach [174]. Fault detection based on current distortion
approach was discussed in [177], [178] which requires high computational efforts. Ref [181]
reviewed fault-tolerant techniques in electric drives and categorized into: (i) switch-level

redundancy, (ii) leg-level redundancy, (iii) module-level redundancy, and (iv) system level
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redundancy. However, fault tolerant operation of parallel converters fed doubly fed induction
machine is not yet available in any of the commissioned hydrogenerating unit. In addition, no
literature is available in view of survivability status of the unit subjected to power converter and
sensor failures during generation, pumping and condenser modes of operation.

Any failure in power converter and sensors at DFIM drive results to current/voltage
transients in rotor winding, produces grid disturbance in higher magnitude and decisively
operation of the machine is interrupted. Therefore, the overall benefit of the DFIM fed variable
speed PSPP at generation mode is reduced to 1.7% from 6.1% due to the inadequate power
converter and control circuit redundancy (discussed in Chapter 1V). In addition, the overall
benefit of the DFIM fed variable speed PSPP at pumping mode is reduced to 3.66% from
7.87% due to the inadequate power converter and control circuit redundancy (discussed in
Chapter V).

The above challenge motivates the present research which shall be helpful to the project
authorities during the design stage of their future projects. This thesis provides survivability
status of the DFIM unit during power and control circuit faults operating at generation mode,
pumping mode and condenser modes of operation. It shall be helpful to the plant authorities to
drive the machine continuously during few faults identified in this research, which will not be a
problem to the unit and increases the benefit to the plant.

When assessing fault rate in power converter, converter open circuit failure rate is 3 times
higher than the other circuit failures as more failures occur in device triggering circuits.
Considering this fault rate, this thesis investigates fault tolerant operation of a 250 MW DFIM
unit at open circuit fault in converters, which helps to increase the continuity of the operation of
generation unit with reduced power delivery. Further, the proposed fault tolerance method brings
additional generation of 1.93% electrical energy (generation mode) compared to the DFIM
without power redundancy operation. In addition, it brings additional energy storage of 2.49%
electrical energy (pumping mode) compared to the DFIM without power redundancy operation
at pumping mode of operation. Open switch fault is detected through rotor phase currents and
variation in dc link voltage which reduce the computational efforts during fault diagnosis.
Further, this paper provides the importance of power converter redundancy through an economic
analysis. Hence, technical experts may give full consideration for resolving power converter

redundancy issue.
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Thus the main contributions of the author can be summarized as follows:

1.

Comprehensive literature review on power electronic converters, modulation
techniques, parallel converter schemes and circulating current reduction techniques
used in DFIM based variable speed PSPP.

Find the key parameters that affect the design of power converter redundancy in large

rated DFIM fed variable speed PSPP.

Smooth starting and regenerative braking of the large rated DFIM unit which is much

useful for the grid operators for planning the grid operation.

Energy efficient starting of doubly fed induction machine fed pump turbine which

conserve about 35% electrical energy compared to the conventional smooth starting.

The proposed starting method saves about 230 kWhr/start-up for a 250 MW unit.

Exhaustive simulations (250 MW DFIM) and experiments on 2.2 kKW proto-type are

carried out to evaluate the performance of the DFIM during power converter faults

and control circuit faults operating starting, condenser, generation, and pumping
modes with given load.

e The effect of power converter faults are analyzed on test parameters of unbalance
in grid and stator currents, variation in real and reactive power consumption,
overall grid side power factor, rotor current transients, speed and torque
oscillations.

e Fault diagnosis of open switch converter fault is presented for the grid side and
machine side converters.

e Fault tolerant operation of DFIM with reduced power delivery is proposed to
continue the operation of the large rated unit in generation, pumping and

condenser modes of operation.

1.7  Thesis Organization

The thesis is divided into seven chapters and the chapter-wise brief summary is given

below:

Chapter 1: Introduction and Literature Review

This chapter summarizes the present research work and provides comprehensive

literature review on power converter topologies serving to large rated variable speed PSPP.

Further, it discusses the operational issues of the multichannel converter fed DFIM in variable
speed PSPP.
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Chapter 2: Dynamic Modelling of DFIM with Back-to-Back Power Converter
This chapter deals with the mathematical modelling of DFIM with power and control
circuits. The control equations are explained in a lucid way. Modelling of power and control
circuit faults, importance of test platform to analyse the survivability status of hydrogenerating
unit are described at the end of the chapter.
Chapter 3: Starting and Braking of a Large Variable Speed PSPP
This chapters presents the procedure for smooth starting and regenerative braking of a
large rated DFIM pump turbine unit, to be commissioned in Tehri PSPP. In addition, starting and
braking behaviors of DFIM unit are assessed under power converter and control circuit faults.
Further, it discusses the interplay of key elements in the challenging energy efficient starting of
pump turbine.
Chapter 4: Dynamic Performance of Generation Mode of a Large Variable Speed
PSPP
This chapter discusses the expected benefits of generation mode of DFIM based variable
speed PSPP in comparison with fixed speed PSPP in consideration of water head variation. In
addition, dynamic behavior of a hydrogenerating unit subjected to power converter and control
circuit faults are analyzed. Also, it discusses the fault tolerant operation during single converter
open switch fault to increase the continuity of operation of the unit.
Chapter 5: Dynamic Performance of Pumping Mode of a Large Variable Speed
PSPP
Dynamic behavior of a large rated DFIM hydrogenerating unit operating in pumping
mode subjected to power converter and control circuit faults are discussed. Survivability status
of DFIM operating in pumping mode during excitation faults is also assessed. Also, it discusses
the fault tolerant operation of hydrogenerating unit during single converter open switch fault.
Chapter 6: Dynamic Performance of Condenser Mode of a Large Variable Speed
PSPP
This chapter presents the dynamic behavior of DFIM at variable speed condenser mode
under normal and abnormal (faults in power and control circuit) operating conditions.
Chapter 7: Conclusion and Future Scope
This chapter addresses the concluding remarks of present work with future research

scopes of large rated variable speed hydrogenerating unit.
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1.8  Conclusion of the Chapter

This chapter has reviewed the power converter topologies, modulation techniques, and
their suitability in DFIM fed variable speed PSPP. In addition, it is clearly presented the
operational issues of the parallel converter in large rated variable speed PSPP with the simulation
and experimental results. The importance of converter redundancy is presented with economic
benefits, hence, the converter redundancy in parallel converter system is essential for the
continuous operation of the plant which increases the reliability and provides more economical
benefits. Also, the status of the protection circuit is analyzed and it is to be noted that the plant
should have an additional protection circuit for converters with crowbar protection and improves
fault ride through capability. In view of operational issues, it is concluded that the suitable
parallel converter scheme should be utilized for the proper power sharing with converter
redundancy and the accurate control system is to be implemented for mitigating the circulating
current. Furthermore, it is decided that the importance and increasing technical requirements of
the converter in variable speed PSPP drives will require substantial efforts and research in the

future.
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Chapter Il
Dynamic Modelling of DFIM with Back-to- Back Power Converter

[This chapter deals with the mathematical modelling of DFIM with power and control circuit
faults. Voltage source back-to-back power converters are connected in rotor circuit of the
machine is responsible for starting/braking, controlling speed (real power) and reactive power
of the machine through grid voltage oriented vector control and stator flux oriented vector
control. The control equations are explained in a lucid way. Modelling of power and control
circuit faults, importance of test platform to analyse the survivability status of the unit and
simulation and experimental set-up parameters are described at the end of the chapter.]
2.1 Introduction

Stator circuit of DFIM is directly connected to grid and rotor circuit (three phase
cylindrical winding) is also connected to the grid through power converters and excitation
transformer which is designed with phase shifts in secondary windings for harmonics reduction.
Voltage source back-to-back power converters are preferred in rotor circuit since it provides
better rotor current profile and facilitate smooth starting, braking (regenerative) of the DFIM.
The principle of operation of DFIM based PSPP is depicted in Table 2.1 and Fig. 2.1, which is
similar to the wound rotor induction machine (mutual induction principle). Magnitude and
frequency of rotor currents are controlled for adjustable real (speed) and reactive power delivery.
The plant is able to operate in two modes namely supersynchronous and subsynchronous
allowing the optimum energy transfer from source to load (motoring) and vice-versa

(generating).
Table 2.1.Principle of operation of DFIM

Mode of Operation Speed Stator Power Rotor Power Frequency
- *
Subsynchronous Motoring ®s >0y Positive Negative Fe= % R
; " " Fs= o' - F
Supersynchronous Motoring ®s <r Positive Positive 120
; ; - Feo= o' +F
Subsynchronous Generation s >Or Negative Positive 120
Supersynchronous . . Fs= o - F
i < S r r
Generation ®s <oy Negative Negative 120
Positive — Power Flow From Grid To Machine s - Synchronous speed
Negative ~ — Power Flow From Machine To Grid or - Rotor speed

Fs — Stator frequency Fr — Rotor frequency p — no.of poles
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Fig. 2.1. DFIM operation in generation/pumping mode
2.2 Dynamic Modelling of DFIM

Dynamic-modelling (direct -quadrature axis mathematical model) of DFIM simplifies the
control of real power (speed) and reactive power of the machine. Direct (d) and quadrature (q)
axis mathematical model is derived using space vector theory in which three phase quantities
(phase ‘a;’, phase ‘by’, and phase ‘c/’) rotating in a plane with 120° phase differences are

converted into two phase quantities (phase ‘.’ and phase ¢p *) with a phase difference of 90°.
Consider the three phase voltage quantities V,; , Vi, & V., as shown in Fig. 2.2. It is converted

into two phase quantities V., V, in a stationary reference frame. The equations are given below:

V,, =V,.c0s07 +V,c05120°+ V., c0s240° (2.1)
v -ty oL 2.2
Var Var 2 Vbr 2 Vcr ( )
Vg =V €0890° + V, €0530° 4V, c0s150° (2.3)
B, B 24
Vﬁ’r“TVbr'TVcr ( i )
Vo] 2|t % % Vor
ar | _ & V, (25)
\V} :| br
|: " : 0 ? '? Ver

1
L L] 2|t 2
Similarly L‘”}:§ 7 (2.6)
pr V3

2

Term @ is used for scaling the magnitude.
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Vir Vﬁ r
V,
Var q Vdr
V(XI'
V,, 0
Var
Fig. 2.2. Voltage quantities in stationary Fig. 2.3. Voltage quantities in rotating reference
reference frame frame

Consider Fig. 2.3 and convert stationary two phase quantities (phase ‘.’ and phase B )

into variable two phase quantities (phase ‘d’ and phase ‘q’) in a rotating reference frame with

space vector at an angle ‘6’ .

V= V,,0086 + V5,€05(90-0) (2.7)
Vir = V€086 + Vg, 5in6 (2.8)
Ve = V,,; €08(270—6) +V,, cos 6 (2.9)
V= -V SiNO + Vg, cOS O (2.10)
v
where 9=tatn'{vBr (2.11)
Vi | [ cos®  sind || V.,
From that, I:Vqr:l =| sino COSG}{V/}J (2.12)
Similarly, current and flux equations are given below,

L cos®  sind ][ 1,

ﬂ{ -sino :z:e}{l } (2.13)
Lar pr
_l//d, _ cosO  sind || Wyr (2.14)
WV -sind  cosO || ¥ g '

Induced emf in stator and rotor windings can be obtained through the generalized model
theory and Kroon’s primitive machine model (shown in Fig.2.4). From figure,
In stator side,
—a —a —a

Vds = Rs Ids+a(‘/jds) (2-15)
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—a —a —a

Vo =R 1 ()

In rotor side,

d —a
—a —a
Vdr - R I + :j/:dr +a)r V/qr

—a
—a sa l//qr —a

Vqr = Rr Iqr+ ia)s l//dr

Fia. 2.4. Kroon’s nrimitive machine model

(2.16)

(2.17)

(2.18)

In this system, g-axis rotor flux is helping the rotor voltage/induced emf and d-axis rotor

flux is opposing the rotor voltage/induced emf. Therefore eqn. (2.17) and (2.18) can be

rearranged as
—a

—a d W, —a
V, =R I + L w
dr dt r '//qr

—a

-a ( Ve >a

V —RI F—t0o
dt sl//dr

Flux linkage produced in the stator and rotor windings are given by,

—a —a —a
l//ds = Ls Ids+ Lrn Idr
—a

l//qs = Ls lqs+ Lm Iqr

—a

l//dr _L Idr—'_L I

—a —a —a
l//ql’ = LS Iqr+ Ln'l IqS

whereas, Li=L,+L

LI‘:Lm+LUI’

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)
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Equations (2.15) to (2.24) are the generalized model equations of the induction machine.
In DFIM, synchronous rotating reference frame is used for the better dynamic control and
the equations are rearranged as per the equivalent circuit (shown in Fig. 2.5) and it is given below,

R, JLos0s JLoros Ris |,
AT
VST JLmos TVr/S

Fig. 2.5. One phase equivalent circuit of DFIM referred to stator

Ve =R, 7£+L ;//t"s ~ o, l;q (2.25)
d —a

—a —a —a

VCIS - Rs Iqs+ ;//tqs TO Y (2.26)

Vo =R I+ Sy o (2.27)

—a sa l;:r —a —a

Vi =R g+ " —O Yyt O Yy (2.28)

Flux linkages can be rewritten as

—a —a —a

lr//ds T Ls Ids+ I—m Idr (229)
l//qs = Ls Iqs+ I-m Iqr (230)
l//dr = O-Lr Idr+fml//ds (231)
W =oL 1y, 2.32)

gty
LL,

By using the equations, stator and rotor power can be calculated as,
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gs "gs

oY)

3 —a —»a —a —a
Qs :E _Vds Iqs_'_vqs Idsj
3 —a —»a —a —a
Pr:E Vdrldr+vqr|qrj
3 —a —»a —a —a
Qr :E _Vdr Iqr +Vqr Idrj
Electro-magnetic torque can be written as
3 Lm —a —»>a —a —a
em :E pLS(_‘//ds |qs_H//qs Idsj
dQ
And T, -T =J g
L e dt
T.-T
j LJ e _ Qm
And we know, Q_xp=a,
_[com =0,

6, — Rotor position of machine.

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

When T, is positive, it shows that the machine is in pumping mode and when T, is

negative it notices that the machine is operating under generation mode. Blcok diagram of the
DFIM with input and ouput equations are shown in Fig. 2.6.

*

Vas_> —Vvas

%

Vbs —_— —vas

DFIM *

Vcs—> —>Vcs
d - g model

V . | R

ar—» Equations f;r

Vor— —Vor

%

Vcr = —’Vcr

T

LLLLLRR

m ~or S r

Fig. 2.6. Block diagram of d-q model of DFIM with input and output equations
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2.3  Modelling of Back-to-Back Voltage Source Power Converter
2.3.1 Two Level VSC

Back-to-back voltage source converter are preferable in industrial applications since it
provides flexible operation and lower harmonics. Fig. 2.7 shows the two level VSC topology.

The generation of voltage in the converter are refereed to ‘zero point’ of the DC bus.

V,,=V,,,S;, With S;£(0,1) and j=ab,c (2.42)
Vao :Vbussag (243)
Van Sy = S_aq
(Vbus) V= Vin S’cg = g
Vcn S’bg » Sbg
s’@@ s’bg_,@ s_,@

F1G. 2.7. Two level voltage source converter
Different combinations of S,;,S,;,S,, create the output voltage with different amplitude

and frequency. For the modelling purpose the converter output voltages referred to the neutral
point of the grid three phase system.

- >+ N

Fig.2.8. Equivalent circuit of single phase grid circuit

From the equivalent circuit (Fig. 2.8),

V,=Vo-V,, s Jmabc (2.44)
Van :Vao _Vno (2.45)
Vbn :Vbo -Vno (246)
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Vcn :Vco _Vno (2-47)
Add eqgn (45) to (47).

V-V, + VooV + Vo Ve = Vo, + Vi, Vs, (2.48)
Assume as the balanced system, V,,+V,,+V,, =0 (2.49)
V, +V,+V, -3V, =0 (2.50)
V,, = % (2.51)

Eqgn (2.45) can be rewritten as

Van :Vao _ Vao + \;t:o + Vco (252)
2 1
=2\ -= 2.53
Van 3 Vao 3 (Vbo + Vco) ( )
Similarly,
2 it
Vbn :§Vbo-§ (Vao +Vc0) (2.54)
vV, = 2 V,,- = M, + Vo) (2.55)
3 3

Further the equations (2.53) to (2.55) can be simplified into

V us

V, = % [2S,,-S45 S (2.56)
V

Voo =-22[28,,5,,-S, (2.57)
V us

V, = % [ 2S,4-S,-Shg (2.58)

By applying the Fourier series the amplitude of the voltage is,
V,,=V,,=V,,= Vo 2+cos| X2 |~cos| x e (2.59)
3mX 3 3

Where x=1,5,7,11,13,...
A . : 2\/bus
With constant dc bus voltage, the fixed fundamental component is| —— |. The
T

amplitude and frequency can be modified with the help of pulses.
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T o™ v

Vao (pole voltage) Vab (line to line voltage) Van (phase to neutral voltage)

Fig.2.9. Output voltages of two level VSC

I
Sa l Vbus _ I | lV
> S g —:—»T[zsag Sty Scg ] ALJl
& = | ! i
= o | | =
2 GRS S V; V s 2
A S by | e | br D
S &3 > | 25T -S,; F— R
§ § S : : V ‘5’
= cg | Vbu cr
—— Py [ 2S4,-S15-Shg 'J—ﬂ|
I |
V 3 : Two Level VSC :

Fig.2.10. Simplified two level VSC model

Table 2.2.0utput voltage combinations of two level VSC

Sag Sbg SCQ Vao Vbo Vco Van Vbn Vcn

0 0 0 0 0 0 0 0 0

0 0 1 0 0 Vius —[ Vgus —( V;“S j [—2\;“5 J

0 1 0 0 Vius 0 — [ Vgus ( 2\23“5 j — [_V:t;us j
2V, V, V,

0 1 1 0 Vs Vs —( ;”S ( ;“S j (—;“S ]

1 0 0 Ve 0 0 2\gbus j _( V;us J B [ V:t;us j
V 2V, V,

1 0 1 Vs 0 Ve gus j ‘( ; = J ( ;us j
V, V, 2V,

1 1 0 Vbus Vbus 0 bus ] ( gus j _( :;JUS j

0
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The output voltages of V,,,V,,, V,,only take two different voltage level ‘0> and “Vpus’. But the

V,

bus
,—

Vbus O Vbus 2Vbus .

output voltages V,,,V,,, V., takes the different voltage levels — 2 . e

2.3.2 Three Level VSC
Three level VSC topologies are handling high power with accessible power

semiconductor devices and desirable in high power applications. Further, it improves the quality
of the output power and voltage. It generates output phase voltage waveforms V,,V,

ao?’ "ho' “co

V,
comprising three switching levels of amplitude (0, % ) Vbusj [

Y V JG St JGSbgl JG Seat
bus _ |pe
( 2 j cl—=% N4 JK—}LSagz 3 JK}Sbgz JK} Se

»l
»l

s@f”@f””%"
| &) &7

Il
%m

S =
U ! ’ @‘
Vius V R ~ JE} S 3 JK} Stg1 'y I Se
2 €@
JG S;gz JQ} S;)gz N S::gz

Fig.2.11. Three Level VSC

The output AC voltages of the 3LNPC referred to as the zero of the DC bus can be
expressed as follows:

V,=V.S. +V.S (2.60)

c1™agl c2™ag2

Vbo =Vclsbgl + VCZSng (2.61)
Vco :Vclscgl + VcZchz (2.62)

AL RAA

Vao(pole voltage) Vab(line to line voltage) Van (phase to neutral voltage)
Fig.2.12. Output voltages of three level VSC
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Further, phase voltage (V,,,V,,, V;,) of the three level VSC can be obtained as

V V
V, = ?:1 [ 25,41-Stg1-Scan | +?62[2sagz ~Spg2-Scq2 (2.63)
\V/ V
Vv, :?cl[zsbgl-sagl-scglj +?02[2st2 “Sp2Scg2 (2.64)
VC VC
V, = 31 [ 28,31-S.1-Spr |+ ?2 [ 25.52-Sug-Sigz (2.65)
Sagl
g Sagz Var
g § Van = Vaul3 [Zsag1'Sbgl‘ch1]+V02/3[28ag2'sb92‘3092] .
8 (=)
o 3 i . Vo | 55
g = Sbgz Vbn = Vcl/3 [Zsbgl‘sagl‘scgl]+\/02/3[Zsng'SagZ'chZ] —> E 2
= S | =
Bag— =2 v | 8
-é | ch1 Vcn = V01/3 [Zscg1'Sag1‘Sbgl]+V02/3[28cgz'sagz'sbg2]
> -2 Three Level VSC

Fig.2.13. Simplified three level VSC model

2.3.3 Modulation Issues

A modulation technique generates gate signal for the power semiconductor of a converter
and control the process fed by the converter. In this thesis, sinusoidal pulse width modulation
(SPWM) scheme is implemented for controlling voltage source converters, since it is very simple
and easy to implement by using digital technique in view of multi-channel converter fed large
asynchronous machine drives. Modulation techniques have to deal with issues, such as maximum
power-conversion efficiency, minimum harmonic distortion, costly efficient filters, and auxiliary
control- tracking (dc-voltage-imbalance reduction, equalization of power losses, and equal power
distribution). Since, switching frequency of converter is very low (300 Hz), phase shift
transformer (five shifts) is adopted for harmonic reduction.
The voltage unbalance between the upper and lower capacitors is an important problem in the
three-level PWM converter system. It is noted that zero sequence voltage injection technique is

employed in SPWM for balancing dc link capacitor voltages.
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DC link voltage balancing of the back-back NPC’s are connected in parallel is also considered.
The demagnetization current control technique is used to balance the DC link voltage in parallel
converter during power switch failures.
As real time controller (DS1202) set-up is not supporting two carrier signals at a time. Therefore,
modulating wave is splitted into two signals and it is used for controlling three level NPC with
single carrier signal during experimentation.
2.3.4 DC Link Model

DC link is connected between grid side and rotor side converter. Energy stored in a
capacitor tries to maintain the constant voltage in a dc link. DC link model can be derived based

on dc bus voltage which depends on current flow through the capacitor.

V,, = Ci [i.dt (2.66)
bus

ic = irotor_dc N igrid_dc I, iresistance (2.67)

igrid_dc = Sa_gridia_grid + Sb_gridib_grid = Sc_gridic_grid (2.68)

irotor_dc T _Sa_rotor ia_rotor m Sb_rotor ib_rotor - Sc_rotor ic_rotor (269)

Sa_gridla_grid + Sb_grid Ib_grid + Sc_grid Ic_grid

= [ &

a_rotor'a_rotor

. : ils 1 bus
b_rotorlb_rotor T Sc_rotor Ic_rotor P> L}
Cbus S

resis tance 1

bus

Fig.2.14. DC link model
2.3.5 Selection of Power converter rating
Back-to-back power converter rating is selected based on speed variation, rotor current
and voltage of the machine. Moreover, excitation transformer is to be added in the rotor circuit
IS to reduce the size and rating of the converter. The rated voltage of the converter depends on
slip (s) and it is calculated by,

Vi c:((Ds -y )\Vds (2.70)
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P
Converter power rating, P,=S (1&3‘1) (2.71)

2.3.6 DC Link Voltage Selection
The selection of dc link voltage is based on the grid voltage, power factor and current rating

of the rotor side machine. It is calculated by,

(VS RNEIVA (2.72)
Ve =\/(vag Rylg ) *(Lroslyg ) (2.73)

In eqn. (2.72), constant term 1.1 is taken for the consideration of switching and
conduction losses in power converters. The term (Rr.lag) is addictive for the converter is
delivering power to grid and it is subtracted for grid delivering power to converter.

2.3.7. DC Link Capacitance Selection

The selection of dc link capacitance is based on switching frequency, allowable ripple

voltage in the dc link, dc link voltage, rating of the power converter and grid voltage. The

selection of dc link capacitance (C) is estimated as given below,

C= TSW ; I:)Converter 1- Vmax(grid)
A\fdc 'Vdc Vdc

2.4 Modelling of Sinusoidal Pulse Width Modulation
2.4.1 SPWM for Two Level VSC
SPWM technique is extensively used in voltage source converters. Low frequency (grid

frequency) modulating signal (sinusoidal wave) is compared with the high frequency (switching
frequency) carrier signal (triangular wave) in a logic device that provides PWM pulses, which in

turn control the switching devices.

Modulating
signal

Modulator

. Pi/180 Phase
Carrier difference

signal

Fig. 2.15. SPWM for two level VSC
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Sjg :1; if Va_modulatind signal 2 carrier signal with j=a,b,c

2.4.2 SPWAM for Three Level VSC
Sinusoidal PWM for three level is similar to the two level VSC. The modulating signal
both upper and lower half cycle is distinctly compared with the carrier signal and produce the

PWM pulses. The activation of switches are given below ( Sag:1 means device is ON).

Sag1:1 if Va_modulating(upper) 2 Vcarrier; Sagl :O if Va_modulating(upper) S Vcarrier
Sag2=1 if Va_modulating(lower) 2 Vcarrier; Sagl =O if Va_modulating(lower) < Vcarrier
Upper Half S i
> al
2= 50
—>S agl
Modulating Carrier signal
signal
> Sagz
>= N
»S ag2

Lower Half

Fig. 2.16. SPWM for three level VSC

2.5  Grid Voltage Oriented Vector Control

Grid voltage oriented vector control in GSC ensure the decoupled control of DC link
voltage (dc bus) and unity power factor [182]. Sinusoidal PWM/space vector modulation strategy
can be used as modulation techniques in GSC. The three phase grid (a, b, ¢) vector quantities are
converted into two phase (d-q) vector quantities by space vector theory; d-axis grid current
control the active power flow to the DC bus through GSC which indirectly regulate the DC link
voltage and g-axis grid current control the transfer of reactive power from grid to converter and
vice-versa.
Space vector representation allows the derivation of the dynamic model of the grid side system.

From simplified grid model diagram, three phase converter output voltage is given by,

.

ag v/
+L,. " +V, (2.74)
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N | -
Vy, =Ry Iy +L,.—2+V, (2.75)

’ dt g
. dl
V, =Rl +L,. dt°9 +V, (2.76)

Convert three phase quantities into two phase quantities in a stationary reference frame by using

Clarke transformation and is given by,

s -5 d |a 55
V,, =R 1 +L .Thvag (2.77)
—$

-3 -8 d I,b’g -3

Vi, =Ry L+ L it +Vy, (2.78)
(—S) denotes space vectors referred to stationary reference frame.

BA
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L
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B

Fig. 2.17. Vector diagram of grid voltage Fig.2.18. One phase equivalent circuit of DFIM
oriented control referred to stator

Stationary two phase quantities are converting into rotating two phase quantities by using

Park transformation referred to synchronous rotating frame with angular speed of ,_ and is given

by
—a

—a —a d Idg —a —a

Voo =R Loyt Ly VoL o (2.79)
—a

—a —a d |qg —a —a

Ve =Ri I+ Lf.T+ng+a)aLf Iy (2.80)

(—a) denotes space vectors referred to synchronously rotating reference frame.
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In grid side system, synchronous rotating reference frame with angular speed «_is chosen

during conversion of three phase quantities into rotating two phase quantity. In grid voltage

oriented control (shown in Fig. 2.19): (i) angular speed of «_is chosen as angular speed of the

grid voltage «, , (ii) d-axis rotating frame is aligning with grid voltage space vector. Hence,

a8 —a n
Vv, Vig =V V,, =0; w, = w, (2.81)
Vd: i Vdck
) DLk
Ve, h{
GridSupply
e | i Ve
lyy \C <
* * + )
Q I *LIPLL
L . + V,
Q ng 9] dg
9 4& abc
log [ dq
ldg abe

Fig. 2.19. Grid voltage oriented vector control for grid side converter

The converter output voltage equations are given as

—a

—a —a d Idg

Vi =Ri I+ L 'FJFV -ol, qu (2.82)
—a

—a d qu —a

Ve =R qu+Lf.F+a)sLf I (2.83)

Active and reactive power are calculated as
3 —a| —a
P, :E'Vg Ay (2.84)
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—a

w (2.85)

3 |2
Q, :_E"vg '

Eqgn. (2.84) and eqgn. (2.85) indicates that the d-axis grid current (Idg ) controls the active

power flow to the dc link which indirectly regulates dc link voltage and g-axis grid current ('@|g )

maintains rotor side input power factor at unity respectively. To maintain unity power factor at

input of grid side converter, reference current of 4 is chosen as zero. The reference d-axis and
g-axis currents are obtained as below.

*
—a

Idg = Kp(Vbus)(Vbus_ref _Vbus) o KI(VbUS)J-(Vbusﬁref _Vbus) (286)

—a

15y =0 (2.87)

Inner current controller system used to derive d-axis and g-axis grid voltages from d-axis
and g-axis grid currents reference, respectively. The generated d- axis and g-axis grid voltages
are thereby transformed into three phase quantitates by inverse Park and Clarke transformation.
Controlled three phase quantities are given to modulator to provide corresponding PWM pulses
to control GSC, hence desired unity power factor and constant dc link linkage are achieved. The
controlled d-axis and g-axis converter output voltage are as follows,

\72 =Kpm(ﬁ3 —ﬁj:)—Km)J.(G: —ﬁ:)—wst EZ (2.88)

*
—a

*)a* —a Ha* —a —a
qu :Kp(i)(lqg _qu)_Kl(i)I(lqg _qu)+ws|‘f Idg

2.6 Stator Flux Oriented Vector Control
With the stator flux orientation, decoupled control between electro-magnetic torque and

stator reactive power control is achieved. In stator flux oriented vector control (shown in

—a

Fig. 2.20), d-axis stator flux is aligning with stator flux space vector?sin a synchronously
rotating reference frame [14], [183 - 188].

—a —a —a —a —a

Y =V, We =0 V=Ll (2.89)

Also, stator flux is proportional to grid voltage, therefore
—>a” sa’ 5a” —a

V, =0 Vi =V, =0,y (2.90)

Stator and rotor voltage equations are given as,
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—a

—»a” —a dl —a” —a —a
V, =R I + s —
ds s s Lm . Vqs - Rs Iqs+a)sLm'|ms (291)
. —a
—a —a d |dr —a
Vy =R I,+0oL, pm —ayol, 1, (2.92)
—a” —a d |_:;l 2 a —a
Vo =R 1,+0olL, pm +a)sIT|ms+a)slo-ldr

S

Similarly, the expression of electro-magnetic torque and reactive power can be derived as

3 Lm %:1 —a
Tom = P T o (2.93)
S S
—a?
e 2.94)

Egn. (2.92) and eqn. (2.93) indicates that g-axis rotor current (Iqr ) allows to control the

—a

electro-magnetic torque which indirectly regulates speed and d-axis rotor current (Idr ) controls
the stator reactive power respectively. Further, cross coupling terms (shown in Eqn.2.92) in rotor

voltage equations are enhancing the dynamic performance of controllers.
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Fig. 2.20. Stator flux oriented vector control for DFIM
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RSC control involves four control loops: two inner current control loops and two outer
loops for controlling speed and reactive power. The outer control loops are deriving reference d-
axis and g-axis rotor currents corresponding to the speed and reactive power reference,
respectively. These reference currents are given as input to inner current controllers. The

reference d-axis and g-axis currents are derived as,

*
—a

IQr = Kp(rur)(wr_ref —®,)— Kl(wr)..‘(w"—mf ™

*
—a

L = Ko) (Quzrer =Q) = K'(Qs).[(QS—’Ef =Q)

(2.95)

Afterward, inner current controller generates d-axis and g-axis rotor voltages,
transformed into three phase quantities by inverse Park and Clarke transformation. Controlled
three phase quantities are given to modulator to provide corresponding PWM pulses to control
RSC, hence desired speed and reactive power are attained. The controlled d-axis and g-axis rotor

voltage are generated as,

*

Sa >a’  —oa —»a” oa —a
Vdr_new :Kp(i)(ldr _Idr)_KI(i)j(Idr _Idr)_a)sIGLr Iqr

* * * 2
—a —a —a —a —a

N S (2.96)
vV :Kp(i)(lqr _Iqr)_KI(i)I(I _Iqr)+a) Lilms+a)slo-ldr

qr_new qr sl
S

2.7  Volts/hertz Control

The energy consumption, maximum torque and inrush current during starting of the
machine depends on flux developed and is control based on the ratio of voltage and frequency as
shown in eqgn. (2.98) & eqn. (2.99). In V/f control, selection of: (i) voltage boost, (ii) frequency
start-up, (iii) v/f ratio, are the important considerations for maintaining a constant torque and to
reduce inrush current during starting. The desired V/f control reference signal is generated by
voltage/angle ramp method. The reference signal is compared with a carrier signal for generating

PWM pulses for RSC results to smooth starting/regenerative braking of the machine.

Te star
Fstart—up = =S |* fsl(rated) (297)
Te_rated
V 2
Te(max) = (f_r] (298)
VI'
()
' (2.99)
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Fig.2.21. V/f control diagram

2.8  Active Current Sharing Control for Parallel Converters

Active Current Sharing (ACS) method is well suited to parallel converters power sharing
in large rated variable speed PSPP. Combination of current sharing control system and individual
control system in each converter provides better current/power sharing among converters. In
which, (i) current sharing control system collects current from the load and share the equal
current to the converters, (ii) individual control system precisely control the shared current in
each converter and it consists of three control loops namely voltage control loop, current control
loop and inner current sharing control loop. Compared to the single converter vector control,
parallel converters vector control additionally have inner current sharing control loop which

precisely control the shared current among converter.
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Fig.2.22. Active current sharing control
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2.9  Modelling of Power and Control Circuit Faults

Faults in RSC (single device/single leg open), PWM pulses to the converter, and sensors
(current, voltage, and speed), are considered. Converter faults include open circuit, short circuit,
and dc link short circuit. Sensor faults are referred to rotor current sensors, encoder and reactive
power signal. These sensor faults includes open circuit/omission (loss of signal), incorrect gain,

constant value/saturation (unresponsive signal) and bias. The faults are summarized in Table 2.3.

Table 2.3. Leading faults in DFIM drive under converter and sensors

Rotor current Reacti_ve Power Speed sensor RSC
sensor signal
Omission Omission Omission Open circuit
Gain Gain Gain Short circuit (SC)
P Saturation Saturation Saturation DC link SC
Bias E | Phase to ground

Open circuit fault in a power device (switch) is modelled by removing gate signal in a
particular device by an external control switch. Likewise, short circuit fault is modelled by
creating a short circuit across the device. In sensor faults, omission fault is modelled by

interrupting sensor feedback signal.

Table 2.4. Values used with sensor faults

Sensor Fault Type Reactive power signal Rotor current sensor Speed sensor
Gain 15Q4 151, 150,
Saturation 0.6 Qe 061, 0.6,
Bias : o051, +1, -

The gain fault is modelled by connecting a gain block in series with sensor signal.
Saturation fault is modelled by assigning a constant block in sensor signal. Bias fault is modelled
by adding an addition/subtraction block in series with sensor signal. Table 2.4 shows the values

of gain, saturation, and bias used in the present studies.
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DFIM drive performance is assessed based on performance bounds. These bounds should
consider the safety of the machine drive, energy consumption and transient of voltage/current,
etc. Performance bounds include the acceptable limits of rotor current, stator current, machine
speed and settling time of controllers. After every fault, continuity of operation of machine drive
is assessed based on performance bounds. The performance bounds are considered in accordance

with machine rating and its operating characteristics.

Fault selection

oy

Omission

C’\ ( ) - Output signal
A (p-u)
Bias Clock

Switch

b
i

Saturation

Input Signal
(p-u)

Fig.2.23. Modeling of sensor fault type

Test platform is developed to analyze the dynamic behavior of faults and their effects in
the machine drive. Performance related parameters are measured and compared with their
acceptable limits because of: (i) increase in current and dc link voltage of power converter above
the rated value affects the safety and longtime availability of the converter, (ii) increase in speed
of the machine takes more power from the grid. It is not acceptable since consuming more than
surplus power is not reliable to the power grid, (iii) increase in current of the machine above the
rated value affects the safety and longtime availability of the windings. If all parameters are
within the limit then the machine drive is considered as survived state; otherwise, it is assumed

as failed.

( Measured Signal ]—» +
—>{ |U| H}: Set Value] :L _J » Trip Signal
( Reference Signal ]—r =

Relay

Fig.2.24. Modeling of test platform
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2.10 Simulation Model

In order to demonstrate the power converter and control circuit failure, a 250 MW DFIM
is simulated in MATLAB/Simulink environment. 400 kV, 50Hz ac source is considered as the
grid and it is stepped down to 15.75 kV through power transformer. In rotor side, excitation
transformer is used to step down the voltage from 15.75 kV to 3.3 kV and secondary is connected
to the back-to-back voltage source power converter. In the simulation, the machine is controlled
to operate at rated power generation (250 MW) and energy storage (250 MW) at generation and
pumping mode respectively. The switching frequency of RSC is selected as 300Hz; dc link
voltage of the two level back-to-back voltage source converter is maintained at 5000V by GSC
with the switching frequency of 500Hz. The sampling time is selected as 5e-4s. The value of dc
link capacitance is selected as 18000uF to withstand the rotor currents. Voltage source back-to-
back converter connected to rotor side provides smooth starting of the machine. Maximum
voltage (P-P) applied to the rotor winding during starting is 3080 volts, in view of acceleration

and no-load losses.

Table. 2.5. Machine parameters of 250 MW DFIM (26 poles, 230.77 rpm, 50 Hz)

Stator voltage 15.75 kv Rotor inductance 5.07 mH
Stator current 11.25 kA Stator leakage inductance 0.38 mH
Rotor voltage 3.3kv Rotor leakage inductance 0.52 mH
Rotor current 11.6 KA Magnetizing inductance 4.55 mH
Stator resistance 2.52 mQ Moment of Inertia 4.6 5 kgm?
Rotor resistance 1.04 mQ Friction of coefficient 0.006kgm?/s
Stator inductance 4.94 mH Sampling Time 0.1 ms

AC excitation system for 250 MW DFIM

AC Excitation VSI Transformer

Nominal power 25 MVA Primary Voltage 15.75 kV

Secondary Voltage 5X 3AC 3050 V Grid Frequency 50 Hz

Vector Group Yd1 (-12 ) d1 (-6°) d1 (0°) d1 (+6°) d1 (+129)).

5 Channel-Three level VSI Back-to-Back Power module (GE MV7311)

Output Voltage 3 AC/ (0-3.3) kV Frequency 0to 90 Hz

Ve 5000 V (18000 pF) GSC/RSC 30-Pulse
o RSC switching

GSC switching Frequency 500 Hz 300 Hz

Frequency
Semiconductor Switch Toshiba IEGT (ST2100GXH24A)
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The performance bounds of the 250MW DFIM drive is considered as follows: (i)
allowable reactive power variation is + 0.05 p.u, (ii) allowable speed variation is £ 0.03 p.u, (iii)
dc link voltage variation is £ 0.1 p.u, (iv) rotor side grid current variation up to 0.05 p.u, (V) stator
current variation up to 0.05 p.u, (vi) machine rotor current variation up to 0.05 p.u (vii) controller
settling time is less than 250ms. Machine and Excitation system Parameters are given in Table

2.5. Matlab/Simulink model created for this research is given between Fig. 2.25 and Fig. 2.26.
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Fig.2.25. Control diagram of DFIM with parallel converters
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Fig.2.26. Three level back-to-back voltage source converter

2.11 Experimental Set-Up

A 2.2 kW DFIM is tested to validate the effectiveness of pumping, generation and
condenser modes of DFIM with power and control circuit faults. The experiments are performed
with two parallel connected three level neutral point clamped back-to-back voltage source
converter (3L-NPC) with DFIM are shown in Fig. 2.27. The control actions are performed
through DS1102 (dSPACE Microlab Box) real time controller. In addition, the prototype
comprises of Hall Effect current sensor, voltage sensor, and Quadrature Encoder Pulse (QEP)
type encoder (1024 pulses per revolution) for speed and position measurements, the feedbacks
of which are integrated to ADC channel in real time controller. The control algorithm is designed
in MATLAB/Simulink environment and it is dumped in real time controller. The proposed
control algorithm generates Sine PWM with dead band of 6us to drive both GSC and RSC. The
stator short circuit breaker and generator circuit breaker are controlled by the real time controller.

The equal load current distribution among the parallel inverters are obtained through
current sharing reactors L1 = L = 2 mH. In experimental validation, a separately excited dc
machine (5 kW) is used as prime mover or load to DFIM. Hydro-turbine characteristics are
matched by controlling the torque of the dc machine. The experimental set-up parameters are

listed in Table 2.6. During super synchronous and sub-synchronous operation of DFIM at
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Table 2.6. Machine Parameters of 2.2 kW DFIM (4 poles, 1460 rpm)

Stator voltage 415V Rotor inductance 306.82 mH
Stator current 4.7 A Stator leakage inductance 24.87 mH
Rotor voltage 185V Rotor leakage inductance 24.87 mH
Rotor current 75A Magnetizing inductance 281.96 mH
Stator resistance 3.678 Q Moment of Inertia 0.014 kgm?
Rotor resistance 5.26 Q Friction of coefficient 0.03kg m?/s
Stator inductance 306.82 mH Sampling Time 0.001s

AC Excitation for 2.2 kW DFIM

Nominal power 3 KVA Primary Voltage 3AC415V
Secondary Voltage 2X 3AC 185V Grid Frequency 50 Hz
Vector Group YY (0° Yd1 (+30°)

2 Channel-Three level VSI Back to Back Power module

Output Voltage 3 AC/ (0-185) V Frequency 0to 70 Hz

Ve 450 V (4700 pF) GSC/RSC 12-Pulse

GSC switching Frequency 5 kHz RYE Si*ting 3 kHz
Frequency

Semiconductor Switch SEMIKRON 2 IGBT (SKM100GB12T4)

pumping, generation and condenser modes of operation, dc link voltage of back-to-back three
level converter is maintained at 325 V and the sample time is selected 0.001 s. In consideration
of machine rating, duration for smooth starting and regenerative braking are selected as 96 s.
2.12  Conclusion of the Chapter

Mathematical modelling of DFIM with power and control circuit faults is presented.
Dynamic model is described in this chapter is one of the required background tool. Real and
reactive power control of DFIM is explained with equations and control diagrams. Further,

simulation and experimental test parameters are given.
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Chapter |11
Starting and Braking of a Large Variable Speed PSPP

[This chapters presents the procedure for smooth starting and regenerative braking of a large
rated DFIM pump turbine unit to be commissioned in Tehri PSPP. In addition, starting and
braking behaviors of DFIM unit are assessed under power converter and control circuit faults.
Survivability of the unit is analyzed based on: (i) current, (ii) speed, (iii) dc link voltage. Further
it presents the total time required to changeover from generation to pumping mode for a
250 MW DFIM. This chapter also investigates fault tolerant operation of 250 MW DFIM pump
turbine at converter fault in consideration of available water head. At the end of this chapter, it
discussed the energy efficient smooth starting of DFIM fed pump-turbine, which shall be
conserved 35% of the electrical energy in comparison with conventional smooth starting
method]

3.1 Introduction

In DFIM, rotor side power converters act as excitation system and facilitate smooth
starting and stopping of the unit. The usage of cycloconverter in DFIM unit was prominent in
the past and it has been started by using external static frequency converters (SFC) during
pumping mode. However, presently cycloconverters are not preferred in PSPP applications as
with advancement in power electronics technology, now back-to-back voltage source converter
gives better current waveform and lesser THD. In addition, this converter is used for smooth
starting and dynamic/regenerative braking of unit in pumping mode and there is no requirement
of SFC (Fig. 3.1).

Starting of small and medium rated DFIM during motoring mode is well known by the
literature in a Ref [25]. However, this thesis discusses starting and braking of a large DFIM (250
MW) with 3-level VSC fed pump turbine in variable speed hydrogenerating unit which helps
the project authorities to know the time required for smooth starting and braking for better
management of grid operation and energy balancing. It may be noted that DFIM needs more
attention during starting and braking (regenerative) as it is designed with more inertia than
synchronous machines. Initial (boost) voltage is calculated based on torque-speed characteristics
of DFIM for V/f control at rotor side. Transients in stator and rotor currents during opening of

stator short circuit (SSC) and grid synchronization are investigated. Minimum rotational speed
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of DFIM during synchronization process (removal of SSC and switch-in to grid) is estimated as
103% of synchronous speed.
3.2  Smooth Starting and Regenerative Braking of DFIM Hydrogenerating Unit
In India, grid operation is planned for every 15 minutes. Time required during smooth

starting and regenerative braking of large rated DFIM unit plays an important role in transition
from generating to pumping mode and vice versa. Hydraulic diagram with electrical circuit of a
250 MW variable speed hydrogenerating unit is shown in Fig. 3.1. A flowchart indicating
starting and braking systems with timing diagram is shown in Fig. 3.2. From figures, it is inferred
that the total time required to changeover from generation to pumping mode is about 11 minutes
and 30 seconds (i.e. 40 seconds to reach minimum speed (206 rom) from the operating speed
(234 rpm), 240 seconds to reach 5% of synchronous speed, 160 seconds for mechanical braking
and 250 seconds for smooth starting).
3.2.1 Smooth Starting

Volts/hertz (V/f) smooth starting is preferable in large rated drives due to: (i) less torque

pulsations, (ii) reduction in inrush current, (iii) less energy consumption.
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The steps involved in smooth starting of hydrogenerating unit are given below.

Step 1: stator circuit of the machine is shorted (generator circuit breaker S1 is open & stator
short circuit breaker S2 is closed) and the rotor is energized with V/f control by rotor
side converters (RSC). During smooth starting, starting current should not be exceeded
beyond the converters (RSC). During smooth starting, starting current should not be
exceeded beyond the acceptable limit and maintain a constant torque. Hence, it is to
consider, (i) F_start-up, is to limit the stator equivalent current during starting resulting
in marginally reduced stator winding losses, (ii) voltage boost, to compensate the voltage
drop across the rotor resistance in the initial stage of the starting of machine where
starting frequency is low and inductance value is negligible. The boost voltage (initial
voltage) keeps air-gap flux constant in the initial stage of starting for maintaining the

constant torque. The value of voltage boost is selected based on rotor winding resistances
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and torque-speed characteristics of the unit. (iii) V/f ratio, the ratio of V/f should be
constant for maintaining a constant torque and reduce the inrush current [185].

Step 2: Once the machine attains synchronous speed, frequency of the rotor voltage is increased
to reach above the synchronous speed. After the machine reaches above the synchronous
speed then the pulses in RSC are disabled to let the stator current reduce to zero (i.e.
defluxing). During this period, machine speed gradually decreases on account of the
machine’s inertia.

Step 3: Open the stator of the machine which is shorted before (stator short circuit breaker S2 is
open). The delay between the removal of pulses in RSC and opening stator circuit is
based on time taken for stator current reduced to zero.

Step 4: Provide the PWM pulses in RSC (Transition breaker - S3 - position 2) to maintain desired
frequency of rotor current. Monitor the voltage, phase, and frequency of the stator of
DFIM and connect it to the grid when the parameters fulfill the requirements as per
IEEE Standard 7 (angle £10 degrees, voltage 0 to +5 %, slip frequency £0.067 Hz).
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Step 5: Main inlet valve is opened to discharge the water from lower to upper reservoir and
pumping mode is in continuous operation.

3.2.2 Regenerative Braking

In fixed speed PSPP, dynamic braking is used to stop the synchronous unit and energy being

wasted during braking. However, back-to-back converters available in rotor side of DFIM unit

provides regenerative braking with the aid of V/f control strategy and energy is fed back to the
grid through rotor side power converters. The steps involved in regenerative braking of
hydrogenerating unit are given below.

Step 1: Main inlet valve is closed.

Step 2: Set the machine speed reaches to minimum operating speed (-10.73% synchronous speed
in Tehri PSPP, India) through vector control system. Therefore rotor voltage reaches to
maximum value which is required for achieving regenerative braking of the unit.

Step 3: Generator circuit breaker S1 is open and disable the pulses in RSC (i.e. modulating index
(M) as zero).

Step 4: Short circuit the stator (stator short circuit breaker S2 is closed) and apply the V/f control
strategy to GSC. The unit is decelerated smoothly and power is fed back to the grid.

Step 5: Once the machine reaches to 5% of the synchronous speed then mechanical braking is
applied and V/f pulses are disabled in GSC/RSC.

3.3  Simulation Results (250 MW DFIM)

In order to demonstrate the power converter and control circuit failures at smooth starting
and regenerative braking mode, a 250 MW, 0.95 power factor DFIM with 5 channel back -to-
back 1GBT based three level parallel converters (5 MW each) is simulated in
MATLAB/Simulink environment. Each converter is carrying the current limit of 2400 A (1 p.u)
and machine rotor current is rated at 11600 A. In addition, dc link voltage is maintained at
5000 V (1 p.u) with help of 18000 pF capacitors.

3.3.1 Smooth Starting Mode
Maximum voltage (L-L) applied to the rotor winding during starting is 3080 volts in

view of acceleration and no-load losses. It is observed that: (i) the maximum real (P) and reactive

power (Q) consumption are 8.6 MW and 11.8 MVAR respectively (shown in Fig.3.3b),

(i) Maximum power consumption during smooth starting of a 250 MW DFIM is 15. 3 MVA,

(iii) RMS value of current flowing in rotor winding is 4200 A and each converter is carrying
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current of 840 A, (iv) reactive component current (magnetization) and torque component current
(acceleration) reaches 3127A (0.2896 p.u) and 2268A (0.210 p.u), respectively. Further, the
duration for smooth starting is selected as 250s. Initial (boost) voltage is estimated as 430 volts
and it is continuously applied till machine speed reaches 14% of synchronous speed. Minimum
rotational speed of DFIM during synchronization process (removal of SSC and switch-in to grid)
is estimated as 103% of synchronous speed. In addition, stator current transients reach about 0.6

p.u during the synchronization process.
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Fig. 3.3. Smooth starting of 250 MW DFIM

3311 Power Converter Failure in a Single Converter

In a 250 MW DFIM, five channel three level power converters are connected in rotor
side provides smooth starting of the DFIM. In this test case, faults are injected at 650 s at any
one of the converter connected in parallel. During starting, grid side converters helps to maintain
the unity power factor at grid side and maintain the dc link voltage as constant. Variable
voltage/frequency supply is given to rotor of the machine for smooth starting with the help of

the rotor side converters.
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33111

GSC Single Device (Upper Switch) Open Circuit Fault

During the fault, phase current corresponding to the switch is disturbed in upper half

cycle and continually carrying uncontrollable current as shown in Fig. 3.4a (current flowing

through diode) and leads to disturbs the other phase currents caused by dc link voltage controller

regulating the dc link voltage by adjusting other phase currents. However, current flowing

through the other healthy converters are not affected as shown in Fig. 3.4b. From the test results,

it is observed that: (i) dc link voltage marginally fluctuated (oscillation in the rate of 50 Hz and

increases only in upper half cycle above the set voltage) in the faulty converter as shown in Fig.

3.4c, (ii) variation in capacitor dc link voltages, faulty switch connected to the dc link capacitor

voltage (V1) gets marginally reduced and other dc link capacitor voltage (V42) increases to
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Fig. 3.4. GSC single device (upper switch) OCF (250 MW DFIM ) at starting
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regulate the dc link voltage as shown in Fig. 3.4d, (iii) Fluctuation in reactive power
consumption (shown in Fig. 3.4e) and leads to variation in power factor at grid side, (iv) speed
of the machine is gradually increased as set by rotor side control system (shown in Fig. 3.4f). In
case of lower switch open circuit fault, results are similar to the upper switch fault. However, it
is observed that (i) phase current is disturbed in lower half cycle, (ii) variation in capacitor dc
link voltages are reversed when compared to upper switch fault, (iii) dc link voltage variation is
below the set voltage.
33112 GSC Single Leg Open Circuit Fault

During the fault, phase current corresponding to the leg is uncontrolled (current flowing

through diode across each switch) and other two phase currents are changes in phase and act
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Fig. 3.5. GSC single leg OCF (250 MW DFIM ) at starting
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similar to single phase rectifier as shown in Fig. 3.5a. From the test results, it is observed that:
(i) it does not affects the other healthy converters connected in parallel (shown in Fig. 3.5b), (ii)
dc link voltage of the faulty converter get fluctuated with the frequency of 100 Hz (both upper
and lower part of the set voltage) as shown in Fig. 3.5¢, (iii) marginal variation in capacitor dc
link voltages, however both voltages are not varied oppositely (shown in Fig. 3.5d), (iv)
variation in reactive power consumption of the grid and it is less compared to the single switch
open circuit faults (shown in Fig. 3.5e), (v) speed of the machine is gradually increased as set
by rotor side control system as shown in Fig. 3.5f.
3.3.1.1.3 GSC Short Circuit Fault (Upper Two Switches)

During the fault, phase current corresponding to the faulty leg is distorted in upper half

cycle and negative half cycle is omitted as shown in Fig. 3.6a, results in variation in phase and
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Fig. 3.6. GSC upper two switches SCF (250 MW DFIM ) at starting
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magnitude of other phase currents. However, current flowing through the other healthy
converters are not affected as shown in Fig. 3.6b. From the test results, it is observed that: (i) dc
link voltage marginally fluctuated in the faulty converter (oscillation in the rate of 50 Hz and
decreases only in lower part of the set voltage) and high compared to the open circuit switch
faults (shown in Fig. 3.6c¢), (ii) variation in capacitor dc link voltages and highly varied when
compared to the open circuit switch faults), faulty switch connected to the dc link capacitor
voltage (Va1) gets marginally reduced and other dc link capacitor voltage (Vad2) increases to
regulate the dc link voltage as shown in Fig. 3.6d, (iii) High fluctuation in reactive power
consumption (shown in Fig. 3.6e) when compared to the open circuit switch faults and leads to
variation in power factor at grid side, (iv) speed of the machine is gradually increased as set by
rotor side control system (shown in Fig. 3.6f). In case of short circuit fault in lower two switches,
results are similar to the upper switch fault. However, it is observed that (i) Faulty leg phase
current is disturbed in lower half cycle and it is omitted in upper half cycle, (ii) variation in
capacitor dc link voltages are reversed when compared to upper switches short circuit fault, (iii)
dc link voltage variation is above the set voltage.

33114 GSC Single Leg Short Circuit Fault (DC Link Short Circuit Fault)

During the fault, phase current corresponding to the shorted leg increases in upper half
cycle as it is allowed by the grid side controller, results to affects the other phase currents in
magnitude and phase as shown in Fig. 3.7a. Further, single leg short circuit fault affects the other
healthy converters connected in the system as shown in Fig. 3.7b. From the test results, it is
observed that: (i) dc link voltage of the faulty converter get highly fluctuated as shown in Fig.
3.7c¢, (i) capacitor dc link voltages are highly fluctuated as shown in Fig.3.7d, (iii) reactive
power consumption from the grid is greatly increases as shown in Fig. 3.7e, (iv) speed of the
machine has affected as shown in Fig. 3.7f.
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Fig. 3.7. GSC single leg SCF (250 MW DFIM ) at starting

3.3.1.15 RSC Upper Two Switches Open Circuit Fault
When the fault occurs, one of the rotor phase currents in the faulty converter is

discontinuous (i.e. upper half is omitted, shown in Fig. 3.8a) in nature and other two phases are

carrying currents as regular value. However, the same phase current in other parallel converters

increases 1.2 times (upper half cycle) of regular value (Fig. 3.8b). From the test results, it is

observed that: (i) dc link voltage of the faulty converter is marginally oscillated as shown in

Fig. 3.8c and healthy converter dc link voltage also get minimum disturbance as compared to

the faulty converter (shown in Fig. 3.8d), further, dc link voltage fluctuation only in above the

dc link set voltage, (ii) it does not impact on overloading the power converter and starting of the
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Fig. 3.8. RSC upper two switches OCF (250 MW DFIM ) at starting

machine as it rotates at no-load (Fig. 3.8f). In case of lower switches fault, lower half cycle is

omitted and dc link voltages gets fluctuation at below the set voltage.
RSC Single Leg Open Circuit Fault

When fault occurs, one of the rotor phase current in faulty converter goes to zero (Fig.

3.3.1.1.6

3.9a) and the other two phases are carrying current as regular value. However, the same phase

current in other parallel converters are increased about 1.2 times of regular value (Fig. 3.9b) to

maintain required rotor phase current. From the test results, it is observed that: (i) dc link voltage

of the converter is marginally oscillated as shown in Fig.3.9c, (ii) it does not impact on

overloading the power converter and starting of the machine as it rotates at no-load (Fig. 3.5f).
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3.3.1.1.7
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Fig. 3.9. RSC single leg OCF (250 MW DFIM ) at starting
RSC Short Circuit Fault (Upper Two Switches)

When the fault occurs, one of the rotor phase currents in the faulty converter is

discontinuous (i.e. upper half is omitted, shown in Fig. 3.10a) and other two phases are carrying

currents as regular value. However, the same phase current in other parallel converters increases

1.2 times (upper half cycle) of regular value (Fig. 3.10b). From the test results, it is observed

that: (i) dc link voltage of the faulty converter is marginally oscillated as shown in Fig. 3.10c,

(ii) itdoes not impact on overloading the power converter and starting of the machine as it rotates

at no-load (Fig. 3.10f). In case of lower switches fault, lower half cycle is omitted. RSC single
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leg short circuit fault leads to dc link short circuit fault of the corresponding converter. Results

are similar to the GSC single leg short circuit fault.
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Fig. 3.10. RSC upper two switches SCF (250 MW DFIM ) at starting
3.3.1.2 Control Circuit (Sensor) Failure
Three sensors including dc link voltage sensor, grid voltage sensor and grid current
sensor are required in the GSC control system for maintain unity power factor and dc link
voltage. All the above said sensors, omission fault is injected and it is in 650s.
33121
During the fault, dc link voltage controller reads input as zero and increases proportional

DC Link Voltage Sensor Omission Fault

gain of the dc link voltage controller which increases the d-axis rotor side grid current,
consequently, dc link voltage of the back-to-back power converter increases (shown in Fig.
3.11a) until the dc link voltage gets saturated. In addition, dc link voltage of the healthy converter
also get marginally increased as shown in Fig. 3.11d. From the test results, it is summarized as:
(i) grid side rotor currents increases in all phases (shown in Fig. 3.11b), (ii) dc link voltage of
the back-to-back power converter increases until the d-axis grid rotor current (lqg) gets saturated,
(iii) power factor of the grid side system fluctuated initially and maintained unity after the
interval period (shown in Fig. 3.11e) (iv) speed of the machine is unchanged as shown in Fig.

3.11f.
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Fig. 3.11. DC link voltage sensor omission fault (250 MW DFIM ) at starting
3.3.1.2.2 Single Rotor Grid Current Sensor Omission Fault
During the fault, faulty sensor reads input as zero and changes in estimating the d-q axis

rotor current. As an effect, one of the rotor phase current (faulty sensor phase) magnitude is
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Fig. 3.12. Single rotor grid current sensor omission fault (250 MW DFIM ) at starting

reduced and results to increase in other two phase currents. Further, phase angle of other two
phase currents also changed, like as a single phase operation (shown in Fig. 3.12a). However, it
does not affects the healthy converters (Fig. 3.12b). From the test results, it is observed that: (i)
dc link voltage of the fault converter is marginally fluctuated (oscillation at the rate of 100 Hz)
as shown in Fig. 3.12c, (i) power factor of the grid side system is fluctuated (shown in Fig.
3.12e), (iii) speed of the machine is gradually increased as set by rotor side control system as
shown in Fig. 3.12f.
3.3.1..2.3 Single Rotor Grid Voltage Sensor Omission Fault

During the fault, faulty sensor reads input as zero and changes in estimating the d-q axis
rotor voltage results in distortion of all phase currents (magnitude and phase) as shown in Fig.
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Fig. 3.13. Single rotor grid voltage sensor omission fault (250 MW DFIM ) at starting

3.13a. From the test results, it is observed that: (i) dc link voltage of the faulty converter is
marginally fluctuated with the rate of 100 Hz, (ii) power factor of the grid side system is
fluctuated as shown in Fig. 3.13e, (iii) speed of the machine is gradually increased as set by rotor
side control system as shown in Fig. 3.13f.

3.3.1.3 Power Converter Failure in All Channels (Five Converters)

Power converter failure in all channels at same time is very rare. However, open/damages
in rotor winding (i.e. slip rings open circuit) leads to open circuit fault in all rotor side converters.
In a similar way, open circuit fault in grid or excitation transformer results in open circuit fault
in grid side converter. Further, DFIM fed three level converter (single) is emerging in variable
speed drives including wind, small hydro and marine applications. Open and short circuit
failures in all grid side converters are similar to the faults in any one of the parallel connected
grid side converters. Nonetheless, variation in dc link voltage, reactive power consumption from
the grid and power factor variation is slightly higher than parallel connected converters. For
example, RSC upper two switches open circuit fault is discussed here. In addition, Control

circuit failures in grid side controller is similar to the parallel connected converters. But, failures
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in a rotor side converter is entirely different and it is discussed below. The faults are injected at
650s.
3.3.131 GSC Upper Single Switch Open Circuit Fault

During the fault, phase current corresponding to the switch is disturbed in upper half
cycle and continually carrying uncontrollable current as shown in Fig. 3.14a (current flowing
through diode) and leads to disturbs the other phase currents. From the test results, it is observed
that: (i) dc link voltage marginally fluctuated (oscillation in the rate of 50 Hz) in the faulty
converter as shown in Fig. 3.14c, (ii) variation in capacitor dc link voltages, faulty switch
connected to the dc link capacitor voltage (Vd1) gets marginally reduced and other dc link
capacitor voltage (Vd2) increases to regulate the dc link voltage as shown in Fig. 3.14d, (iii)

Fluctuation in reactive power consumption and leads to variation in power factor at grid side

06 : .
Healthy Period Faulty Period ! Healthy Period Faulty Period
0.4
3 02 AAAAAAAAN AN AN AN ST
2o
S AAAAAAAAAARAARAAR = o
s 8
E OO O X Y] £
S 22NNV WU MU W S 05
A Faulty Phase
-0.6 1 K
649.94 64996 649.98 650  650.02 650.04 650.06 649.94 649.96 649.98 650  650.02  650.04 650.06
Time (sec) Time (sec)
(a) Rotor Current (Grid Side) (b) Rotor Voltage (Grid Side)
1.04 106
1.04 Healthy Period Faulty Period
1.02 Healthy Period Faulty Period b v
B S 1.02 d2
2 .
P LSV SN A A A T 4 mJ\)ﬁ
e paamtiatane a0, 4
G S 0.98
> 098 > o
0.96 a1
0.96 0.94
649.94 649.96  649.98 650  650.02 | 650.04 650.06 649.94  649.95 649.98 650  650.02 650.04 650.06
Time (sec) Time (sec)
(c) DC Link Voltage (d) Capacitor DC Link Voltage
0.54 , .
1 WY TWY WV Healthy Period Faulty Period A
= 0.98 0.52 —
g olge S 05 /’/
o (), o
L Healthy Period Faulty Period S 0.48 -
£ 094 2 —
2 L 0.46 s
S oY —
> 0% ? 0asp—"
09 0.42
649.94 649.96 649.98 650  650.02 650.04 650.06 649.94 649.96 649.98 650  650.02 650.04 650.06
Time (sec) Time (sec)
(e) Power Factor (Grid Side- Rotor) (f) Speed

Fig. 3.14. GSC single device (upper switch) OCF (250 MW DFIM ) at starting
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(shown in Fig. 3.14e), (iv) speed of the machine is gradually increased as set by rotor side control
system (shown in Fig. 3.14f). In case of lower switch open circuit fault, results are similar to the
upper switch fault. However, it is observed that (i) phase current is disturbed in lower half cycle,
(i1) variation in capacitor dc link voltages are reversed when compared to upper switch fault.
3.3.1.3.2 RSC Upper Two Switches Open Circuit Fault

When fault occurs, one of the rotor phase currents is discontinuous (upper half cycle) in
nature and other two phases are carrying currents about 1.5 times of regular value also changes
in phase (shown in Fig. 3.15a). During the fault, dc link voltage of the converter is fluctuated at
a rate of 25 Hz frequency (shown in Fig. 3.15c) and also capacitor dc link voltages are varied.
From the test results, it is observed that: (i) speed of the machine is gradually increased with
marginal oscillation as shown in Fig. 3.15d, (ii) reactive power consumption of the machine
increases leads to fluctuation in power factor of the grid side system. In addition, the results are

similar for the RSC short circuit fault in upper two switches.

0.6
- : 0.8
Healthy Period Faulty|Period Healthy Period Faulty|Period
., -

NN /
A A AA AN A /
Y

o
~

(=)
[N

Voltage (p.u)

Current (p.u)
o

\ -
OO
0.4 \w&\ \.w,/’ u\\

Faulty Phase
-0.6 0.8
649.94 649.96  649.98 650 650.02  650.04  650.06 649.94 64996  649.98 650 650.02  650.04  650.06
Time (sec) Time (sec)
(a) Rotor Current (Machine Side) (b) Rotor Voltage (Machine Side)
1.04 054 -
103 Healthy Period Faulty Period 0.52 Healthy Period FaUIty Period
1.02

= P 3 0.5 —

‘g 1401% - “/ \ \ g A ,-—//

g i N~ \ 3 —

S 09 MO 2 046 | "

0.98 2 N T
0.97 '
0.42
0.96
649.94 649.96 649.98 650 650.02  650.04  650.06 649.94 649.96 649.98 650 650.02 650.04  650.06
Time (sec) Time (sec)
(c) DC Link Voltage (d) Speed

Fig. 3.15. RSC upper two switches OCF (250 MW DFIM ) at starting

3.3.1.3.3 RSC Single Leg Open Circuit Fault
When fault occurs, one of the rotor phase currents goes to zero and the conduction mode
is equivalent to the single phase converter with other two healthy legs (Fig. 3.16a). During fault,
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dc link voltage of the converter is fluctuated at a rate of 50 Hz frequency (shown in Fig. 3.16¢)
and also capacitor dc link voltages are varied. From the test results, it is observed that: (i) speed
of the machine is gradually increased with marginal oscillation as shown in Fig. 3.16d, (ii)
reactive power consumption of the machine increases leads to fluctuation in power factor of the

grid side system, (iii) increase in apparent power consumption of the machine.
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Fig. 3.16. RSC single leg OCF (250 MW DFIM ) at starting

3.3.2 Regenerative Braking Mode

In regenerative braking mode, (i) the maximum real power delivery to the grid is 8.25
MW, (ii) RMS value of current flowing in rotor winding is 3100A and each converter is carrying
current of 620 A. Further, the duration for regenerative braking is selected as 250s. During the
braking, RSC acts as rectifier, controls the dc link voltage of back-to-back converter and GSC
acts as inverter and send back the real power to the grid from the machine. In case of starting,
GSC acts as rectifier and RSC acts as inverter. The results of open and short circuit faults in
rectifier and inverters are similar to the faults in starting mode. But, the speed is gradually

reduced in braking mode and fluctuation is similar to the starting mode.
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3.4  Experimental Validation (2.2 kw DFIM)

During smooth starting and regenerative braking, dc link voltage of back-to-back three
level converter is maintained at 325 V and the sample time is selected 0.001 s. In consideration
of machine rating and power consumption, duration for smooth starting and regenerative braking
are selected as 96 s and voltage/frequency ratio is chosen as 3.7. Initially smooth starting of a
DFIM under healthy condition are performed at no-load and results are shown in Fig. 3.17. From
figure, it is inferred that: (i) rotor current initially go up to 0.75 p.u and once the rotor get
acceleration then current reduced to 0.35 p.u and continued till machine reaches to synchronous
speed as shown in Figure 3.17a (i), (ii) dc link voltage of the back-to-back converter is
maintained constant at 1 p.u during starting period (iii) Maximum power consumed as 0.35 p.u
at 0.95 p.u speed, (iv) speed is gradually increases as set by the rotor control system. Results are
measured by power quality analyzers and recorded through dSPACE control desk 5.1
automation. Further, 2.2 KW simulation results (shown in Fig. 3.17 b) are also considered to
support the 250 MW DFIM. The maximum current carrying of each power converter module is

rated at 3.75 A (1 p.u) and machine rotor current is rated at 7.5 A (1 p.u).
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Fig. 3.17 (a) Experimental results of a 2.2 kW DFIM during starting
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Fig. 3.17 (b) Simulation results of a 2.2 kW DFIM during starting
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Rotor current (p.u)

34.1 Power Converter Failure in All Channels (Five Converters)
34.1.1 RSC Single Device Open Circuit Fault

Single device gate drive open circuit fault is injected in RSC at 40.7 s and results are
show in Fig. 3.18. During the fault, magnitude of rotor current in healthy phase (upper half
cycle) increases to 1.35 times of regular value (shown in Fig. 3.18a (i)) and phase sequences are
altered. The speed of the machine is marginally dipped at the time of fault and continue to
accelerate as set by control system (shown in Fig. 3.18a (iii)). In addition, total power
consumption of the machine is increased (shown in Fig. 3.18a (ii)). It is estimated that

rise/reduction in rotor current, speed and apparent power is similar to simulation results

obtained.
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Fig. 3.18 (a) Experimental results of a 2.2 kW DFIM during starting at single device open circuit fault
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Fig. 3.18 (b) Simulation results of a 2.2 kw DFIM during starting at single device open circuit fault

3.4.1.2 RSC Single Leg Open Circuit Fault

RSC single leg gate drive open circuit fault is injected at 40.44 s and results are shown
in Fig. 3.19. During the fault, the magnitude of rotor current in healthy legs reach to 2 times of
regular value (shown in Fig. 3.19a (i)) and converter conduction mode is equivalent to the single

phase converter with other two healthy legs. The speed of the machine is considerably affected
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(shown in Fig. 3.19a (iii)) during the fault. It is estimated that rise/reduction in rotor current,

speed and apparent power is similar to simulation results obtained.
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Fig. 3.19 (a) Experimental results of a 2.2 kW DFIM during starting at single leg open circuit fault
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Fig. 3.19 (b) Simulation results of a 2.2 kW DFIM during starting at single leg open circuit fault
3.4.1.3 GSC Upper Two Switches Open Circuit Fault

GSC upper two switches fault is injected at 42.38 s and results are shown in Fig. 3.20.
During the fault, phase current corresponding to the switch is disturbed in upper half cycle and
continually carrying uncontrollable current as shown in Fig. 3.20a and leads to disturbs the other
phase currents. In addition, dc link voltage marginally fluctuated as shown in Fig. 3.20b. Real

and Reactive power consumption of the machine is severely affected as shown in Fig. 3.20c and
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Fig.3.20d respectively. From the results, it is inferred that rise/reduction in rotor current, real

and reactive power of the machine is similar to the simulation results obtained.
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Fig. 3.20. GSC upper two switches open circuit fault (2.2 kw DFIM) at starting

3.4.2 Power Converter Failure in a Single Converters
3421 RSC Upper Two Switches Open Circuit Fault
Single device open circuit faults during starting have been injected at 43.78 s. During the

fault, magnitude of one of the rotor current (upper half cycle) in parallel connected healthy
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Fig. 3.21 . RSC upper two switches open circuit fault (2.2 kw DFIM) at starting
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converters reach to 0.65 p.u (2.44 A) as shown in Fig 3.21b and other phases are carrying current
as normal.
3.4.2.2 RSC Single Leg Open Circuit Fault

Single leg gate drive open circuit fault is injected at 46.48 s and results are shown in
Fig.3.22. During the fault, magnitude of one of the rotor currents in parallel connected healthy
converters increases two times (half cycle period) of regular value (shown in Fig. 3.22b).
However, machine speed is not affected and gradually increases as set by the smooth starting
control system. From Fig. 3.22¢, it is inferred that fluctuation in dc link voltage in faulty
converter is two times than open circuit fault in upper two switches. From the experimental
results, it is estimated that rise in rotor current is similar to simulation results in consideration of

number of power converters connected in parallel, turns ratio and inertia.
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Likewise short circuit fault, dc link voltage sensor, single grid voltage sensor fault, and
single grid current sensor fault are injected for both starting and braking mode and results are

summarized in Table 3.1.

Table 3.1: DFIM drive status at converter and sensor failure during starting and braking

System Faults Fault Status
Open Circuit Fault (SDOC, SLOC) S
Rotor side converter Short Circuit Fault (U/LTDSC)* S
Power Short Circuit Fault (PPSC,PGSC) F
Converter Open Circuit Fault (SDOC, SLOC) S
Grid side converter Short Circuit Fault ( SDSC, U/LTDSC) S
Short Circuit Fault (DCSC,PPSC,PGSC) F
DC link voltage sensor F
Omission/ saturation Single grid current sensor S
Single grid voltage sensor F
Senseg DC link voltage sensor F
Gain Single grid current sensor S
Single grid voltage sensor F
SDOC - single device open circuit fault SLOC - single leg open circuit fault
U/LTDSC - upper/lower two devices short circuit fault * short circuit through pulses
DCSC - DC link short circuit PPSC - Phase to phase SC
PGSC - Phase to ground SC S - Survived F- Failed

3.5  Fault Tolerant Operation in Power Converter Open Switch Fault

From the experimental results (shown in Table 3.1), open circuit fault in rotor side power
converter during starting is not affected the continuity of operation of the unit. However, once
the machine is started, power converters need to be handled more currents in accordance with
power set points (e.g. 11600 A full load current in a 250 MW DFIM unit of Tehri PSPP, India).
Therefore, open circuit fault in any one of the power converter results to stoppage of the
machine. To continue the operation of the unit, power redundancy or fault tolerant operation
needs to be provided in the parallel converters. However, there is no power redundancy in any
of the commissioned variable speed PSPP unit. The issue of production of overvoltage in rotor
windings is ducked by not providing any mechanical contactors in rotor side of the machine.
Presently, resistive voltage dividers with IEC 61850-9-2 LE and rogowski current transformers
are detecting extremely low frequency or dc component current [86].

The proposed fault tolerant system aims to design redundancy system in multichannel
converter fed DFIM without the contactors connected in series with each channels. By doing so,
risk of over voltages in rotor winding can be avoided during their operations (ON/OFF). Further,
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it is planned to remove the PWM pulses from the faulty converters (open circuit and other faults
except short circuit fault in a whole leg) and operate the machine with other healthy converters
at reduced (partial) loads. It is noted that the fault is detected by de-saturation, circulating current

fault detection techniques and the knowledge of open circuit fault in parallel power converters.
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Fig. 3.23. RSC single leg open circuit fault tolerant operation: (a) Rotor Current-faulty converter, (b) Rotor
current- healthy converter, (c) Speed

The simulation and experimental results are shown in Fig. 3.23 (i) and Fig. 3.23 (ii), respectively.
It shows that when the fault (single leg OC fault) occurs, one of the faulty converter phase
current goes to zero, then fault detection algorithm finds out the fault in the converter and

inactivates the faulty converter by removing gate pulses (shown in Fig 3.23(i)a). The healthy
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converters are in operation and carry the current of 1.2 times of regular value during starting.
Subsequently, pumping mode continues at part load operation of 0.672 p.u (168 MW) which is
accepted by the other healthy converters. During fault tolerant operation, healthy converters are
carrying current 0.85 p.u each. During experiment, current in healthy converters increases



Water Head (m)

2 times (shown in Fig. 3.23(ii) b) of their regular values since only two converters are connected
in parallel.
3.5.1 Possible Pumping operation of 250MW DFIM during RSC - single leg/device Open

Circuit Fault during Starting

The efficiency of pump turbine depends on water head level in the dam and volume of
water pumped back to the upper reservoir from the lower reservoir. The requirement of input
power of the machine depends on water head. i.e., availability of minimum water head level in
dam requires less input power for the rated water discharge from lower to upper reservoir.
A typical 250 MW DFIM unit has been operated with five parallel three level back-to-back
voltage source converters with a full load current rating of 11600 A. The rated current of the
each power converter is 2400 A. During open circuit fault in a converter, the corresponding
converter unit is isolated/inactivated from the parallel converter system and remaining four units
are in continuous operation. However, power handling of the unit with the aid of four converter
is limited to 168 MW. Therefore, shaft power of the unit is fixed at 168 MW during fault tolerant
operation. Fig. 3.24b shows the amount of water discharge from lower to upper reservoir at
fixed input power (168 MW) considering variable water heads (shown in Fig. 3.24a [192]). It is
inferred that the water discharge varies with respect to variable water heads. In addition, it shows
that the proposed fault tolerant operation in open circuit fault provides considerable amount of
water pumped back to the upper reservoir through four parallel connected healthy converters.
The probability of operational state of power converter without redundancy in variable speed

PSPP per year is 96.10%. But, the incorporation of fault tolerant operation in power converter

150 135
200 Pl 1 2 10
150 i i ] I i &
~ \ i i :
| 2
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z
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m
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™
m

P, O Ve Months

Months A — With fault tolerant operation B — Normal operation

(a) Yearly water head variation ) C- Without power redundancy .
(b) Discharge at various water heads at 168 MW input power

Fig. 3.24. Fault tolerant operation of a 250 MW DFIM variable speed PSPP
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open circuit fault improves operational state of the power converter to 98.44%. It shows that the

proposed fault tolerance during single leg/single device brings additionally 34.8 MCM (Million

Cubic Meter) of water pumped back to the upper reservoir from lower reservoir which leads to

an additional storage of 2.49% electrical energy compared to the operation of DFIM without

power redundancy operation. Table 3.2 shows the outcomes of the fault tolerant operation.

3.6

Energy Efficient Start-up Control of DFIM Fed Large Pump Turbine

Energy efficient starting aims to eliminate the slip power losses and providing the

reactive component current from stator dc source instead of rotor supply which results to

reduction in no-load losses. Fixed dc voltage is applied to stator winding when the rotor started

to rotate and continued till the machine synchronization with the grid.
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Fig. 3.25. Control diagram of energy efficient starting of DFIM
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Fig. 3.26. Energy efficient starting sequences of DFIM

Control diagram and starting sequences for the proposed energy efficient starting are shown in
Fig.3.25 and Fig.3.26, respectively. During starting, grid side converters help to maintain the
unity power factor at grid side and maintain constant dc link voltage. Variable voltage/frequency
supply is given to rotor of the machine with the help of rotor side converters (RSC). Changeover
switch (S2) is placed in the stator circuit of the machine. Primarily, stator of the machine is
short-circuited via changeover switch; V/f supply is applied to rotor circuit and the machine
accelerates to pick up the speed. Encoder is sensing the speed and send a signal to changeover
switch control section. Once the starting torque is established, changeover switch control section
provides a signal to the changeover switch to change the stator terminal from short circuit to
fixed dc supply. Fixed dc is applied till the machine is synchronized with the grid (no- load).
The transition mode from stator short-circuited to dc supply is estimated through speed-torque
characteristics. Step- down dc chopper is employed to provide the reduced dc voltage to stator
circuit through a changeover switch. The input to the dc chopper is taken from the dc link voltage
of the back-to-back voltage source converter. Chopper control system is designed in such a way

that to maintain fixed dc voltage at the stator terminal.

87| Page



3.6. 1 Simulation Results (250 MW DFIM)

In order to demonstrate the energy efficient starting, a 250 MW doubly fed induction
machine is simulated in MATLAB/Simulink software and the control system is executed based
on Fig. 3.25. The duration for smooth starting is selected as 250 seconds for starting and 60
seconds for additional operations till stator circuit is connected to grid. The voltage boost and
frequency are selected as 430 volts and 7 Hz, respectively. Also voltage ratio is estimated as 66
considering rated rotor voltage and frequency. Machine is started by energizing the rotor with
variable voltage variable frequency (VVVF) supply. Phase locked loop control (PLL) is used to
estimate the angle (during smooth staring) of the machine from VVVVF supply. Three current
sensors used to sense the rotor currents. Afterward, torque component current and magnetization
currents are splitted from the rotor current using Clarke and Park Transformations, which are
calculated as 2268 A (lqr) and 3128 A (lar), respectively. The fixed dc voltage is selected as 16.8
volts. Rotor speed at which the changeover switch is operated from stator short- circuited to
fixed dc supply is 27% of the synchronous speed.

Energy consumption and performance related parameters of machine at stator short circuited
and stator connected to fixed dc supply are given in Fig. 3.27. The estimation of energy

consumption is calculated through the equation (3.1) & (3.2).

Protal —Zr{(P(m p(”l))}[T(iJrl)—T(i)} (3.1)

= 2

- I:?I'otal (32)

Sroal = 3600*1000
where, P — Power; T — Time; n = number of samples

In Fig. 3.27c, reactive and torque component current are stabilized at 40 s (i.e. 0.18 p.u speed).
In conventional method, machine consumes about 0.2896 p.u (3128 A) reactive component
current for magnetization and 0.210 p.u (2268 A) torque component current for acceleration as
shown in Fig. 3.27c. In addition, the maximum power consumption for conventional start-up
method (at 250s) is observed about 0.0506 p.u (15.484 MVA). In Fig. 3.27b, fixed dc supply is
applied to the stator winding is about 66s (i.e. 0.27 p.u speed). During FDC to stator circuit, both
reactive and torque component current produce acceptable transients of about 0.4742 p.u
(5121 A) and then reactive component current reaches near to zero, torque component rises to
0.2554 p.u (2748 A), shown in Fig. 3.27d. At stator side, terminal A carries 0.308 p.u (3465 A),
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terminal B carries -0.02 p.u (225 A) and terminal C carries -0.284 p.u (-3195 A) currents. It is
noted that the power consumption at 250s is 0.0372 p.u (11.383 MVA) in case of proposed start-

up method.
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Fig. 3.27. Energy efficient starting of 250 MW DFIM
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Table 3.3. Energy calculation of a 250 MW DFIM during starting

Smooth starting stator short circuit . . o Eompdrison
Smooth starting with DC Excitation (FDC) of SSC Vs
(SSC) FDC
(a) (b) . (© (d) (e) Q] (9) (h)
rate 0
speed -  Total zero - 27% - Total Total
zero - rated rated rated speed — energy
synchron (0to 27% - o (0sto
speed i>ation 310 sec)  speed* speed synchronization 310's) conserved/
(0s -250 s) (250s-  (ath) (0's-665) g%% SS ) (250s-3105) (d+e+D) 1(Jcn_|t)
310s) g
Energy
(KW-hr) 537.79 113.37 651.16  85.14 321.73  14.09 420.96  230.20
consumption
*stator short circuit % of Energy saving = [ £9 0% = 35.35%
**DC voltage injected in stator windings o : C FPon

Fig. 3.27e shows the power consumption characteristics of conventional and proposed start-
up method. During conventional start-up, the machine consumes 651.16 units (kW-hr) of energy
whereas the proposed start-up strategy consumes only 420.96 units (Table 3.3). This energy
consumption shows the proposed start-up saves about 35% energy from conventional starting.

Fig. 3.27f shows speed characteristics of conventional and proposed start-up method. In
proposed method, the speed of the machine rotates at synchronous frequency after FDC applied
to stator circuit. It conveys that the slip losses are neglected during the machine operate at
synchronous speed.

Fig.3.27a and Fig. 3.27b show the rotor current (phases A, B, C) between conventional (Fig.
3.27a) and proposed (Fig.3.27b) start-up methods. In conventional starting, the rotor current
reaches to 0.35 p.u (3780 A) and receives 0.055 (594 A) p.u at rated speed, whereas FDC applied
to stator winding in proposed method, rotor current decreases to 0.256 p.u (2765 A).

In summary, the simulation results show that the rotor and stator current of the DFIM during
transition period (SC to FDC) is below the name plate ratings (shown in Appendix) and are
acceptable. Also it is observed that the proposed energy efficient smooth starting method saves
about 35% energy from conventional stator short circuit based start-up of pump turbine.

3.6. 2 Experimental Validation (2.2 kW DFIM)

Smooth starting of DFIM is achieved through a three level back-to-back IGBT based
converter module with dSPACE 1202 real time controller (shown in Fig. 3.28). GSC controls
the dc link voltage and RSC ensures the smooth starting of the machine. In addition, transfer

switch (Two contactors — MNX Al, 10A) is controlled by the real time controller through a
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relay (SRD-5V-SL-C, 10A). SPWM pulses (carrier frequency of 1650 Hz and dead band of 6ps)

generated in MATLAB Simulink are given to converters through the controller. The dc link

voltage of back-to-back three level converter is maintained at 325 V and the sample time is

0.001s. The pedestal voltage (voltage boost) and frequency start-up is chosen as 36 volts and 5

Hz respectively. Also, voltage ratio is chosen as 3.7.

In experimental tests, duration for smooth starting is selected as 96 s. The speed at which

the transfer switch is operated from stator short-circuited to fixed dc supply is 53% of the

synchronous speed and the test results (2.2 kW) are shown in Fig. 3.29. At 90% of machine

speed, during conventional smooth starting, it consumes 885 VAr (0.4025 p.u) reactive power

Table 3.4. Energy Calculation of a 2.2 kW DFIM during starting

Smooth starting stator short circuit

(SSC)

(a) (b)

zero - .
rated rated speed

synchronizat
speed ion (965 -

(0s-96s)  1209)

Energy
(kW-hr) 0.0108 0.004534

consumption

(©

Total
(0to 120
5)

(a+b)

0.01534

Smooth starting with DC Excitation (FDC)

(d) © ®

zero - oA rated speed —
55% Sse/g d*'fted synchronizatio
speed* n

(0s-435) (4351009 140 1005

0.00225  0.00519 0.00233

©)

Total
(Osto
1205s)

Comparison
of SSC Vs
FDC

(h)

Total energy
conserved/
unit

(d+e+f) (c-9)

0.0098 0.00556

*stator short circuit

**DC voltage injected in stator windings

% of Energy saving = [ﬂ] X 100% = 36.31%
Cc
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Fig. 3.29. Energy efficient starting of 2.2 kW DFIM

and 204 watts (0.093 p.u) real power, respectively. Overall, it consumes about 924 VA

(0.42 p.u) apparent power. Whereas in the proposed work, total power consumption is about

313 VA (0.142 p.u). During FDC to stator circuit, both reactive and torque component current

produce transient currents of 0.798 p.u (5.985A) and the reactive component current reaches

near to zero. In conventional starting (Fig. 3.29a), the rotor current reaches to 0.931 p.u (6.98

A) initially, once the machine pick-up the acceleration then the current is stabilized at 0.384 p.u

(2.88 A). Whereas in proposed method (Fig. 3.29b), after applying FDC to stator circuit, rotor
current decreases to 0.167 p.u (1.253 A).

Rotor side electrical quantities are shown in Fig. 3.29¢ (conventional method) and 3.29d

(proposed start-up method). It is inferred that during proposed start-up method reactive power
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of the machine at rotor side reaches to zero (about 0.02 kVar) whereas it is about 0.88 kKVAr
during conventional starting observed from Fig 3.29c and Fig. 3.29d. In summary, the total
power consumption of the machine reduced to 0.28 KVA in proposed method, whereas it is
about 0.93 KVA in conventional start-up method.

Fig. 3.29f shows the experimental results of energy consumption of conventional and
proposed methods. The machine consumes 0.01534 units (kW-hr) of energy whereas it is
reduced to 0.00977 units at proposed method. The estimation of energy consumption is
calculated through the equation (3.1) and (3.2) and is tabulated in Table 3.4. The experimental
results evidently prove that there is less transients (0.781 p.u =5.86 A) during transition period
(SC to FDC) and also saves about 36.31% energy from conventional stator short circuit based
start-up of pump turbine. Hence the simulation of 250 MW pump turbine at proposed start-up
method is validated.

3.6.3 Key Elements of Energy Efficient Starting
3.6.3.1 Rotor speed at which the transfer switch is operated

Stator circuit of the doubly fed induction machine is switchover from short-circuited to
dc supply is crucial during starting. During the transition, it is ensured that the swing in rotor
and stator flux magnitude should be in acceptable limit, thereby it will not produce the
undesirable electromagnetic torque and power disturbances. Speed versus torque characteristics
of the induction machine (NEMA design standard) is shown in Fig. 3.30a. It shows that the
machine pull-up acceleration is happened after 20% of the synchronous speed. Also, as per Allen
Bradley, the chance of machine acceleration takes between 25% and 40% of the synchronous

speed of the machine [189].
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During V/f control of machine, higher amount of electro-magnetic torque is produced at
initial stage of starting and it is stabilized after the machine acceleration as shown in Fig. 3.30b.
Further, it is noticed that the current and flux component of the machine are also stabilized after
the acceleration. Therefore, it is decided to apply FDC to stator circuit after the stabilization of
electro-magnetic torque provides less pulsations in speed and torque. The stabilizing point varies
w.r.to power rating and inertia of the machine. Further, it is noticed from simulation and
experimental tests conducted in the laboratory that the low rated machines require more speed
for stabilizing electro-magnetic torque and rotor current as compared to large rated machines.
3.6.3.2 Selection of Fixed DC voltage

Fixed dc voltage is selected in consideration of performance related parameters (stator and
rotor currents of DFIM) should not be exceeded than nameplate ratings. The dynamic limit of
stator and rotor currents are clarified through suitable equations given in (3.3) and (3.4),

respectively.

1
Is 2 % Is(ratediac)
(3:3)
L . LG
I,Z\/(—rslssin5J +[ﬁ-fk}
m nls SIN | (34)
where, Tge = VL Weu SINS

“O *is the angle between stator flux and stator voltage (FDC). The fixed dc voltage is applied at
no- load, therefore the machine does not produce much transients as compared to the loaded
conditions. During conventional starting, magnetic flux of the machine is maintained by d-axis
rotor current (magnetization current/reactive component current). However, in DFIM, the
magnetic flux of the machine is associated with both rotor and stator d-axis currents as per egn.
(3.5).

—a —a —a

W = 0L Ly +

LS

—a —a —a
Idr

!//ds = Ls Ids+ I—m (35)

Further, any one of the d-axis current (either d-axis stator current or d-axis rotor current) is

enough to provide the required magnetic flux of the machine [190] - [192]. In proposed work,
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Fig. 3.31 DC link voltage source characteristics: (a) 250 MW, (b) 2.2 kW

required magnetic flux is provided by d-axis stator current through fixed dc supply. Magnitude

of fixed dc voltage is estimated based on the requirement of reactive component current during

starting and no-load torque requirements. The estimation of reactive component current ( '« ) is
calculated from the rotor current of the machine by Clarke and Park transformations. Once the
reactive component current is calculated then the fixed dc voltage connected to stator circuit is

estimated by eqn.3.6.

Vdc = Rsldr (3.6)

ly =l =l (3.7)

Alternatively, fixed dc voltage is calculated based on dc link voltage source characteristics
(Fig. 3.31) drawn between fixed dc voltage and torque component current/reactive component
current of the machine.

3.6.4 Power and Control Circuit Faults during Energy Efficient Starting
36.4.1 DC Link Voltage Sensor Gain Fault in rotor side VSC

Gain fault is modelled by connecting a gain block in series with sensor signal [193]. DC
link voltage sensor gain fault (1.5 p.u) is injected in back-to-back VSC at 175 s and results are
shown in Fig. 3.32 (i). During the fault, dc link voltage controller reads input as more than the
desired value and decreases proportional gain of the controller results to decreases the dc link
voltage of the back-to-back converter as 0.66 p.u. From the test results, it is summarized as:
(1)grid side rotor currents decreases in all phases, (ii) dc link voltage of the back-to-back power

converter decreases with respect to the faulty gain value, (iii) power factor of the grid side system
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is maintained unity, (iv) rotor current of the machine increases during the faulty period as shown
in Fig 3.32(i)a, (v) reactive power is delivered from the machine (shown in Fig 3.32(i)b),
(if)speed of the machine is fluctuated initially and gradually increases as se by the RSC control
system (shown in Fig. 3.32(i) (c)), (vi) total power consumption from the grid increases. In case
of omission fault, dc link voltage increases and results to more reactive power consumption from
the grid.
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Fig. 3.32. DC link voltage sensor gain fault in VSC 250 MW DFIM: A - Stator short Circuited; B -
Stator Connected to FDC; C - Fault Period

36.4.2 DC Link Voltage Sensor Gain Fault in DC Chopper

DC link voltage sensor gain fault (1.5 p.u) is injected in dc chopper at 175 s and results
are shown in Fig. 3.33(i) c. During the fault, value of fixed dc voltage connected to the stator
circuit is decreased with respect to the gain fault. From the test results, it is summarized as: (i)

reactive power consumption of the machine increases as shown in Fig. 3.33(i)b, (ii) rotor current
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of the machine increases as shown in Fig 3.33(i)a, (iii) speed of the machine is unchanged
(shown in Fig. 3.33(i)c). In case of omission fault, FDC is increased and results to reactive power

is delivered to the grid.
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Fig. 3.33. DC link voltage sensor gain fault in dc chopper: A - Stator short Circuited;
B - Stator Connected to FDC; C - Fault Period

A 2.2 kW DFIM is tested in the laboratory to validate the power and control circuit faults.
Faults are injected at 62s and test results are shown in Fig. 3.32(ii) and Fig. 3.33(ii). In case of
dc link voltage sensor gain fault (1.2 p.u) in VSC, rotor current increases about 2 times than
normal value as shown in Fig. 3.32(ii). During the fault, dc link voltage of the VSC is decreased
(shown in Fig. 3.32(ii)) and reactive power is delivered from the machine (shown in
Fig. 3.32(ii)). In case of dc link voltage sensor gain fault (1.2 p.u) in dc chopper, machine

absorbing reactive power from the grid as shown in Fig. 3.33(ii) ¢. When comparing with
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simulation results, rise/reduction in rotor current, reactive power, dc link voltage and speed of
the machine are similar to the experimental test results.
3.7 Conclusion of the Chapter

This chapter has presented dynamic performance of a 250 MW hydrogenerating unit
operating with smooth starting and regenerative braking. Faults in power and control circuits
were injected during starting and braking and the results were analyzed comprehensively.
Survival of machine drive was tested for each fault case. From the test results, it was observed
that the drive survived during single device and single leg gate drive open circuit faults,
upper/lower two switches short circuit faults through pulses and not in short circuit faults with
devices (internal short circuits). The drive survived during all kinds of single grid current sensor
faults and failed in grid voltage sensors and dc link voltage sensor faults. In addition, a suitable
fault tolerance in open circuit fault at power converter was proposed and it brought an additional
storage of 2.49% electrical energy compared to the operation of DFIM without power
redundancy. It has presented the detailed analysis of energy efficient starting of DFIM which
saved about 35% of electrical energy compared to conventional smooth starting. Key elements
of the energy efficient starting were identified and importance of such elements were well

discussed.
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Chapter IV

Dynamic Performance of Generation Mode of a Large Variable Speed PSPP

[This chapter discusses the expected benefits of generation mode of operation of DFIM
based variable speed PSPP in comparison with fixed speed PSPP in consideration of head
variation from 130 m to 230 m. In addition, dynamic behavior of a hydrogenerating unit
subjected to power converter and control circuit faults are analyzed. Survivability status of
DFIM operating in generating mode during excitation faults is assessed based on performance
measures: (i) current, (ii) speed, (iii) reactive power consumption. The economic analysis on
power and control circuit faults are discussed. Also, it discusses the fault tolerant operation
during single converter open circuit fault in generating mode to increase the continuity of
operation of the unit.]

4.1 Introduction

Electrical energy plays an important role in the development of country’s economy.
Sustained economic growth, rise in income level, and modernization over the past years at
developing countries assured to face substantial increase in electrical energy demand. Many
countries are reduced to use fossil fuel generation due to its negative impacts and renewable
energy projects increases to ensure energy security. With the addition of renewables like wind,
solar etc. in the grid, which are highly unpredictable and highly variable, the stability of grid is
becoming of a great concern. This has shifted the focus toward employing energy storage
technology particularly the pumped storage power plant. The PSPP is a mature energy storage
technology (shown in Figure 4.1) available in MW range which provides flexibility and stability
to power system.

4.2  Variable Speed Hydrogenerating Unit

Hydrogenerating units are designed to operate at maximum efficiency with the
considerations of water head, turbine speed and water discharge. The efficiency of hydro turbine
varies according to the water head and water discharge. Further, speed of the turbine is a function
of water head. Machine rotating at fixed speed over the entire range of water head results in
reduction in turbine performance. Therefore, the speed of the turbine adjusted to get maximum
efficiency for an available water head, called as variable speed PSPP. Generator efficiency for

the fixed and variable speed hydrogenerating unit is shown in Fig 4.2a and Fig. 4.2b.
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A typical 250 MW DFIM unit (Tehri PSPP, India) is considered to evaluate the effects
of fixed and variable speed operation for a site with wide water head variation. The rated head

and turbine speed are chosen as 188m and 234 rpm respectively. Nevertheless, gross water head
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may vary over the year between 130m and 230m. In generation mode, the output power
generation depends on water head. i.e., availability of minimum water head in dam provides less
electrical power generation for the rated discharge. Reversible Francis turbine hill curves have
been used for estimating the turbine efficiency at fixed and variable speed operation [194].
Subsequently, power generation for the various head level is calculated and is graphically
presented (shown in Fig. 4.2c.). from the graph (Fig. 4.2d), it can be inferred that maximum
power generation variation between variable and fixed speed operation (161 -124 = 37 MW at
the water head level of 134m in June) is obtained at minimum water head (i.e. efficiency of
variable speed operation is much higher than fixed speed at minimum water head). For the whole
year analysis, variable speed mode brings additionally 6.1% power generation than fixed speed
operation leads to an additional generation of 441.6 MU/year for a 1000 MW plant.
4.3  Real and Reactive Power Control of DFIM

Stator circuit of DFIM is directly connected to grid and rotor circuit (three phase
cylindrical winding) is also connected to the grid through power converters and excitation
transformers. \Voltage source back-to-back power converters are connected in rotor circuit of the
machine is responsible for real and reactive power control of the machine. Allowable speed
variation of the machine depends on voltage rating of power converter connected in rotor circuit
of the machine (slip voltage). Grid voltage oriented vector control is employed in grid side
converter (GSC) to ensure the decoupled control of dc link voltage and unity power factor at
grid side (rotor); stator flux oriented vector control is implemented in RSC to ensure the
decoupled control of real and reactive power of the machine. Due to the limitation in the
semiconductor device rating, it becomes difficult to design a single converter for large current
ratings. In such asituation parallel converters can be adopted to share high current in rotor circuit
of the machine. Active Current Sharing (ACS) method is most suitable for the parallel converters
in large rated variable speed PSPP. In ACS, three control loop can be employed namely voltage
control loop, current control loop and inner current sharing control loop. In addition, current
sharing bus is employed to share the equal current distribution to the converters. For this
dynamic control, three grid voltage sensors, three grid current sensors, dc link voltage sensor,
encoder, three rotor current sensors are used. Detailed d-gq modelling and control equations of

DFIM are explained in Chapter 2. However, essential equations are considered here for a clear
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Fig. 4.3. Vector control of DFIM with parallel converters

understanding of fault analysis. Control systems used for real, and reactive power control of

DFIM is shown in Fig.4.3.
4.3.1 Grid Voltage Oriented Vector Control

In grid side system, (i) angular speed of @, is chosen as angular speed of the grid voltage @ ,

(ii) d-axis rotating frame is aligning with grid voltage space vector. Hence,

—a

V., =

dg

—a

\

[¢]

Vo =0; W, = 0

qg

Active ( Pg) and reactive (Qg) power are calculated as

3
¢ 2

—a

e\

9

—a

dg

(4.1)

(4.2)
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Qg:—iwgug (4.3)

4.3.2 Stator flux Oriented Vector Control

With the stator flux orientation, decoupled control between electro-magnetic torque and stator

reactive power control is achieved. In stator flux oriented vector control, d-axis stator flux is

aligning with stator flux space vectorl;j in synchronously rotating reference frame.

—a —a —a
0

Vo = Vs Ve = 17/: =l rmas (4.4)

The expression of electro-magnetic torque and reactive power equations can be derived as

T, =—p-mls| 45

=3P @5
a2

Q3| -, il 46)
,

4.4  Results and Discussion

The performance bounds of the 250MW DFIM drive during generation mode is
considered as follows (i) allowable reactive power variation is + 0.05 p.u, (ii) allowable speed
variation is £ 0.03 p.u, (iii) dc link voltage variation is + 0.1 p.u, (iv) rotor side grid current
variation up to 0.05 p.u, (v) stator current variation up to 0.05 p.u, (vi) machine rotor current
variation up to 0.05 p.u, (vii) controller settling time is less than 250ms. The real and reactive
powers of a 250 MW DFIM at normal operating condition are given in Fig. 4.4. From figure, it
is inferred that the rotor current of the machine varies when real and reactive power of the
machine changes. In addition, it is noted that the magnitude of the rotor voltage is depends on
the slip of the machine. In case of faulty cases, machine is instructed to operate at 0.96 p.u
(221.5rpm) speed and shaft power is considered as 240MW. Further, power factor of the
machine is set as 0.95 through reactive power control system. From the tests, it is observed that:
(i) magnitude of line current in stator winding is 10060A (0.894 p.u), (ii) voltage (P-P) applied
to rotor winding by rotor side converter is 1255V (0.38 p.u), (iii) line current in rotor winding is
10360A (0.893 p.u), (iv) reactive power consumption of the machine is 15.3 MVAr (0.05 p.u),

(v) frequency of rotor current is 2 Hz.
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Fig.4.4. Real and reactive power control of 250 MW DFIM: (a) real power, (b) speed, (c) stator current,
(d) reactive power, (e) rotor current

4.4.1 Simulation Results (250 MW DFIM)
44.1.1 Power Converter Failure in a Single Converter
44111 GSC Single Switch Open Circuit Fault

Single switch gate drive open circuit fault (upper switch) is injected in one of the parallel
connected GSC at 160s and results are given in Fig. 4.5. During the fault, phase current
corresponding to the faulty leg is distorted in upper half cycle and negative half cycle is omitted,
results in variation in phase and magnitude of other two phase currents (shown in Fig. 4.5a).
However, current flowing through the other healthy converters are not affected as shown in Fig.
4.5b. From the test results, it is inferred that: (i) dc link voltage marginally fluctuated in the
faulty converter as shown in Fig. 4.5c (oscillation in the rate of grid frequency), (ii) variation in
capacitor dc link voltages, faulty switch connected to the dc link capacitor voltage (Vd1) gets
marginally reduced and other dc link capacitor voltage (Vd2) increases to regulate the dc link
voltage, (iii) Fluctuation in power factor at grid side (rotor) due to the variation in reactive power
consumption. (iv) speed of the machine is constant as set by machine side control system. In

case of open circuit fault in lower switch, results are similar to the upper switch fault. However,
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Fig. 4.5. GSC upper single switch OCF (250 MW DFIM ) at generation

it is observed that (i) Faulty leg phase current is disturbed in lower half cycle and omitted in
upper half cycle, (ii) variation in capacitor dc link voltages are reversed when compared to upper
switches short circuit fault. The test results are similar to starting mode where magnitude of the
fluctuation in current and power profile is changed since converters are carrying large current
than no-load condition.
44112 RSC Single Leg Open Circuit Fault

Single leg gate signal open switch fault is injected in one of the parallel connected RSC
at 160s and results are given in Fig. 4.6. During the fault, the rotor current in one of the phase

of faulty converter goes to zero (Fig. 4.6a) whereas the other two phases are carrying as equal
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currents. However, the same phase current in other parallel converters increases by 1.286 times
of the regular value (Fig. 4.6b) to maintain required rotor phase current. It is seen from the test
results that: (i) during the fault the healthy power converters are overloaded and this results in
stopping of the unit, (ii) speed of the machine is maintained at desired level through RSC control
system, (iii) dc link voltage of the faulty and healthy converters are fluctuated as shown in Fig.
4.6¢ and Fig. 4.6d, respectively. Reactive power and speed of the machine maintained as

constant as shown in Fig. 4.6e and Fig. 4.6f respectively.
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Fig. 4.6. RSC single leg OCF (250 MW DFIM ) at generation
In summary, open switch fault in GSC results to distort the current waveform in the same
converter and does not affects the healthy converters connected in parallel. On the other hand,
open switch fault in inverter results to affect the healthy converters current value and also distort
the dc link voltages of all the converters connected in parallel. From the results, open switch
fault in both GSC and RSC results to stopping of the unit. Detailed survivability status of the
DFIM unit for the converter fault is reported in Table 4.2.
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44.1.2 Power Converter Failure in All Channels (Five Converters)

Open and short circuit failures in all grid side converters are similar to the faults in any
one of the parallel connected grid side converters. Nonetheless, variation in dc link voltage and
power factor (rotor side) is higher as compared to faults occur in only one converters. But, faults
in rotor side converters are different form the single converter fault and it is discussed here.
44121 RSC Single Switch Open Circuit Fault

The fault is injected at 410s and results are shown in Fig. 4.7. When fault occurs, one of
the rotor phase currents is discontinuous and other two phases are carrying currents which are
altered during discontinuous period of faulty phase current as shown in Fig. 4.7a. Change in
rotor currents affect stator currents and consequently speed, real and reactive power
consumption of the machine is troubled. During fault, magnitude of stator and rotor phase
transient currents reach to 4.15 p.u (shown in Fig. 4.7b) and 2.9p.u (shown in Fig. 4.7a),
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Fig. 4.7. RSC single switch OCF (250 MW DFIM ) at generation
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respectively. From the test results, it is observed that: (i) healthy phase rotor currents are
deviations in phase and produce transients at meeting point of these two phase currents, (ii) both
stator and rotor currents reach to above the rated value, (iii) fluctuation in speed of the machine
(shown in Fig. 4.71), (iv) instability in real and reactive power consumption of the machine as
shown in Fig 4.7c and Fig. 4.7d, respectively, (v) RSC control system is out of action.
44122 RSC Single Leg Gate Drive Open Circuit Fault

Single leg gate drive open circuit fault is injected in RSC at 410s and results are shown
in Fig. 4.8. When fault occurs, one of the rotor phase current goes to zero (Fig. 4.8a) and the
conduction mode is equivalent to the single phase converter with other two healthy legs. During
fault, magnitude of both stator and rotor currents reach to the high value as similar to fault in

single device fault. However, rotor currents transient repeatedly occurs two times per interval
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Fig. 4.8. RSC Single Leg OCF (250 MW DFIM ) at Generation
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more than single device fault, consequently stator current (shown in Fig. 4.8b), speed, real power
and reactive power of the machine are affected (shown in Fig. 4.8c, Fig. 4.8d and Fig. 4.8f).
From the test results, it is observed that the results are similar to single device fault except the
number of times of transients at specific time period.
4.4.1.3 Control Circuit (Sensor) Failure
44131 Single Rotor Current Sensor Omission Fault

Fault is undergone at 365 s and results are shown in Fig. 4.9. During a fault, one of the
sensor reads zero value and results to change in Ig- and lg. The change in both Iqr and Iqr distorts
the current controller output results in fluctuations in the speed. From the results it is observed
that: (i) Speed of the machine is marginally fluctuated (shown in Fig. 4.9f) and results to change
in real power delivery (shown in Fig. 4.9c), (ii) variation in rotor and stator currents (shown in
Fig. 4.9a and 4.9b). However, machine is in continuous operation and Idr maintains the

—~ 4|, HealthyPeriod Faulty Period . q[HealthylPeriod | Faulty Period
) =]
% 05 AAA FaYa AA#\AAF\ % 05
2 JAAAAAAAAAAAA
= 0 = 0
2 LOOOCOOOUION .
= 05 S 0.5
ER VAVAVAVAVAVAVLVAVAV) V) 5
o1 il
409 409.5 410 410.5 411 409 409.5 410 4105 411
Time (sec) Time (sec)
(a) Rotor Current (Machine side) (b )Stator Current
1.2 _ 02
= Healthy Period Faulty Period =
s 11 = o Healthy Period Faulty Period
~ S .
g ] R . o
g 09 £
= 2
308 5
& S, 1
0.7 x
409 409.5 410 410.5 411 409 409.5 410 410.5 411
Time (sec) Time (sec)
(c) Real Power - DFIM (d) Reactive Power - DFIM
5 1.02 1.02
% 1.01 Healthy|Period Faultygeriod : Healthy Period Faulty Period
g =098
S LW M M oy £ 056
% 0.99 %0.94
O 0.98 0.92
e 0.9
409 409.5 410 410.5 411 409 409.5 410 4105 411
Time (sec) Time (sec)
(e) DC Link Voltage (f) Speed

Fig. 4.9. Single rotor current sensor omission fault (250 MW DFIM ) at generation
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controlled reactive power at grid (stator side). In observation, all controllers are in regular

operation at grid side converters and maintains the dc link voltage.
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In multi-channel three level converter, short circuit faults in power converter switches
leads to short circuit the dc link capacitors and seriously damage the overall system. To avoid
this, unit has to be stopped with the aid of fuses or circuit breakers. On the contrary, open switch
fault cause a changes in the rotor current pattern and oscillate the dc link voltages, degrade the
performance of the system. Also, continuous operation of the unit with open switch fault result
in severe harms to the healthy switches/converters.

4414 Economic Analysis.on Power and Control Circuit Faults

Consider a plant (TEHRI PSPP) having 4 units with each unit rated at 250MW. The
average energy generation is considered as 18 hours/day. The probability of operational state of
a back-to-back power converter without redundancy per year is 96.10%. Therefore, the
unavailability of the back-to-back power converter per year is projected as 256.23 hours/year.
The average generation to each unit is estimated as 229 MW over the year considering water
head and efficiency and it is estimated that the generation loss of about 58.677 MU/year/unit
due to the inadequate power and control redundancy. Further, considering four units in a plant,
the estimated generation losses of the plant will be 234.70 MU/year. The selling price of a unit
of energy (kWh) is considered in hydropower plant in India as $ 0.11. Therefore, it is noted that
about $25,817,835/year/plant financial losses are estimated due to the inadequate redundancy in
power and control circuits. Detailed financial losses are given in Table 4.2. The cost of extra
converter module is about $ 4,445,705/- which is retrieved within 2 to 3 months, if redundancy
is-designed. In addition, employing redundant converter in a unit is also beneficial in pumping
mode of operation.
4.4.1.5 Open Switch Fault Diagnostic Method for Multi-Channel VSI

Condition monitoring and fault diagnosis of the power converter is essential in the drive
to detect the failures and also avoid catastrophic consequences. Detection of open switch fault
in multi-channel VSI is-essential to prevent the destruction of other switches/converters and
improve the reliability of the system. In this paper, open switch fault is detected based on
variation in rotor phase currents and dc link voltage variation. Open switch faults in both inverter
and rectifier are performed simultaneously. Three diagnostic variables are considered in this
study to detect and find the location of the faults. Diagnostic variables are derived from,

(1) normalized phase currents using park vector’s technique (D1), (ii) average value of the phase
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currents (D), (iii) dc link voltage variation (Ds). Block diagram for the fault detection and
localization is shown in Fig.4.10.

Three phase currents are normalized in order to endow a diagnostic technique. Normalized
quantity is derived from the park vectors approach. In ideal conditions, Park’s vector
components are given in eqn. 4.7, the value of Park’s vector modules under ideal condition is

equals to 1.2247, given in eqgn. (4.8).

6
|, ——coswt

% 2= (4.7)

|S:1y|dr2 +1g2 =1, x1.2247 (4.8)

Normalization is performed by dividing the rotor phase current with Park’s vector modules (ls).
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In a balanced three phase system, normalized rotor currents are given by,
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Fig. 4.10. open switch fault diagnosis of grid side and rotor side converter
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Under ideal conditions, the average absolute value of three phase normalized rotor currents is
given by egn. (4.10).
E=|ian +Hipn Hien|=0.5198 (4.10)

Then the diagnostic variable (D) is obtained by finding the errors between the average value and
the corresponding normalized phase value.

D=E- |in] (4.11)

From the equations, when the drive is operating under normal conditions, diagnostic values (D1)
are equals to zero. However, if open switch fault occurs diagnostic variable will not be zero, and
it provides a positive value, consequently corresponding affected phase is located. Threshold
value of the diagnostic value (D1) is empirically set to 0.09, to allow sudden load changes, large
transients and operating conditions. Mean value of the each phase current (D2) be responsible
for the information about the fault in upper/lower switches. The location of the faulty switch is
observed from the oscillation of dc link voltage (Dz). Faults in grid side converter leads to
oscillate the dc link voltage with respect to the grid frequency. On the other hand, slip frequency

oscillation in dc link voltages due to rotor side converter faults.

44151 GSC Single Switch Open switch Fault

Open switch fault is injected at 160 s and results are shown in Fig. 4.11. When fault
occurs, diagnostic variable (D1) corresponding to the affected phase increase to the positive
value of 0.21 (shown in Fig 4.11a). The other two healthy phases value are decreased to the
negative values of 0.056 and 0.14 (shown in Fig. 4.11b). Diagnostic value (D) is estimated from
the mean value of the phase current. When fault occurs, diagnostic value (D) decreases to the
negative value of 0.35 (shown in Fig. 4.11c), it is assumed that the fault occurred in the upper
switches. Further, diagnostic variable (D3) shows the variation in dc link voltage (shown in Fig.
4.11d), it is inferred that the fault occurred in the lower part of the upper switches (Sg2), since
the dc link voltage oscillation was double the grid frequency. In case of fault in lower switches,
mean value of the affected phase current (D>) results in positive value. Further, fault detection
in outer switches (Sc1, Sca) can be evaluated from diagnostic variable D2 and Ds, since the
affected phase current remains zero only for a very short duration. From the results, it is inferred
that open switch fault is detection at 0.016s after the fault occurrence when fault occurred in
GSC.
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Fig. 4.11. Diagnostic variables for GSC single open switch fault

44152 RSC Single Leg Open Fault

Fig. 4.12 shows the waveforms of the diagnostic variables for the single leg fault. The
frequency of the rotor phase current is 2 Hz. Fault is injected at 160 s, as a result, affected phase
of the diagnostic variable (D1) increases to the positive value of 0.5 (shown in Fig. 4.12a) and
other two healthy phase values are decreased and reach a negative value of about 0.21 (shown
in Fig. 4.12b). Average value of the affected phase current (D>) is continually measured as zero.
Further, dc link voltage variation (D3) as shown in Fig. 4.12c occurred two times in a cycle.
From the test results it is concluded that fault detection period in rotor side converter is quite
high since the phase current frequency is very low, typically it takes to detect 40 ms after the

fault occurrence.
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Fig. 4.12. Diagnostic variables for RSC single leg Fault

4.4.1.6 Fault Tolerant Operation of RSC Open Circuit Fault

As discussed in section 4.4, open switch fault in RSC during generation mode affected
the continuous operation of the unit. To continue the operation of the unit, fault tolerance or
converter redundancy need to be provided in the parallel converters. However, there is no full
converter redundancy/fault tolerant operation available in variable speed PSPP (DFIM) unit due
to the operational challenges.

This section presents the fault tolerant operation in parallel converter fed DFIM without
the contactors connected in series with each channels. By doing so, risk of over voltages in rotor
winding can be avoided during operations (ON/OFF) of the contactors. It is planned to stop the
PWM pulses of faulty converters (for open circuit and other faults, except short circuit fault in
awhole leg) and operate the machine with other healthy converters with reduced power delivery.
The fault detection techniques of RSC is discussed in section 4.4.1.5. On detection of fault, the

faulty converter is isolated from the converter units and then the power delivery is set to reduce
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to adaptable power generation as given by master control system based on healthy converters
unit.

In hydropower plant, reduction of power delivery from rated power to amendable power
takes about 20s to 30s. During this period, healthy rotor side converters should not carry the
current above-rated limit. In order to achieve this, during transition period (i.e. 30s), the reactive
power of the machine is adjusted through reactive power control system. In simulation, 4 units
rated of 250 MW variable speed PSPP is developed and a unit is chosen for the fault tolerant
operation. DFIM is assigned to deliver the rated power 0.96 p.u (240 MW) at 0.96 p.u rpm with
the aid of three level back-to-back with five parallel connected converter system. The power
factor of the unit is set as 0.9, stator and rotor circuits are carrying current as 0.854 p.u and 0.894
p.u, respectively. Single leg gate drive open switch fault is injected at anyone of the parallel
converter module at 160s and the fault is detected through rotor phase currents and dc link
voltage variation.

The corresponding faulty converter is isolated/inactivated from the parallel converter
system through removing pulses (i.e. modulation index as zero) by master controller as shown
in Fig. 4.13a. Subsequently, fault diagnostic control system gives the faulty signal (shown in
Fig. 4.13b) to the master control system and it inactivates the faulty converter then reduces the
power delivery to 0.76 p.u (190 MW) which is adaptable with the remaining healthy converter
current limit and the unit is in continuous operation. Transition period from rated power 1 p.u
(250 MW) to reduced power generation 0.76 p.u (190 MW) takes about 25s as shown in Fig.
4.13d.

During the period, reactive power controller adjust the reactive power consumption of
the machine as shown in Fig.4.13e, in which the healthy power converters are not carrying above
the rated limit of the current as shown in Fig. 4.13c. Stator current of the machine at time of
fault increases to 0.95 p.u and then gradually decreases to 0.67 p.u during the transition period
as shown in Fig. 4.13f. Further, reactive power consumption of the unit from the power grid
during transition period is adjusted by healthy converter units in the plant through coordinated
control system. From the simulation results, it is inferred that the current in stator winding and
rotor currents in healthy power converter are below the rated value and it is harmless for the

continuous operation of the unit.
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A typical 250MW DFIM unit is operated in between 206 rpm (shaft power of 116.4 MW)
and 250 rpm (shaft power of 280 MW) for the consideration of available speed variation. The
rated current of the each power converter is 2400 A and the required rotor current during the
partial operation of 190 MW is about 8345A. Therefore, four power converters are enough to
handle the required current during this partial generation. Hence, when open circuit fault in a
power converter during rated generation occurs then the faulty converter is inactivated by

removing gate pulses and the machine is in continuous mode with reduced power delivery.
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Fig. 4.14. Power generation of 190 MW at various water heads

The amount of power generation with respect to the variation in head (Shown in
Fig. 4.14). It shows that the proposed fault tolerant operation in open circuit fault provides
considerable amount of power generation through four parallel connected healthy converters. In
addition, the incorporation of fault tolerant operation in power converter open circuit fault
improves operational state of the power converter to 98.04%. It shows that the proposed fault
tolerance during single leg/single device brings additional generation of 1.93 % electrical energy
compared to the DFIM without power redundancy operation.
4.4.2 Experimental Validation (2.2 kW DFIM)
4421 Power Converter Failure in All Channels (Five Converters)
44211 RSC Single Leg Open Circuit Fault

DFIM is made to deliver 0.91 p.u (2 kW) power to grid at 0.9 p.u (1350 rpm) speed.
Single leg open circuit fault at RSC is injected at 160 s and results are shown in Fig. 4.15. the

magnitude of rotor current in healthy legs reach to 2.75 p.u (Fig 4.15a) and stator phase currents
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Fig. 4.15. RSC single leg open circuit fault (2.2 kW DFIM) at generation
reach to 4 p.u (Fig. 4.15b). Both current transients are repeatedly occurring two times per interval

more than single device open circuit fault. Reactive power and speed of the machine is
significantly affected and results to stopping of the unit.
4422 Power Converter Failure in Single Converter
44221 RSC Single Leg Open Circuit Fault

Single leg open switch fault is injected at 80s at any one of the converter and results are
shown in Fig. 4.16. During the fault, one of the phase currents in the faulty converter is omitted
(shown in Fig. 4.16a) and same phase current in other healthy converter (shown in Fig. 4.16b)
increases to two times than its regular value. Further, dc link voltage of the both converters are
disturbed (shown in Fig. 4.16¢) and speed of the unit is continually constant (shown in Fig.
4.16d) as set by control system. From the experimental results, it is seen that rise in rotor current
is similar to simulation results.
4423 Fault Tolerant Operation of RSC Open Circuit Fault

For fault tolerant operation, the machine is made to deliver 0.91 (2 kW) power to grid at
0.9 p.u (1350 rpm) speed through RSC/GSC control system. Single leg open switch fault is
injected in any one of the converters at 80s. Fig. 4.17, shows the experimental results of the fault
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Fig. 4.16. RSC single leg open circuit fault (2.2 kw DFIM) at generation

diagnostic method, where rotor current (machine side) is rotating at slip frequency of 5 Hz.
Under normal conditions, diagnostic variables are equals to zero value. When a single leg fault
is introduced in one of the multi-channel machine side VSI at 80s, diagnostic variables are
increases to show the value similar to the simulation results. Considering the threshold value,
fault is detected at 80.04 s, i.e. 0.04 s after the fault occurrence. Once the fault is detected and it
sends the faulty signal to the real time controller as shown in Fig. 4.18b, faulty MSC is isolated
from the system at 80.04s (shown in Fig. 4.18a). It is noted that the acceptable power delivery
through only one converter is 0.35 p.u (0.77 kW) for a 2.2 kW DFIM. Therefore, power delivery
of the machine is reduced to 0.35 p.u (shown in Fig. 4.18d) through controller and it takes about

= 0.6 0.12

2 z; Fault Occurence L g'gg 0 | :

§ 0 > = 0 '

" o0 ™

B 012 o

L ) 79.9 79.95 80 80.05 80.1
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Fig. 4.17. Experimental results of fault diagnosis in RSC single leg fault
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6s to reach the set value. During the transition period, reactive power controller increases
reactive power consumption (shown in Fig. 4.18e) of the machine (0.45 p.u) to control the rotor
current as shown in Fig. 4.18c. Stator current of the machine increases to 1 p.u (shown in
Fig. 4.18f) at initial transition period due to reactive power consumption and it gradually reduces
based on the reduced power delivery.
45  Conclusion of the Chapter

The dynamic performance of a 250MW DFIM of PSPP operating in generation mode
has presented in this chapter. The power and control circuits were subjected to different faults
during the operation and the output results were analyzed comprehensively. At each fault case,
the survivability of the machine drive was tested. It can be seen from the test results that the
drive survived during RSC single device/leg open circuit faults at super synchronous generation
mode, but not in sub-synchronous mode. The drive survived during all kind of single current
sensor faults, gain fault in reactive power signals at both sub and super synchronous speeds. It
is noted that a 1000MW plant shall have financial losses up to $25,817,835/year/plant due non
availability of full redundancy in power and control circuits of Converter. In addition, fault
tolerant operation during single converter open circuit fault is proposed and it provides

additional generation of 1.93 % electrical energy compared to without fault tolerant operation.
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Chapter V
Dynamic Performance of Pumping Mode of a Large Variable Speed PSPP

[This chapter discusses the expected benefits of pumping mode of DFIM based variable speed
PSPP in comparison with the synchronous machine based fixed speed PSPP in accordance with
the head variation from 130 m to 230 m. In addition, dynamic behavior of a large rated DFIM
hydrogenerating unit operating in pumping mode subjected to power converter and control
circuit faults are discussed. Survivability status of DFIM operating in pumping mode during
excitation faults is also assessed. Also, it discusses the fault tolerant operation of
hydrogenerating unit during single converter open circuit fault.]

5.1 Variable Speed Pumping Unit

Hydrogenerating units are designed to operate at maximum efficiency with the
considerations of water head, turbine speed and water discharge. The efficiency of pump turbine
varies according to the water head and volume of water pumped back to the upper reservoir
(dam) from the lower one. Further, the speed of the turbine is a function of water head. Variable
vane settings is used for partial pumping mode at fixed speed PSPP. The efficiency of the
synchronous unit with variable vane setting is reduced due to: (i) changing water head level in
dam over the year, (ii) varying surplus power availability in grid. The efficiency of the
synchronous unit with variable vane setting is shown in Fig. 5.2. It shows that the efficiency of
the unit is varying when water head and surplus power available in grid changes. Therefore, the
speed of the turbine is adjusted to get maximum efficiency for an available water head, called
as variable speed PSPP.
A typical 250 MW DFIM unit (Tehri PSPP, India) is considered to evaluate the effects of fixed
and variable speed operation for a site with wide water head variation. The rated head and turbine
speed are chosen as 188m and 230.77rpm, respectively. Nevertheless, gross water head may
vary over the year between 130m and 230m, shown in Fig. 5.3a. In pumping mode, the
requirement of input power of the machine depends on water head. i.e., availability of minimum
water head level in dam requires less input power for the rated discharge. Reversible Francis
turbine hill curves [shown in Appendix] have been used for estimating the turbine efficiency at

fixed and variable speed operation. Subsequently, water pumped back to the dam for the various
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Fig. 5.1. Hydrological and electrical depiction of a 250 MW DFIM variable speed hydrogenerating unit —
pumping Mode
(This figure is reproduced from chapter 3 for ease reference)

head level is calculated and is graphically presented in Fig. 5.3b. From the graph, it can be

inferred that maximum water discharge variation between variable and fixed speed operation

(109 - 89 = 20 m%/s at the water head level of 134m in June) is obtained at minimum water head
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Fig. 5.2 Pump turbine efficiency at variable vane settings of fixed speed PSPP
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Fig. 5.3. Comparison of a typical fixed speed and variable speed PSPP schemes

level (i.e. efficiency of variable speed operation is much higher than fixed speed at minimum
water head). For the analysis of whole year, variable speed mode brings additionally 336 MCM
(Million Cubic Meter) of water pumped back to the dam from the lower reservoir which leads
to an additional storage of 7.87 % electrical energy than the fixed speed of operation, shown in
Fig. 5.3c.
5.2 = Speed and Reactive Power Control of DFIM

Voltage source back-to-back power converters are connected in rotor circuit of the machine
is responsible for controlling speed and reactive power of the machine. Grid voltage oriented
vector control is employed in grid side converter (GSC) to ensure the decoupled control of dc
link voltage and unity power factor at grid side (rotor). Stator flux oriented vector control is
implemented in RSC to ensure the decoupled control of speed and stator reactive power of the
DFIM. For this dynamic control, three grid voltage sensors, three grid current sensors, dc link
voltage sensor, encoder, three rotor current sensors are used. Detailed d-q modelling and control

equations of DFIM are explained in chapter 2. However, essential equations are considered here
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for a clear understanding of fault analysis. Control systems used for real, and reactive power

control of DFIM is shown in Fig. 5.4.
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Fig. 5.4. Vector control of DFIM with parallel converters at pumping mode

5.2.1 Grid Voltage Oriented Vector Control

In grid side system, a synchronous rotating reference frame with angular speed * o, ’is

chosen during conversion of three phase quantities into rotating two phase quantity. In grid

voltage oriented control: (i) angular speed of «_is chosen as angular speed of the grid voltage

w, , (i) d-axis rotating frame is aligning with grid voltage space vector. Hence,

—a

: V=0 : w, = w, (5.1)

—a

\

g

—a

Vi

g:
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Active ( Pg) and reactive power (Qg) are calculated as

I—>a . B 3—>a
dg J g__E g

5.2.2 Stator Flux Oriented Vector Control

p =3\
2

9 w (5:2)

9

With the stator flux orientation, decoupled control between electro-magnetic torque and

stator reactive power control is achieved [13] - [15]. In stator flux oriented vector control, d-axis

stator flux is aligning with stator flux space vector,;j in synchronously rotating reference frame.

—a —a

Vs = Vs ; l//qs =0 ; l,l_/)S ==, |_:ns (53)
The expression of electro-magnetic torque and reactive power equations can be derived as
—a
=l 2
Tem :_E prr:;sslqr (54)
4)32
3 V —a | —a
2 Y vy (5.5)
Q=7 r; [N

Allowable speed variation of the machine depends on voltage rating of power converter
connected in rotor circuit of the machine (slip voltage). Vector control of 250 MW DFIM
(parameters are given in Chapter 1) is simulated in MATLAB/Simulink environment. Power
transfer of the machine during starting, pumping mode at super and sub synchronous speeds are
shown in Fig. 5.5. Electrical quantities noted in figures are obtained through Simulation tests.
From the tests, it is observed that, (i) real power consumption in both stator and rotor circuits is
based on speed reference, (ii) slip power of the machine is delivered to the grid in case of sub

synchronous speed, (iii) rotor voltage and frequency of rotor current are adjusted in accordance

DFIM DFIM
250 MW 1575 kV 15.3 MVAR 20 MW 1575 kv
. i 15,3 MVAR i
9575 A i Grid 8475 A <L ‘Grld
260 MW 273.5 MW 230 MW 215.8 MW

1145V Excitation 1355V Excitation

9410 A <€— Transformer l 8610 —> Transformer

13.5MW |~ 142 MW |~

-« s o Y
Power Converters Power Converters
(a) super synchronous speed (240 rpm) (b) subsynchronous speed (220 rpm)

Fig. 5.5 Power flow diagram of 250 MW DFIM at part load operation
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with the machine speed and power factor, (iv) net active power taken from the grid is less in sub
synchronous mode.

Rotor voltage of the machine depends on slip speed of the machine. However, rotor current
highly varies with respect to load and power factor of the machine. In a typical 250MW DFIM,
it is observed that, (i) rotor voltage varies about 50 volts from no load to full load, (ii) rotor
current changes from 4200A to 10500A between no-load and full load, respectively.

5.3  Results and Discussions

The performance bounds of the 250MW DFIM drive during pumping mode is considered
as follows: (i) allowable reactive power variation is £ 0.05 p.u, (ii) allowable speed variation is
+ 0.03 p.u, (iii) de link voltage variation is = 0.1 p.u, (iv) rotor side grid current variation up to
0.05 p.u, (Vv) stator current variation up to 0.05 p.u, (vi) machine rotor current variation up to
0.05 p.u, (vii) controller settling time is less than 250ms. In simulation, machine is instructed
to operate at 1.04 p.u (240rpm) speed and shaft power is considered as 260MW. Further, power
factor of the machine is set as 0.95 through reactive power control system. From the tests, it is
observed that: (i) magnitude of line current in stator winding is 9575A (0.85 p.u), (ii) voltage
(P-P) applied to rotor winding by rotor side converter is 1145V (0.35 p.u), (iii) line current in
rotor winding is 9410A (0.81 p.u), (iv) reactive power consumption of the machine is 15MVAr
(0.05 p.u), (v) frequency of rotor current is 2Hz.
5.3.1 Simulation Results (250 MW DFIM)
5811 Power Converter Failure in a Single Converter
53.1.1.1 GSC Single Switch Open Circuit Fault

Single switch gate drive open circuit fault (upper switch) is injected in one of the parallel
connected GSC at 160s and results are given in Fig. 5.6. During the fault, phase current
corresponding to the faulty leg is distorted in upper half cycle and negative half cycle is omitted,
results in variation in phase and magnitude of other two phase currents (shown in Fig. 5.6a).
However, current flowing through the other healthy converters are not affected as shown in Fig.
5.6b. From the test results, it is inferred that: (i) dc link voltage marginally fluctuated in the
faulty converter as shown in Fig. 5.6¢ (oscillation in the rate of grid frequency), (ii) variation in
capacitor dc link voltages, faulty switch connected to the dc link capacitor voltage (Vd1) gets
marginally reduced and other dc link capacitor voltage (\Vd2) increases to regulate the dc link

voltage, (iii) Fluctuation in power factor at grid side (rotor) due to the variation in reactive power
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Fig. 5.6. GSC upper single switch OCF (250 MW DFIM ) at pumping

consumption. (iv) speed of the machine is constant as set by machine side control system. In
case of open circuit fault in lower switch, results are similar to the upper switch fault. However,
it is observed that (i) Faulty leg phase current is disturbed in lower half cycle and omitted in
upper half cycle, (ii) variation in capacitor dc link voltages are reversed when compared to upper
switches short circuit fault. When GSC is acting as rectifier, rotor current profile is similar in
starting, generation, pumping and condenser mode of operation.
53.1.12 RSC Single Leg Open Circuit Fault

Single leg gate signal open switch fault is injected in one of the parallel connected RSC

at 160s and results are given in Fig. 5.7. During the fault, the rotor current in one of the phase

132 |Page



of faulty converter goes to zero (Fig. 5.7a) whereas the other two phases are carrying as equal

currents. However, the same phase current in other parallel converters increases by 1.286 times

of the regular value (Fig. 5.7b) to maintain required rotor phase current. It is seen from the test

results that: (i) during the fault the healthy power converters are overloaded and this results in

stopping of the unit, (ii) speed of the machine is maintained at desired level through RSC control

system, (iii) dc link voltage of the faulty and healthy converters are fluctuated as shown in Fig.

5.7c and Fig. 5.7d, respectively. Likewise, all open and short circuit faults in converters were

done and survivability status of the DFIM unit operating in pumping mode for the said faults are

reported in Table 5.2.
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Power Converter Failure in All Channels (Five Converters)

Open and short circuit failures in all grid side converters are similar to the faults in any

one of the parallel connected grid side converters. Nonetheless, variation in dc link voltage and
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power factor (rotor side) is higher as compared to faults occur in only one converters. But, faults
in rotor side converters are different from the single converter fault and it is discussed here.
53121 RSC Single Switch Open Circuit Fault

The fault is injected at 365s and results are shown in Fig. 5.8. When fault occurs, one of
the rotor phase currents is discontinuous and other two phases are carrying currents which are
altered during discontinuous period of faulty phase current as shown in Fig. 5.8a. Change in
rotor currents affect stator currents and consequently speed, real and reactive power
consumption of the machine is troubled. During fault, magnitude of stator and rotor phase
transient currents reach to 5.05 p.u (shown in Fig. 5.8b) and 4.1 p.u (shown in Fig. 5.8a)
respectively. From the test results, it is observed that: (i) healthy phase rotor currents are
deviations in phase and produce transients at meeting point of these two phase currents, (i) both
stator and rotor currents reach to above the rated value, (iii) fluctuation in speed of the machine,
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Fig. 5.8. RSC single switch OCF (250 MW DFIM ) at pumping
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(iv) instability in real and reactive power consumption of the machine, (v) RSC control system
is out of action.
53.1.2.2 RSC Single Leg Open Circuit Fault

Single leg gate drive open circuit fault is injected in RSC at 365s and results are shown
in Fig. 5.9. When fault occurs, one of the rotor phase current goes to zero (Fig. 5.9a) and the
conduction mode is equivalent to the single phase converter with other two healthy legs. During
fault, magnitude of both stator and rotor currents reach to the high value as similar to fault in
single device fault. However, rotor currents transient repeatedly occurs two times per interval
more than single device fault, consequently stator current (shown in Fig. 5.9b), speed, real power

and reactive power of the machine are affected. From the test results, it is observed that the
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results are similar to single device fault except the number of times of transients at specific time
period.
53.1.3 Control Circuit (Sensor) Failure
53.13.1 Encoder Omission Fault

Encoder omission fault is injected at 365s in all converters and the results are shown in
Fig. 5.10. When fault occurs, speed controller reads input as zero and increases proportional
gain of the speed controller which increase the g-axis rotor current, frequency of rotor current
increases as shown in Fig. 5.10a. Consequently, machine speed increases (shown in Fig. 5.10f)
until the speed gets saturated. From the test results, it is summarized as: (i) speed of the machine
increases until the g-axis rotor current (Iqr) gets saturated, (ii) increase in ldg (direct axis current

- grid) to maintain the dc link voltage, (iii) reactive power delivery during encoder fault is
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Fig. 5.10. Encoder omission fault (250 MW DFIM ) at pumping
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53.1.4 Economic Analysis on Power and Control Circuit Faults

Consider a plant (TEHRI PSPP) having 4 units with each unit rated at 250MW. The
average pumping period is considered as 6 hours/day. The probability of operational state of a
back-to-back power converter without redundancy per year is 96.10%. Therefore, the
unavailability of the back-to-back power converter per year is 85.4 hours/year. The average
surplus power availability to each unit is estimated as 195 MW over the year considering water
head and efficiency and it is estimated that the energy storage loss is about 16.653 MU/year/unit
due to the inadequate power and control redundancy. Further, considering four units in a plant,
the estimated energy storage losses of the plant will be 66.61 MU/year. The selling and purchase
price of a unit of energy (kWh) are considered in hydropower plant in Indiaas $0.11 and $ 0.05,
respectively. Hence, per unit cost of stored electrical energy is $ 0.06. Therefore, it is noted that
about $999,180/year/unit ($0.06 per kWh) financial losses are estimated due to the inadequate
redundancy “in power and control circuits. The cost of extra converter module is about
$4,445,705/- which is retrieved within 4 years and 6 months, if redundancy is designed. The
effect of variation in selling and purchasing prices in payback period is shown in Fig. 5.11. In
addition, employing redundant converter in a unit is also beneficial in generating mode of

operation.
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Fig. 5.11 Payback period in redundancy converter

53.15 Fault Tolerant Operation of RSC Open Switch Fault

A typical 250MW DFIM unit is operated at pumping mode in between 206 rpm (shaft
power of 168 MW) and 250 rpm (shaft power of 280 MW) for the consideration of available
speed variation. The rated current of the each power converter is 2400 A. During open circuit

fault in a converter, the corresponding converter unit is isolated/inactivated from the parallel
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converter system and remaining four units are in continuous operation. However, power
handling of the unit with the aid of four converter is limited to 168 MW. Therefore, shaft power
of the unit is fixed at 168 MW during fault tolerant operation.

Open circuit faults in power converter are diagnosed with the help of rotor side currents
and dc link voltage variation as well discussed in chapter 4. Further, the similar methodology is
used for isolating the faulty converter and fault tolerant operation, i.e. faulty converter is
inactivated by removing gate pulses and the machine is in continuous mode with reduced power
delivery. Fig. 5.12b shows the amount of water discharge from lower to upper reservoir at fixed
input power (168 MW) considering variable water heads (shown in Fig. 5.12a). It shows that the
proposed fault tolerant operation in open circuit fault provides considerable amount of water
pumped back to the upper reservoir through four parallel connected healthy converters. It
provides an additional storage of 2.49% electrical energy compared to the operation of DFIM

without power redundancy operation. Table 5.2 shows the outcomes of the fault tolerant

operation.
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Fig. 5.12. Fault tolerant operation of a 250 MW DFIM variable speed PSPP
5.3.2 Experimental Validation (2.2 kW DFIM)

Machine is instructed to operate at super synchronous speed of 1.1 p.u (1650 rpm) and

shaft power is considered as 0.81 p.u (1800 W). Further, reactive power consumption is
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considered as 0.05 p.u (110 VAR). The various faults are injected at pumping mode operation
and discussions are given below.
5321 RSC Single Switch Drive Open Circuit Fault in All Converters

The fault is injected at 190 s and results are shown in Fig. 5.13. the magnitude of rotor
current in healthy legs reach to 2.5 p.u (Fig 5.13a) and stator phase currents reach to 3.2 p.u (Fig.

5.13b). The speed and reactive power of the machine is considerably affected.

3

L[cnlth\' Pcriod Fﬂlllh" Pcriod 4 uea“hy Period Faulty Period
-2 o N
- = 2
=
i 3
=

£ 0 £ o il
&) e |
5 -1 5 \
2 -2
[ ) @ 4

3 -4

189.6 189.8 190 190.2  190.4 189.6 189.8 190 190.2 1904

Time (sec) Time (scc)
(a) Rotor Current - Machine Side (b) Stator Current

1.03 1.11
- Healthy Period Faulty Period Healthy Period Faulty Period
510 1.105 . ‘ >
;“: 1.01 T 11 W‘
8 )
S 2 = 1.095
= €
-
£ 0.99 & 1.09
& 008 1.085

0.97 1.08

189.6 189.8 190 190.2 1904 189.6 189.8 190 190.2  190.4
Time (sec) Time (sec)
(c) DC Link Voltage (d) Speed
Fig. 5.13. RSC single switch open circuit fault (2.2 kW DFIM) at pumping

5322 RSC Single Leg Open Circuit Fault in All Converters

The fault is injected at 190 s and results are shown in Fig. 5.14. The magnitude of rotor
current in healthy legs reach to 2.75 p.u (Fig 5.14a) and stator phase currents reach to 4 p.u (Fig.
5.14b). Both current transients are repeatedly occurring two times per interval more than single
device open circuit fault and speed of the machine is significantly affected. When comparing
with simulation (250MW) results, rise/transients in current at stator and rotor circuits and speed
are nearly similar to experimental machine. Further, survivability of the machine during open

circuit power converter fault and control circuit fault is identified and is similar to the simulation

141 |Page



results. Short circuit faults are excluded during experimentation for the safety to the

experimental set-up.
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Fig. 5.14. RSC single leg open circuit fault (2.2 kW DFIM) at pumping
5323 Encoder Omission Fault

The fault is injected at 160s and results are shown in Fig. 5.15. At encoder omission

fault, frequency of the rotor current is gradually increased from 5Hz and saturates at 6.66 Hz

(shown in

Current in p.u

Fig. 5.15a) as set by the control system. The speed of the machine gradually increases
2
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Fig. 5.15. Encoder omission fault (2.2 kw DFIM) at pumping
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from 1.1 p.u to 1.1325 p.u (shown in Fig.5.15b) and consumes power from the grid. Further,
rotor voltage increases to 1.35 times of regular value.
5.4  Conclusion of the Chapter

This chapter has presented the dynamic performance of a 250MW hydrogenerating unit
during pumping mode. Faults in power and control circuits were injected during the operation
and the results were analyzed comprehensively. Survivability of machine drive was tested at
each fault case. From the test results, it was observed that the drive survived during RSC single
device/leg gate drive open circuit faults at sub-synchronous pumping mode, but not in super-
synchronous mode. The drive survived during all kind of single current sensor faults, gain fault
in reactive power signals at both sub and super synchronous speeds. In addition, a 1000MW
plant shall undergo 66.61 MU/year energy storage losses due to inadequate redundancy in power
and control circuits. Further, fault tolerant operation with reduced power delivery during
converter open circuit fault brings additional storage of 2.49% electrical energy compared to the

operation of DFIM without power redundancy operation.
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Chapter VI

Dynamic Performance of Condenser Mode of a Large Variable Speed PSPP

[This chapter presents the dynamic behavior of DFIM at variable speed condenser mode under
normal and abnormal (faults in power and control circuit) operating conditions and persevere
ability of the machine is also analyzed. Further, it present the condenser operation of variable
speed doubly fed induction machine]

6.1 Introduction
Power factor of the grid system tends to drop when it is highly loaded. The solution to

this problem requires the use of capacitive elements as a load to compensate for the power factor
drop. Since the use of large capacitor banks is uneconomical, an alternative solution is to run the
generator itself as a capacitive load by running it as a motor at no load condition, called as
condenser mode of operation[195] - [198]. Hydro power plants are typically used in condenser
mode of operation as compared to other power plants due to flexibility in its operation. In India,
the electricity authority i.e. Central Electricity Authority, has made it mandatory to have
condenser operation in 50 MW and above rated fixed speed hydro power plants [132]. Doubly
fed induction machine (DFIM) is capable to operate as a condenser by varying flux in rotor
windings through variable rotor voltage [199], [200]. However, DFIM is not made to operate at
synchronous speed due to the challenges in machine stability and unequal power losses in rotor
side power converters. Reactive power delivery is controlled by rotor side power converter
(RSC) employing stator flux oriented vector control resulting in high dynamic performance of
the DFIM.
6.2 DFIM Operation as Condenser Mode

The reliability and flexibility of pumped-hydropower condenser mode is exceptional. The
time required during the transition of generation/pumping to condenser mode in a large rated
DFIM unit plays an important role in power grid stable operation. Hydraulic diagram with the
electrical circuit of a 250 MW variable speed hydro generating unit is given in chapter I11 of this
paper (shown in Fig. 3.1). A flowchart indicating the transition of generation to condenser mode
with timing diagram is shown in Fig.6.1. Water conductor system has three locations where

valves/gate are located. At the intake, the gate is provided followed by a butterfly valve at
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(a) Flowchart for transition of generation to condenser
mode sequences
Fig.6.1 Transition of generation to condenser mode of a 250 MW DFIM unit

penstock. Right at the entry of spiral casing main inlet valve (MI1V) is provided. All control and
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(b) Timing diagram during mode changeovers

protection related sequences make use of MIV. Other valves are used to facilitate maintenance

activities of water conductor system. From figures, it is inferred that the total time required to

change over from generation to condenser mode is about 15 minutes for.a 250 MW DFIM unit.

In DFIM the Stator circuit is directly connected to grid whereas the rotor which has three

phase cylindrical winding is also connected to grid through power converter and excitation

transformer. Controlling rotor supply via power converter of the machine results in adjusting the

speed and reactive power delivery of the machine [201]. Analytical equations for real ( P, ) and

reactive power (Q, ) delivery are given below,

V, VgVg .
PS=32—52R5+3 SR sin(6 -a)

z

(6.1)
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Fig. 6.2 Reactive power transfer between grid and DFIM Vs Rotor Voltage (2.2 kW DFIM)

VsVr

- cos(d—a) ; g= %08 (6.2)

V,
Qs=3z—§><s—3

From Egn.6.2, it is seen that stator reactive power depends on rotor side voltage. Increase in
rotor voltage provides the negative value of the reactive power, which means the machine is
supplying reactive power to the grid (called as condenser). Also, a decrease in rotor voltage
results in positive reactive power, i.e. the machine is absorbing reactive power from the grid.

Equations for stator current, rotor current and flux during condenser mode are given as below:

Qs ref . ?sTe(no—load) . YA
STy W : pe =12 (6.3)
S p S Ws
Vs 1 D L oToeas L
1 . , .
w; Ly N, Ly 3pV L, (6 4)
w :V_s i_ Qs_ref olLL, o DT ho_toad O LsLy
"owg L, L 3pV. L,
V.
|S+|r=—si (6.5)
ws Ly,

Eqgns. between 6.3 and 6.5, implies that, (i) magnetization current is provided by only rotor

circuit when Q,  is zero, (ii) When,Q, . = 1 *— magnetization current is provided by only
B 1 ()

S~S

stator circuit, and (iii) During condenser mode, amplitude of rotor flux linkage should be higher
than stator flux linkage and hence maximum magnetization current is shared by rotor current.
Maximum reactive power support to the the grid during condenser mode depends on

capability curve of the specific machine. In practice, hydrogenerating unit is operated at
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Fig: 6.3. Power flow diagram of 250 MW DFIM delivering 0.7 p.u reactive power to grid

maximum of 0.8 p.u MVAR rating. Power transfer of a 250 MW DFIM (parameters given in
Chapter 1) operating at 0.7 p.u reactive power delivery to grid at different speeds are shown in
Fig.6.3 as per MATLAB/ Simulink simulation. It is seen from the tests that real power
consumption in stator side intended for respective reactive power support for different speeds
are similar. However, real power transfer through rotor side changes with respect to the speed
of the machine. In case of sub synchronous speed, the slip power through rotor is delivered to
the grid. The voltage and frequency of rotor current are adjusted in accordance with the machine
speed and the amount of reactive power delivery. The net active power consumed from the grid
during condenser mode, is lesser in sub synchronous speed.

Vector control of 306 MVVA DFIM is simulated in MATLAB/ Simulink environment. The
DFIM is operated speed of 234 rpm near to synchronous speed, results are shown in Fig.6.4.
Results show that the increase in rotor current (d-axis current) results in increase in d-axis

component of stator current and consequently reactive power delivered to the grid.
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Fig.6.4. Reactive power delivery of a 250 MW DFIM (a) Rotor current (b) Stator current
(c) Reactive power

6.3  Results and Discussions
DFIM is simulated to provide 0.6 p.u reactive power support to the grid at

supersynchronous speed of operation (1.04 p.u). From the simulation results it is seen that: (i)
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line current in stator winding is 7256A (0.645 p.u), (ii) phase to phase voltage applied to rotor
winding by rotor side converter is 1385V (0.42 p.u), (iii) rotor winding line current is 10300A
(0.891 p.u), (iv) frequency of rotor current at machine side is 2 Hz. Waveforms for selected
faults are given with discussion and survivability of drive under each fault is summarized in
Table 6.1.
6.3.1 Simulation Results (250 MW DFIM)
6.3.1.1 Power Converter Failure in a Single Converter
6.3.1.1.1 GSC Single Switch Open Circuit Fault

Single switch gate drive open circuit fault (upper switch) is injected in one of the parallel
connected GSC at 410s and results are given in Fig. 6.5. During the fault, rotor current and dc
link profiles are fluctuated as similar to the other modes of operation. However, magnitude of

rotor current and dc link voltage variation is marginally varied as compare to other modes. From
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Fig. 6.5. GSC upper single switch OCF (250 MW DFIM ) at condenser
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the results it is inferred that the reactive power delivery from the machine is not affected during
the open circuit fault in grid side converters.
6.3.1.1.2 RSC Single Leg Open Circuit Fault

Single leg gate signal open switch fault is injected in one of the parallel connected RSC
at 410s and results are given in Fig. 6.6. During the fault, the rotor current in one of the phase
of faulty converter goes to zero (Fig. 6.6a) whereas the other two phases are carrying as equal
currents. However, the same phase current in other parallel converters increases by 1.286 times
of the regular value (Fig. 6.6b) to maintain required rotor phase current as like as other modes
of operation. It is seen from the test results that the reactive power delivery (shown in

Fig. 6.6e) from the machine is not affected as it is controlled by master control system.
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Fig. 6.6. RSC single leg OCF (250 MW DFIM ) at condenser
6.3.1.2 Power Converter Failure in All Channel (Five Converter)

Open and short circuit failures in all grid side converters are similar to the faults in any

one of the parallel connected grid side converters. Nonetheless, variation in dc link voltage and
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power factor (rotor side) is higher as compared to faults occur in only one converters. But, faults
in rotor side converters are different form the single converter fault and it is discussed here.
6.3.1.2.1 RSC Single Switch Open Circuit Fault

The fault is undergone at 410 s and results are shown in Fig.6.7. During fault, negative
half cycle of the single phase rotor current is omitted and other two phases are carrying the
current. However, the stator current gets disturbed (reach about 3.2 p.u transient current) due to
compensating the half cycle rotor current results to disturbance in the rotor current.
Consequently, fluctuation is followed in speed of the machine results to disturbance in the real
power consumption. Also, d-axis rotor current (Idr) is distorted results in disturbance to the
reactive power (grid- stator side) support to the grid. In observation, both grid voltage oriented

controllers and stator flux oriented controllers were disturbed. In general, single switch open
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Fig. 6.7. RSC single switch OCF (250 MW DFIM ) at condenser
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circuit fault in RSC is affecting the regular operation of the machine, also it leads to further

faults in the power converter switches.

6.3.1.2.2

RSC Single Leg Open Circuit Fault

Single leg open circuit fault in RSC is undergone at 410s and results are shown in Fig.

6.8. During the fault, one of the phases connected to machine is carrying zero current, other two

phases carrying current as higher than acceptable limit. Also the stator current is disturbed (reach

about 3 p.u transient current) due to compensating the single phase current in the rotor results to

more fluctuation in speed of the machine and rotor current (shown in Fig. 6.8a). Further,

transients in rotor current is affects the dc link voltage and results to more fluctuation. In

3
5 5 Healthy Period Faulty Periogl
Qo >
}E’ 1 All A
W99,
O
§ ‘l \lv v
€ 2 ! !
-3
409 409.5 410 410.5 411
Time (sec)

(a) Rotor Current (Machine side)

i

& !

= Healthy Period Fau‘ Pergod

s 2

% 0 V .'A VAV VA

o

3 -2

o

-4
409 409.5 410 410.5 411
Time (sec)
(c) Real Power - DFIM
S 1.02 -
2 Healthy Period Faulty Period
o 1.01
S
o 1
>
< 0.99
-
© 0.98
&)
409 409.5 410 410.5 411
Time (sec)

(e) DC Link Voltage
Fig. 6.8. RSC single leg OCF (250 MW DFIM ) at condenser

(

Healthy

Period

o B N W

]
[N

Stator Current (p.u)

Faull Period

)

'
w

409

409.5

410
Time (sec)

(b )Stator Current

410.5

411

s Healthy Period Faulty Period
g1 R
S
<5}
g
c 0 U
(<]
1=
I3
s -1
04
409 409.5 410 410.5 411
Time (sec)
(d) Reactive Power - DFIM
1.08
Healthy Period Faulty Period
1.06 >
El
K= 1.04 N\ ™\
g - \J/ V \
<3
91,02
1
409 409.5 410 410.5 411
Time (sec)
(f) Speed

152 | Page



observation, real power consumption and reactive power support to the grid gets disturbed. Also
both grid voltage oriented and stator flux oriented controllers get distorted and out of control.
6.3.1.3 Control Circuit (Sensor) Failure
6.3.1.3.1 Reactive Power Signal Gain Fault

The reactive power signal gain fault is injected at 410s and the results are shown in Fig.
6.9. When the fault occurs, reactive power controller reads input as higher than the set value and
decreases the proportional gain of the reactive power controller which decreases the d-axis rotor
current, consequently, the reactive power delivery of the machine decreases (shown in Fig. 6.9d)
until the set value is reached. It can be summarized from the test results that: (i) reactive power

delivery of the machine decreases until the d-axis rotor current (Idr) reaches the set value, (ii)
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decrease in Idg (direct axis current - grid) to maintain the dc link voltage, (iii) speed and real

hanged.
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6.3.1.4

Fault Tolerant Operation of RSC Open Switch Fault for a 250 MW DFIM

The maximum reactive power support to the grid is estimated as 214 MVVAR considering

rotor current and unit capability for a 306 MVA unit. The average reactive power support to the

grid is considered as 2 hours/day. Open circuit fault in RSC during condenser mode affects the

continuous operation of the unit. To continue the operation of the unit, fault tolerant or converter

redundancy needs to be provided in the parallel converters. This section discusses a fault tolerant

operation in condenser mode due to single converter open circuit fault. The technique applied is

similar to the fault tolerant operation in generator/pumping mode modes.

It is planned to remove the PWM pulses to faulty converters (during open circuit and other

faults except for short ci

converter with reduced

Currentin p.u

Currentin p.u

Power in MVAR

Current in p.u

rcuit fault in a whole leg) and operate the machine with other healthy

reactive power support to the grid. DFIM is assigned to deliver the
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Fig 6.10. Fault tolerant operation of converter open circuit fault at condenser mode (a) Rotor
current — faulty converter, (b) Rotor current —healthy converter, (c) ) Stator current, (d) Reactive

power
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reactive power to the grid as 0.7 p.u (214 MVAR) at 1.014 p.u rpm (234 rpm) with the aid of
three level back-to-back five parallel converter system. The stator and rotor circuits are carrying
current as 0.755 p.u and 0.92 p.u respectively. Single leg gate drive open circuit fault is injected
at any one of the parallel converter module at 410s and the fault is detected through rotor currents
and dc link voltage variation as discussed in chapter IV. The corresponding faulty converter is
isolated/inactivated from the parallel converter system through removing pulses (i.e. modulation
index as zero) by the master controller as shown in Fig.6.10a. Subsequently, the master
controller reduces the power delivery to 0.57 p.u (175 MVAR) which is adaptable with the
remaining healthy converter current limit and the unit is in continuous operation. Stator current
of the machine decreases to 0.615 p.u during the fault tolerant operation as shown in Fig. 6.10c.
From the simulation results, it is inferred that the current in stator winding and rotor currents in
healthy power converter are below the rated value and it is harmless for the continuous operation

of the unit.
6.3.2 Experimental Validation (2.2 kW DFIM)

During the laboratory experiment, a 2.2 kW DFIM is operated to deliver 0.5 p.u (1100
kVar) of the reactive power to the grid at the speed of 1.04 p.u rpm (1560 rpm). Further, it
consumes about 0.14 p.u (300 W) real power during the operation.

6.3.2.1 RSC Single Switch Drive Open Circuit Fault in All Converters
The fault is injected at 180 s and results are shown in Fig. 6.11. the magnitude of rotor
current in healthy legs reach to 1.3 p.u (Fig 6.11a) and stator phase currents reach to 2.2 p.u (Fig.

6.11b). From the test results it is observed that the reactive power support to the grid and real
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Fig. 6.11. RSC single switch open circuit fault (2.2 kW DFIM) at condenser

power is fluctuated as shown in fig. 6.11e and fig.6.11f. Further, speed of the machine and dc
link voltage of the back-to-back power converter is considerably affected.
6.3.2.2 RSC Single Leg Open Circuit Fault in All Converters

The fault is injected at 180 s and results are shown in Fig. 6.12. The magnitude of rotor

current in healthy legs reach to 1.1p.u (Fig 6.12a) and stator phase currents reach to 3.1 p.u (Fig.
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Fig. 6.12. RSC single leg open circuit fault (2.2 kw DFIM) at condenser

6.12b). Reactive power and real power fluctuation is observed from Fig. 6.12e and Fig.6.12f

respectively. It is noted that the fluctuation in parameters are two times more than the single

device fault.

6.3.2.3 RSC Single Switch Open Circuit Fault in Single Converter
The fault is injected at 180 s and results are shown in Fig. 6.13. From the test results, current

in healthy converter reaches to two times of its regular value (upper half cycle) as shown in
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Fig. 6.13. RSC single switch open circuit fault (2.2 kW DFIM) at condenser

Fig. 6.13b since only two converters are connected in parallel. Based on experimental results, it
is inferred that the rise or decrease in rotor current is similar to simulation results with the

consideration of number of converters connected in parallel, turns ratio and inertia.

6.3.2.4 Fault Tolerant Operation of RSC Open Circuit Faults for a 2.2 kW DFIM

Single leg open circuit fault is injected at 180 s and the faulty converter is isolated from the
system at 180.04 s (shown in Fig. 6.14a) with the aid of fault diagnosis techniques as discussed
in chapter V. It is noted that the acceptable reactive power delivery with the healthy converter
15 0.28 p.u for a 2.2 kW DFIM. Therefore, the reactive power delivery of the machine is reduced
to 0.28 p.u (shown in Fig. 6.14c) from 0.5 p.u by real time controller and stator current of the
machine is reduced to 0.34 p.u (shown in Fig. 6.14d).

1 W 028 kVar "
4!
;05 56 W
[
k-l
B
022
1796 1798 180 1802 1804 1806 1808 181
Time (sec
@ (sec)
il I 0.5 kVar = 0.28 kVar =
= % >* —— >
51
EO
:-l
)
0
1796 1798 180 180.2 1804 1806 1808 181
(b) Time (sec)

160 |Page



=
L

0.5kVar 0.28 kVar

5
;
R |
s 3 |
£ 54].6
"
é 1796 1798 180 180.2 1804 180.6 150.8 181
© Time (sec)
1 05kVar Faultdiagenising period 28 kVar
205
0
:
8 03
~
=]
1796 1798 180 1802 180.4 180.6 180.8 181

Fig 6.14. Fault tolerant operation of converter open circuit fault at Condenser mode for a 2.2 kwW
DFIM (a) Rotor current — faulty converter, (b) Rotor current —healthy converter, (c) Reactive power,
(d) Stator current

6.4 Conclusion of the Chapter

This chapter has presented the dynamic performance of a 250 MW DFIM hydrogenerating
unit operating in condenser mode. The converter power and control circuit faults were injected
during the operation and the comprehensive analysis of the results were undertaken.
Survivability of machine drive was tested at each fault case. It was observed from the test results,
that the drive survived during single device/leg open circuit faults at sub-synchronous condenser
mode, but failed during super-synchronous condenser mode. The drive survived during gain
faults in encoder and reactive power signals at both sub and super synchronous speeds. In
addition, fault tolerant operation during single converter open circuit fault is discussed and it
provides a considerable amount of reactive power delivery to the grid, while the machine is in

continuous operation with healthy converters.
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Chapter VII

Conclusion and Future Scope

[This chapter provides concluding remarks of present work with future research scopes of large
rated variable speed hydrogenerating unit.]
7.1  Conclusion

This thesis has presented the advantages of variable speed PSPP over fixed speed PSPP
in terms of power generation and energy storage in generation and pumping mode, respectively.
It is reported that a 250 MW variable speed hydrogenerating unit shall be able to bring additional
6.1% power generation than fixed speed PSPP. Likewise, it shall bring mare than 7.87 % energy
storage in comparison with fixed speed PSPP at pumping mode. Further, comprehensive review
in the area of variable speed pumped storage and the usage of power electronic converters were
presented including converter topologies, modulation techniques, and power sharing schemes
for parallel converters.

This thesis has also presented the dynamic performance of a 250MW hydrogenerating
unit during generation, pumping and condenser modes of operation. Faults in power and control
circuits were injected during the operation and the results were analyzed comprehensively.
Survivability of machine drive was tested at each fault case. From the test results, it was observed
that: (a) pumping mode: the drive survived during RSC single device/leg gate drive open circuit
faults at sub-synchronous pumping mode, but not in super-synchronous mode, (b) generation
mode: the drive survived during RSC single device/leg open circuit faults at super synchronous
generation mode, but not in sub synchronous mode, (c) the drive survived during single
device/leg open circuit faults at sub-synchronous condenser mode, but failed during super-
synchronous condenser mode. In case of sensor faults, the drive survived during all kind of
single current sensor faults, gain fault in reactive power signals at both sub and super
synchronous speeds of operation. Further, the drive survived during gain faults in encoder at
condenser mode of operation. A 2.2 kW DFIM is experimented at laboratory level to support
the simulation results.

In addition, operational issues of parallel converter fed large rated asynchronous
generators were pointed out with the help of simulation and experimental results. It is clearly
mentioned that the power converter redundancy is not recommended in DFIM based variable

speed PSPP due to: (i) possibilities of over voltage in rotor windings during the operation of
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breakers/contactors in power converter redundant process, (ii) detection of dc component rotor
current and dynamic variation of rotor frequency during converter short circuit fault. Therefore,
the extra power potential of the DFIM fed variable speed PSPP is reduced to 1.7 % from 6.1%
due to the inadequate power converter and control circuit redundancy. In a similar way, energy
storage is reduced to 3.66% from 7.87 % in case of pumping mode. The economic analysis for
all modes of operation has been analyzed in view of probability of operational state of a back-
to-back power converter without redundancy per year is 96.10%.

The present research has proposed the fault tolerant operation (FTO) of DFIM during
open circuit fault in RSC which is considered as higher probability of occurrence. It has provided
fault tolerant operation in multichannel converter fed DFIM without the contactors connected in
series with each channel. It is planned to be isolated the faulty converter (remove the PWM
pulses to faulty converters (open circuit and other faults except short circuit fault in a whole
leg)) and operate the machine with other healthy converters with reduced power delivery. It is
noted that the acceptable power delivery at generation and pumping mode during FTO are
identified as 190 MW and 168 MW, respectively, for a 250 MW unit in consideration of
handling current capability of the healthy converters. In hydropower plant, reduction of power
delivery from rated power to amendable power (reduced power delivery) has been taken about
20 to 30s. During the transition period, rotor current is limited with the help of reactive power
control system to safeguard the healthy converters. The proposed fault tolerance method during
single leg/single device fault has brought additional generation of 1.93 % electrical energy
compared to the DFIM without power redundancy operation. In case of pumping mode, it
brought an additional storage of 2.49% electrical energy.

7.2 Future Scopes

Q) The significant advantages of improved dynamic performance, unity power factor,
reduction in THD are the main reasons that multi-level voltage source converters are
applied in variable speed PSPP. However, inventions in power semiconductor devices,
modulation schemes, and converter topologies will intensely influence the future growth
of power electronics serving in large rated variable speed PSPP.

(i) In view of operational issues in variable speed PSPP such as insufficient converter
redundancy, lack of fault tolerant control, the following research opportunities are
identified:
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(iii)

(iv)

(V)

@ Design and development of redundancy system in power and control circuits of
large variable speed hydrogenerating equipments.

(b) Design of suitable control system for fault tolerant operation of back-to-back
power converters fed DFIM in case redundancy could not be designed.

In case of sensor faults, the practice of secondary control system (v/f control) shall be

instructed to coordinate with the primary control (vector control) to reduce the stoppage

of hydrogenerating unit.

Design of two-stage protection circuit for multi-channeled power electronic converter

fed large hydro generators to improve the fault ride-through capability and continuous

operation of the plant.

Analyse the dynamic performance of asynchronous generator in the presence of phase

hardware in loop (PHIL) simulation tools.
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APPENDIX 1: HILL CURVE OF TYPICAL FRANCIS TURBINE

Hill Curve: This curve is plotted between input power (p.u) vs peripheral velocity factor
(p.u). For variable speed operation, various efficiency points can be obtained corresponding to
the input power and peripheral velocity factor. The peripheral velocity factor for Francis turbine
can be obtained as follows.
Peripheral velocity factor = N*D/ (H) 2
where,
N= Synchronous speed
D= Diameter of the turbine
H= Pumping head
Fig.Al shows the variable nature of efficient point with respect to variable peripheral velocity
factor. Hence, pump efficiency can be optimized in accordance with available surplus power in

the grid and water level availability in the dam.
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Fig. AL. Hill curve (unit dimension Francis model turbine)
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