ABSTRACT

SONG, WENCHAO. Design and Control of Distributedieo Flow Controller. (Under
the direction of Dr. Alex Q. Huang.)

Electricity is the one important energy form used imdustrial, commercial, and
residential areas. The power transmission systegsgential for the power utility system
to transmit electricity. Now the transmission linaesthe modern interconnected power
system are heavily loaded to meet the growing deshamhe aggregate demand for
electricity has grown by about 25% over the lastadie and is expected to grow no less
than 20% for the next decade. At the same time,elrew the annual investment in
transmission facilities has declined, leading dlyeto severe power congestion in the
transmission lines. Construction of new transmiss$axilities could alleviate congestions,
but it is cost-prohibitive and time-consuming. TWay of using passive components and
Flexible AC Transmission System (FACTS) to mandge gower flow on transmission
lines is efficient but not very effective. Whilewecost ($15-25 per kVar as for static
capacitors) and easy-to-use, passive componentghadaptable and slow for control
purpose. The FACTS devices can control the powswr fbn transmission lines with
flexible control and fast response through the ofséarge power converters (10-300
MW), but high expenses, typically exceeding $100 IpéA, together with reliability

concerns constitute substantial obstacles for idespread application of FACTS.

Recently ETO Light modular voltage source conve(¥8C) has been developed. It
has lower cost, higher reliability and high powenslity and can be completely housed in

an enclosure without additional user interventidocordingly, ETO Light converter has



the potential to widely spread the use of the madubltage source converter in FACTS

applications and other high power industry appiore.

This dissertation introduces a new concept of ibisted power flow controller (DPFC)
based on the development of ETO Light convertetikdrihe conventional lumped high
rating (10-300MVA) series compensation convertee, proposed distributed power flow
controller uses multiple scaled-down (1-2MVA) siglhase power converters to
dynamically control the impedance of the powergnaission line, thus control the active
power flow. The power density is enhanced and td# is reduced by applying the ETO
Light converter. The distributed power flow conteolhas the self-power, self-protection
and self-control functions. It only accepts the ocmend from external system level
controller, and then injects compensating voltageadntrol the current and active power
flow through the power transmission line. The staddnodular design of DPFC enables
the high reliability, short design cycle and thesyestallation/maintenance of power
converter. This dissertation demonstrates the iplex of the modular distributed power
flow controller based on the ETO light converteneTnodeling and controller design are
proposed and verified by the simulation and expenital results. The applications in the
transmission system and distribution system arpgeed and verified by simulation. The
fault tolerant design for DPFC are discussed ardgnited and verified by the simulation
and experimental results. The research work fordésgn and control of DPFC sheds
the light for the practical intelligent and disuiled high power converter applications in

the power grid.



Design and Control of Distributed Power Flow Colino

by
Wenchao Song

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Electrical Engineering

Raleigh, North Carolina

2010

APPROVED BY:

Dr. Alex Q. Huang Dr. Subhashish Bhattacharya
Chair of Advisory Committee

Dr. Mesut E. Baran Dr. Fen Wu



DEDICATION

To my wife and daughter,
Caifeng and Siyan
and my parents,

Shaoguang Song and Xiufeng Chen



BIOGRAPHY

Wenchao Song was born in Lushuihe, Jilin provir@@eina, in 1978. He received his
B.S. and M.S. degrees in Electrical Engineeringnfrésinghua University, Beijing,
China, in 2000 and 2003 respectively.

He was with Liteon, Beijing, China, as a power #lauics engineer from 2003 to 2004.
In 2004 he joined Virginia Polytechnic Institutedastate University as a graduate
research assistant to pursue his PhD degree, anchéhtransferred to the Semiconductor
Power Electronics Center (SPEC) and the Nation&n8e Foundation’s Engineering
Research Center Future Renewable Electric Energlivddg and Management

(FREEDM) systems at North Carolina State Univergitgontinue his PhD study.



ACKNOWLEDGMENTS

First of all, | would like to express my greatesatgude to my advisor, Dr. Alex Q.
Huang, for his guidance, encouragement, and caomimusupport. His extensive
knowledge, broad vision, and creative thinking gdiane throughout my PhD research
and study. | learned a lot of knowledge and mettica him.

| am also grateful to Dr. Subhashish BhattachadyaMesut Baran and Dr. Fen Wu for
serving as my committee members. Thanks for yoppau and help.

| especially appreciate the help and support foyrtatented and creative colleagues in
the Semiconductor Power Electronics Center (SPH®) Future Renewable Electric
Energy Delivery and Management (FREEDM). | woulkklio express my great thanks
to Dr. Bin Chen, Dr. Chong Han, Dr. Zhong Du, DinXhang, Dr. Xiaoming Duan, Dr.
Yan Gao, Dr. Jinseok Park, Dr. Yu Liu, Dr. Xiaojdu, Dr. Jun Wang, Mr. Zhaoning
Yang, Mr. Wei Liu, Mr. Yang Gao, Mr. Hongtao Mu, Mhwei Fan, Mr. Liyu Yang, Mr.
Tiefu Zhao, Mr. Xin Zhou, Mr. Xiaohu Zhou, Mr. Jun, Ms. Rong Guo, Mr. Zhigang
Liang, Mr. Gangyao Wang, Mr. Qian Chen, Mr. Yu DMi. Zhuoning Liu, Ms. Zhan
Shen, Mr. Xiao Bian, Mr. Anousone Sibounheuang, ®glleen Reid, and all the other
members who helped me and shared their time with me

And the truly heartful thanks to my family, my pate Shaoguang Song and Xiufeng
Chen who have always encouraged and supported itle,much love to my wife
Caifeng and my daughter Siyan, whose love accompame through ups and downs,

and gave me the happiest moments and endlesstktreng



TABLE OF CONTENTS

LIST OF TABLES ... .ottt e et e e e e naeeeennneaeeeeanees vii
LIST OF FIGURES ..ottt ittt s viii
Chapter 1. INtrOQUCLION ......coeiiiiiiiiiiiiiiiieeee ettt ettt eeees 1
1.1.  Power FIOW CONLIOL.........cuviiiiiiiiiiiisimmmemeie e e e e e 1
1.2.  Series SYynchronous COMPENSALON ............cmmmmmmnnunnnaaaaae e e e e 4
1.3. Series Compensation Solutions CoOmMpPariSioN......coeeeeeeeeeieiiiiieeieeieeeee e, 7
1.3.1.  Fixed SerieS CapaCitOr..........uuuutaaaaaaeieeeeeaeeeee e eee et ee e eee e eeeeeaee s 7
1.3.2.  Fixed SerieS REACION .........uuiiiiiiiiiiiiiiie e 8
1.3.3.  Thyristor-Controlled Series CapacCitOr ... uueruurrrereiiiiiniiiieiinininnnnnnnns 8..
1.3.4. Gate-Controlled Series Capacitor.....ccccccceeeveeieiiiiiiiiiiiieieeeeeeee e, 10
1.3.5. Magnetic Energy Recovery SWItCN .....ccoooiiiiiiiiii, 11
1.3.6. Distributed Static Series COMPENSALON .ceeeanvvvererrrririireiieieereeerererenenenn 13
1.4.  SemiconduCtor POWEI DEVICES .........uuuiiiiiiiieiiiiiiiiiie e et 4.1
1.5, MultileVel CONVEIEIS .....couiiiiiiiiiiiiee e 15
1.6. Distributed Modular CONVEIErS ...........oiiceeeeeiieeeee e 17.
1.7. Fault Tolerant Design for High Power Applications..............cccccceeeiiinnnn. 17
1.8. Motivation and Major CONtribULIONS .........coeceemiiiiiiieei e 19
1.9, OULINEG .ottt e mnnme e e e e e e e e e 21
Chapter 2. Distributed Power Flow Controller Design.........cc..uvvueiiieiiimiiniiniininnnns 23
2.1. Series Compensation Power FIOW CONtrol.....ccccceueviiiiiiiiiiiiiiiiiiiiiiiiiinens 25
2.2.  ETO Light POWer CONVEITET .......c.cciiiiiiii e 27
2.3.  Modular Layered Controller .............oueiieeeemeieiiiiieiieeieiieiieieeieeeeveeeeeveeeees 30
2.4. Distributed Power Flow Controller DESIQN ... coeaeaeaaeaeeaeaeaeeeeeeeeeeeeeeeene 39
2.5.  Operations Of DPFC.......ccoooiiiii s 41
2.6, SUMIMAIY ...uiiiiiieiiiiit e e ettt e e e e mm e e e e ettt aee e e e e e e eeeeasnan e e e eeaeaeeaneeesnens 42
Chapter 3. Distributed Power Flow Controller Modeling and Control ................. 43
3.1. Operation Principles of the Power Flow Controller.............cccooeeeivvvvinnnnnnnn. 43



3.2. Distributed Power Flow Controller Model Developrhen............ccccccceeunnn. 45

3.3.  Model DEVEIOPMENL .......eeeiiiiiiiiiiiiiiiit ceeeeeeeeeeeeeeeeeaeeseeeeseeebeeebenesenenennnnnes 46
3.4. Closed-Ioop CoNtrol DESIQN ...ccvvvvvieiveiiuerueeiiiiiiii e 60
3.5, SUMIMAIY ... e e ettt e e e e et e e e e e e eeeneeennens 77
Chapter 4. Distributed Power Flow Controller Applications................eevveeieieenennnn. 78
4.1. Transmission Line System ApPlICAtioNS .......cceaeeiiiiiiiiiiiiiiiiiiiieiieiieiiiiieieees 78
4.2. Distribution System AppPliCAtiONS.........covereeieiiiiiiii 84.
4.3, SUIMIMABIY ...ttt s memmmm e e e et e e et e b e e e e e e eeesssn e e e eeeaanenneeennens 94
Chapter 5. Fault Tolerant DeSIgN...........coooiiiiiiiiiiiceemeiieiieiee e eeeaeenaees 95
5.1. Fault Tolerant DeSIQN ........cooiiiiiiiiiiii s 97
5.2, Multilevel SOIULION ..........uu et eeeeee e 99
5.2.1. METNOM. ... e e e 99
5.2.2. Case Study — Multilevel Converter-based Pdw@wv Control .............. 108
5.2.3. Case Study — Multilevel based STATCOM aeeeoiiiiiiiiiiiiiiiiiiieee, 116
5.3.  Distributed SOIULION .........euiiiiiiiiiiiieiieeiiee ettt eee e aeeeees 132
5.4, SUMIMAIY ..tiiiiiiiieiieiiiiiie ettt ee e e e e e e e e e e bbb e e e e e e e e aasbaaa e e eaneaeeee e 136
(g F=T o] (=] g S T O o (o3 [1 1] 0] o 137
REFERENGCES. ......ooiiiiiiiie ettt ettt e et e e nnne e e nnnae e e s 139

Vi



Table 2-1
Table 2-2
Table 3-1
Table 3-2
Table 3-3
Table 4-1
Table 4-2
Table 4-3
Table 4-4
Table 4-5
Table 5-1
Table 5-2
Table 5-3
Table 5-4

LIST OF TABLES

ETO Light Converter Specifications .........cooeveeveiiiiiiiie 92
Communication Protocol of Digital Locadr@roller ...................ccooee. 36
H-bridge Converter Switching Combinatians.........ccccooeeviiiiiiniinninenn. 50
Simulation SPecifiCations ..........ccceiuiiiiiiiiiiiiiiiiiiii e 62
Experimental SpPecifiCations ........ccccccuvevieiiiiiiiiiiiiiiiiiiiiiiieieeees 72
Simulation SPecifiCations ..........ccceiuiiiiiiiiiiiiiiiiiii e 79
Simulation SPecifiCations .........cccceiuiiiiiiiiiiiiiiiiiiii e 84
Simulation SPecifiCations ..........cccoiuiiiiiiiiiiiiiiiiiiii e 86
Simulation SPecifiCations ..........ccoeiuiiiiiiiiiiiiiiiiiiiii e 88
Simulation SPeCiIfiCatioNS ..........ccuevvviviiiiiiiiiiiiiii e ——— 90
Reliability Comparison of CHMC with andtlout Redundancy......... 102
Detection of Failed Devices in HBBB............cccceviiiiiiiiiiieeee, 105
Simulation SPecCifiCatioNS .............eueeiiiiii e 109
Specification of Studied Statcom SimolatBystem .............cceeeveveeenee. 117

vii



LIST OF FIGURES

Fig. 1.1 Energy flow trends of the United States................ooo e, 2
Fig. 1.2 Power transmission lin€ Model......co oo, 3
Fig. 1.3 Schematic diagram Of SSSC......... i 5
Fig. 1.4 Transmission line active power flow byisgiconverter compensation .............. 6
Fig. 1.5 Fixed capacitor COMPENSALiON ........couiiiiiiiiiiiiiiee e 7
Fig. 1.6 Fixed inductive COMPENSALION ..o eeeeeaaeeieeiee i 8
Fig. 1.7 Transmission line With TCSC.........rari e 9
Fig. 1.8 Transmission line With GCSC ......... .. e 11
Fig. 1.9 Configuration of the Magnetic Energy ResmgvSwitch ............ccccovvvvivviviiennne. 11
Fig. 1.10 MERS sSwWitChing Pattern............oueeeeeiiiiii e 12
Fig. 1.11 DSSC CONfIQUIrAtiON.........ccoei i eeeeeeiiiiiiiiii s e nenene 13
Fig. 1.12 Single phase converters (a) two-levéltlfee-level (c) n-level ..................... 16
Fig. 2.1 Transmission line active power Flow byiesgconverter compensation ........... 26
Fig. 2.2 Modular ETO CONVEIET........ccoi it 28
Fig. 2.3 450A over current protection function oF@& converter in boost converter (1)
Fault signal (2) input switch signal (3) voltageass switch (4) current
through SWItCH.......ccoiiiiiii e, 30
Fig. 2.4 Control structure for power converter ¢@nventional (b) proposed layered
STIUCTUIE ...ttt e e e e e e e n e e e e e e eeees 31
Fig. 2.5 Layered power converter Control StrUCLULE............euvvvvevvevieiirrieiiererinienee. 33
Fig. 2.6 Modular local controller prototype andififerface ...........ccccccveveiiiiiiiiiiiniee 34
Fig. 2.7 Function diagram of 10Cal CONIOIEN wmmeevvvvvveriiiiiiiiiiiiiiiiiiiniiiieeiieveeneeeeee 35
Fig. 2.8 3-leve NPC converter and SWitCh StatesS................evvvuviiiiiiiiiiiiiiiiiiiiieenne. 36
Fig. 2.9 3-level H-bridge converter and switchesat..............ccooooeiiii 37
Fig. 2.10 Local over-voltage protection function mbdular controller (1) voltage (2)

fault signal (3) switch in (4) switch to device.........ccccvvvviiiiiiiivieeiiinne, 38

viii



Fig. 2.11 Local over-current protection functionnoddular controller (1) current (2) fault
signal (3) switch to device (4) SWItCh N ....oooeeeeiiiiiiiiiiiiiieeeeeee 38
Fig. 2.12 Single phase distributed power flow COMBI.................evvvririiiiiiiiniiiiininann. 40
Fig. 2.13 DPFC application diagram ... 40
Fig. 3.1 Schematic of DPFC control SyStem........cccceeeeeiiiiiiiiiieee, 44
Fig. 3.2 Control development for the power flow totler...............cccci. 46
Fig. 3.3 Model development proCeAUIES.......ccacaciiiiieiiiiiiiiiiieiiiiiiieeineieeeeiemneneeees a7
Fig. 3.4 Basic structure of one H-Bridge CONVerter...............evuviviiiiviieiiiiiiiiiiiieeeee 48
Fig. 3.5 Output voltage of H-Bridge CONVerter..........ccooooiiieeee, 49
Fig. 3.6 Equivalent circuit of the H-Bridge CONaITL......... oo emeeee 49
Fig. 3.7 Switching model of the H-Bridge converter..........coooooiieeeee e 51
Fig. 3.8 Average switching function over a switangycle...............cccccvvviviiiiinnnnnn. 52.
Fig. 3.9 Average model of single phase power flomtller.............cccccoiiiiiiiiiiinnnnn. 53
Fig. 3.10 Stationary frame to synchronous framesfiamation ...............cccc.eevvvvveenennnns 55
Fig. 3.11 Simplified average model for the DPFMQO coordinates..............ccceeeeee.e. 56
Fig. 3.12 Small-signal model of DPFC in DQO COOB@S ..............cooevvevieiiiiiiiiniieaenen, 57
Fig. 3.13 Open-loop transfer function of single gdaower flow controller.................. 59
Fig. 3.14 Proposed DPFC SYStEIM.........uuuiceceeeeereeiiiireiiriieiinnninennrenennnennsnrennnneeeeee 60
Fig. 3.15 Open-loop block diagram for the direcltage control scheme....................... 60
Fig. 3.16 Indirect curernt control block diagram.............ccccooeeeeiiiee, 61
Fig. 3.17 Single phase power flow control diagram...........ccccooeeviiiiiiiniie 62
Fig. 3.18 Current loop DOAE PIOL........ueiiiiii e 63
Fig. 3.19 Voltage 100p bode PlOt ..........uuuereeeiiiiiiiiieee e 64
Fig. 3.20 Simulation results of DPFC (a) line catrand compensating voltage. (b) line
current RMS value. (c) transmitted active pPOWel..............uuvueennnnnnnnnns 65
Fig. 3.21 Bad feedback design with variation o&lgsurrent (insufficient phase margin)67
Fig. 3.22 B Bad feedback design with variationioé Icurrent (high crossover frequency)
......................................................................................................... 67
Fig. 3.23 Bad design SIMUIALIONS............ et e e e 68
Fig. 3.24 Customized controller deSIgN ...... e eeeeeeeiiiiieieiie e 69



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

Fig.

Fig.

Fig.

Fig.

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

Fig.
Fig.

3.25 SIMUIAtION rESUILS ... e 70
3.26 Single pahse DPFC schematiC CIrCUIL e ...cooveiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee, 71
3.27 Single pahse DPFC prototype prototype . ..ccveveveviiiiiiiieieiiieieeeeeeee e, 71
3.28 Current Ioop bode plot..........oooorii 72
3.29 Single phase DPFC prototype schematiC...............cccccvvivviiiiiiiiiiieiciiieenn, 73
3.30 Phase Lock Loop in capacitive MO .cceeee.eeeieiieieieeeeeee e 74
3.31 Phase Lock Loop in inductive mode ............cooooiiiiiiiiiie e 74
3.32 Experimental results of DPFC (a) linerent and compensating voltage. (b)

converter output. (c) DC capacitor voltage. ... ooeeeeeereveriiiiiieieennnnns 15
3.33 Charging operation of DPFC (a) line cotrand compensating voltage. (b)
converter output. (c) DC capacitor Voltage.. .. ooeeeeeereeeririiieiiennnnnns 15
3.34 Capacitive operation of DPFC (a) linerent and compensating voltage. (b)
converter output. (c) DC capacitor voltage. ... ooeeeeeereeeiiriiiieiennnnnn. 16
3.35 Inductive operation of DPFC (a) line emtr and compensating voltage. (b)

converter output. (c) DC capacitor voltage.. ... ooeeeeeereeeririiieiennnnnn. 16

3.36 Discharging operation of DPFC (a) linerent and compensating voltage. (b)
converter output. (c) DC capacitor Voltage. .. .ceeeeeeeeeeeeeeeeeneneennenns 17
4.1 DPFC System SIMUIALIONS. ...........ceeeeeeieriiiiiiiiiiiiieieeiieireiieirereenrsrernneeeeseeees 79
4.2 Simulation results of DPFC influence te thansmission line................cccc...... 80
4.3 Generator angle oscillation damping ...cccceoooeeeeiiiiie, 81
4.4 Active power oscillation damping.....ccccceeeevviiiiiiiiiiiiiiieeer e 81
4.5 DPFC unbalanced current compensation. ..., 82
4.6 The series protection Of DPFC ... s 83
4.7 DPFC application in 7.2kV distribution B ..........ccoooeeieiiiiiiieeeeeee e 84
4.8 Phasor diagram of DPFC application inrdigtion system ...............cccoeeeeeennn. 85
4.9 Simulation results (a) current and corereoutput (b) load current RMS value (c)
active power (d) POWeEr faCtOr.........ccooiiieeeeeeeiieieieeeiee e 85
4.10 DPFC application in distribution system.............c.cccccieee, 86

4.11 Simlation results current and convertaipot (b) power flow on branch 1 (c)

power flow on branch 2 (d) current on branch 2...............cccccoeeinnens 87



Fig.
Fig.

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

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

Fig.

Fig.
Fig.
Fig.

4.12 SIMUIALION SYSTEIM.....cii i 88
4.13 Simulation results (a) current and cotereputput (b) load current RMS value
(c) active power (d) power factor..........oo o veiiieiei 89
4.14 DPFC with renewable energy srources St SYStem ............ccccevveennnnnnnns 90
4.15 Phasor diagram of series energy stokagagply active power ...................... 90
4.16 Simulation results — renewable energyr@wnly (a) load current and
converter output (b) load current RMS value (c)vacpower from grid (d)
load active power (€) power factor. ... 91
4.17 Phasor diagram of DPFC interface withrgynstorage ............cccccvvvvviinnnnnnee. 91
4.18 Simulation results PF=0.99 (a) load aurrand converter output (b) load
current RMS value (c) active power from grid (dadoactive power (e)
L0V g = Tox (o | PP 92
4.19 Simulation results PF=0.94 (a) load aurrand converter output (b) load
current RMS value (c) active power from grid (dadoactive power (e)
POWET TACTON. ...ttt 93
4.20 DPFC prospective appliCations ......ccccceeeiiiiiiiiiiiiieiiiiieieeeeeeeeeeeee e eaaee e 93
5.1 Modular converter (a) one HBBB (b) caschHebridge multilevel converter . 99
5.2 HBBB bypass schemes after the devicer&slu.................ooeeeeee. 041
5.3 Power flow control Study CaSE.....coccccmieiiieiiiie e 108
5.4 Fault tolerant control of power flow capiter ............cccoceiiiiiiiiiiiiiiiiiiens 109
5.5 DPFC CONrOl diagram ... ...ccoooeieeeiiiiiies e ese s 110
5.6 Simulation results of CMC based power flowntroller (a) line current and
power flow controller converter output voltage. (lm)e current RMS
value. (c) transmitted active POWET. ... 113
5.7 Transient converter voltage output ane lourrent (a) line current and power
flow controller converter output voltage. (b) licarrent RMS value. (c)
transmitted aCtiVe POWET ..........uuuuieeee ettt eeeieetee e eeeeeeeeenes 115
5.8 Reconfiguration of three-phase 7-levédevel CHMC based STATCOM.. 116
5.9 Modeling and control diagram of CHMC-baSFAATCOM...........cceevvvvvvnnnn. 118
5.10 Opent loop current loop bode plot infdudt tolerant transition ................... 120

Xi



Fig. 5.11 Open loop voltage loop bode in the fealltrant transition........................... 122
Fig. 5.12 Simulation of the fault tolerant STATCGQderation in full capacitive mode (a)
fault detection signal (b) output voltage of cortgeand voltage at PCC (c)
rhree phase current (d) duty cycle of the conveotgput (e) reactive
current and reactive current reference (f) DC capacoltage............. 123
Fig. 5.13 Simulation of the fault tolerant STATCQdderation in full inductive mode (a)
fault detection signal (b) output voltage of corteeand voltage at PCC (c)
three phase current (d) duty cycle of the conveoigiput (e) reactive
current and reactive current reference (f) DC capacoltage............. 125
Fig. 5.14 5-level CHMC-based STATCOM Prototype..........cceeeeeveeeeereeeeeeeeeeeeeeeneene 126
Fig. 5.15 STATCOM fault tolerant operation in thapecitive mode (1) DC capacitor
voltage 1; (2) DC capacitor voltage 2; (3) convedatput (4) reactive
(o104 T o | PP 128
Fig. 5.16 STATCOM fault tolerant operation in theductive mode (1) DC capacitor
voltage 1; (2) DC capacitor voltage 2; (3) convexatput (4) reactive
CUITEINE Lttt e s e 129
Fig. 5.17 STATCOM capacitive mode operation in Rdgvel output (b) 3-level output

Fig. 5.18 DPFC redundancy deSign ........coo oo 133
Fig. 5.19 Simulation results of distributed powkw controller (a) line current and
injectting voltage of faulty DPFC. (b) line curreard injecting voltage of

redundant DPFC (c) line current RMS value. (d)4raitted active power.

Xii



Chapter 1. Introduction

This chapter introduces the background of thisedtation including the power flow
control demands and methods, series compensatipficatpns, modular power
converter and modular controller design, and sengigotor devices. The motivation and

outline of this dissertation are discussed as well.

1.1. Power Flow Control

Electricity is the one of the most popular sourc#senergy used in industrial,
commercial and residential areas among all of thergy forms [1]. Fig. 1.1 shows the
energy flow trend of the United States. Generattean and renewable electricity,
transmitting and distributing electricity effectlyeand efficiently have been important
concerns all over the world. “The country that lemses the power of clean, renewable
energy will lead the 21st century.” exclaimed Rtest Barack Obama, February™24
2009. Currently the US government is devoted tdding a new economy that is
powered by clean and secure energy, including theemgtion of more renewable
electricity, to manufacturing more plug-in hybrieéhicles, and to saving more oil and
reducing greenhouse gas emissions. President B&taaka on Oct 28, 2009 announced
$3.4 billion in government grants to help build smart" electric grid that will save
consumers money on their utility bills, reduce ktags and carry power supplies
generated by solar and wind energy [2] — [3].

Power electronics is one of the most important netdgies to apply in industrial

applications such as Flexible Alternating Curreranemission Systems (FACTS), High



Voltage DC (HVDC) systems for the control of theymo grid in order to achieve stable,

efficient and effective power systems [4] - [9].idt very important to develop power

electronics technology for application in the powad to control and manage the energy

system.

Power electronics technology based FACTS applioat@re widely utilized in power

utilities to supply increased loads, to improve reliability, aondieliver energy at the lowest

possible cost and with improved power quality [10]1].

U.S. Energy Flow Trends - 2002
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FACTS has been defined by the IEEE as follows:

"A power electronic based system and other stajigpenent that provide control of
one or more AC transmission system parameters har@e controllability and increase
power transfer capability.”

In general, FACTS controllers can be divided ifieeé categories:

1. Series controllers,
2. Shunt controllers and
3. Combined series-shunt controllers

The world’s first series compensation on transroisdevel, currently recognized by
manufacturers as a FACTS-device, went into opearatiol950. Series compensation is
used in order to decrease the transfer reactare@aoiver line at a given rated frequency.
Among FACTS controllers, series compensation cdet have shown feasibility in
terms of cost-effectiveness in a wide range of lemobsolving efforts from transmission
to distribution levels. For decades, it has beemgrized that the transmittable power
through transmission lines could be increased, #ra voltage profile along the
transmission line could be controlled by an appgedpramount of compensated reactive
voltage. Moreover, the series compensation coetrgln improve transient stability and
can damp power oscillation during a post-fault ¢vdosing a high-speed power
converter, the series compensation controller catiér alleviate asymmetrical currents

and fault current issues after failure or distudsafi1].

Xi

vi(&) (O () v.(9)

Fig. 1.2 Power transmission line model




For the simple two-generator one-line system shasvirig. 1.2, the transmitted active
power through the line can be expressed by equatiion

szl)zvzsin(dl—éz) (1.1)

L
whereV, andv, are the voltage amplitude of generatalsand J, are the voltage angle
of generators)X, is the inductive line impedance.

We can find that the transmitted active power thgtoutransmission lines are
determined by generator voltage magnitude, andferdnce and line impedance. It is
effective to control the line impedance, thus cointhe active power flow through

transmission lines.

1.2. Series Synchronous Compensator

The Static Series Synchronous Compensator (SSS&Yeactive series compensator
employing a Voltage-Sourced Converter (VSC) inesemvith the transmission line, as
shown in Fig. 1.3. This operating mode emulates oatrolled series reactive
compensation (such as one obtained with the TloyrSontrolled Series Capacitor), but
provides a wider control range and equal capacineinductive operating domains [10]
- [12].

The VSC within the SSSC is operated in synchrangith the transmission line
current. The voltage generated by the VSC is kept in catade with the line current,
lagging or leading it by 90 degrees. The injectib lagging voltage with respect to the
line current emulates a series capacitor, wherdaading voltage emulates a reactor in
series with the line. Thus, the SSSC can provideeeiseries capacitive or series

inductive compensation, without any rating increaseadditional reactive components,



by its inherent capability to reverse the polaofythe output voltage it generates. The
guadrature relationship between the output voltab¢ghe SSSC and the line current
ensures substantially zero real power exchangedegivthe SSSC and the ac system,
except for the small amount (about 1% at full otitpaquired to replenish the internal
losses of the converter. This power is drawn frbmline by the converter, using a small
(typically less than one degree) deviation from idheal 90°, to keep the dc capacitor

charged without an external dc power supply.

Inductive

Vq Impedance
- e
Vi Ve st x V2(62)
o/2 AC V1(61 AC
(61) Power
Converter

Fig. 1.3 Schematic diagram of SSSC

Normally we assum¥ =V, =V, ando=9,-9,.
In SSSC, the transmitted active power verses trateshnphase angle relationship is

shown in equation 1.2.

2
P =\>/<—sin5+ivq cosg (1.2)

L L

whereV, is the compensating voltage, negative means damaciompensation and

positive means inductive compensation.
If the SSSC is used for power flow control then 88SC has an effective rating of

twice the rating of the power converter. This meé#mst the SSSC can increase or



decrease the power flow to the same degree inraidinection simply by changing the

polarity of the injected AC voltage. Fig. 1.4 showse transmitted power verses

transmitted angle as a function of series compemsat
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Fig. 1.4 Transmission line active power flow byisgrconverter compensation

SSSC operation

The SSSC is one of the most powerful FACTS Cdietro for power flow control.

Although it can provide transmission line voltaggulation through the control of the

effective line impedance, particularly for the eraltage of a radial line, the primary

purpose of the SSSC is usually the direct, and miymacontrol of the transmitted power

in a given line. The main applications within theodd area of adjustable or dynamic

power flow control are as follows:



(1) Compensation of long transmission lines.
(2) Equalization of power flow in lines and preventmiloop-flows of real power.
(3) Receiving end voltage regulation of a radial line.

(4) Improvement of transient stability and dynamic Biigt{power oscillation damping).

1.3. Series Compensation Solutions Comparision

1.3.1. Fixed Series Capacitor

Fig. 1.5 shows a transmission system with fixedeserapacitive compensation, which
has no controllability and no flexibility. The opging area of an SSSC is a rectangle in
the V x | plane and for the fixed capacitive congaion we have only a fixed line for
each value of the compensation capacitance. In d¢brepensation, the larger the
capacitive reactance the larger will be the trattschipower.

Although fixed series capacitor compensation ispggnand lack of flexibility, it is still
the lowest cost and most popular series compemsstilmtion for the power flow control

in the current market.

. Inductive
Cgsgfifor Impedance
I (71
|| XL
V2(02
(V@) () O

Fig. 1.5 Fixed capacitor compensation



1.3.2.Fixed Series Reactor

Fig. 1.6 shows a transmission line with fixed inikkec compensation, which is not very
common as it operates to decrease the transmitb&erp As in the case of fixed
capacitive compensation the power transmissionaciristic is given just by a line for

each compensation level and the larger the reastiwecsmaller the transmitted power.

Series Inductive
Reactor  Impedance
ML
XL
V2(62
©COVI©1) o) VA%

Fig. 1.6 Fixed inductive compensation

1.3.3. Thyristor-Controlled Series Capacitor

The Thyristor-Controlled Series Capacitor (TCSC)swaoposed by Hingorani and
Gyugyi [11]. It is a device based on the conceptrgfedance control. The control device
is the thyristor semiconductor switch. Due to #datively low cost, there are various
examples of actual applications around the wortdpfiwer oscillation damping or power
flow control. Gama, Angquist, and Ingestrom [13]es®nted a paper on the
commissioning of a TCSC for power oscillation dangpin the Brazilian North-South

transmission line.



Fig. 1.7 shows a transmission system with a TCS€enes. It shows that this series
device is composed of a fixed series capacitoraralfel with a Thyristor Controlled

Reactor (TCR).

_________________________

Sending end Impedance Receiving end

O+t 1®

Fig. 1.7 Transmission line with TCSC

Comparing the TCSC with SSSC with the informatiameg above allows us to

conclude that:
(1) the operating area of the TCSC is much smétian the SSSC in the capacitive
region;
(2) TCSC operating characteristics is reducedltoeaonly in the inductive region as
compared to a rectangle in the case of SSSC,;
(3) TCSC may present problem of internal resonavideh must be avoided.

Despite the advantages of the SSSC as comparedheithCSC, this thyristor-based
device is still used as a practical option whenewignge of controllability of the SSSC is

not necessary. When low cost is an objective th8J ¢ also a good option.



1.3.4. Gate-Controlled Series Capacitor

Fig. 1.8 shows a transmission line with a Gate-@xed Series Capacitor (GCSC)
connected in series. This is a device also bas#tkiconcept of variable impedance and
it was originally presented by Karady, Ortmeyetdyé&ai, and Maratukulam [14] and
they called it as “continuously regulated seriegac#or”. Later, Souza, Watanabe, and
Aredes [15] introduced the name “GTO-Controlledi&eCapacitor” which was adopted
by Hingorani and Gyugyi [10]. However, due to tlaetfthat different switching devices
can be used, provided they can be turned off, Hd6% has recently changed “GTO-
Controlled” to “Gate-Controlled”. In all cases theronym GCSC was kept to maintain a

contrast with TCSC.

The diagram in Fig. 1.8 shows that the GCSC hagrg simple structure with one
capacitor and parallel switches. These switchesatp@s a dual thyristors. These dual
thyristors and the capacitor in parallel is exatllg dual circuit of a thyristor controlled
reactor (TCR), where a reactor is in series withyaistor valve. In the case of TCR the
control is done by the firing angle. However, ie tase of GCSC the switches are turned
on automatically the voltage always crosses zedotlagy must be turned off to insert the
capacitor in series with the line. Therefore, indtef firing angle, in the GCSC the turn-
off angle is used.

One interesting point is that the TCR is a deviweotetically well-matched for shunt
connection whereas the GCSC is well-matched faeseonnection. One advantage of
the GCSC over the TCSC is the fact that it doesheet a reactor and, therefore, it may

be a more compact device. Souza, Watanabe, AlmdsP#otto [17] presented a detailed
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comparison between GCSC and TCSC. If a perfect TS circuit is to be produced,
then a reactor has to be connected in series \ghcapacitor in parallel with the
switches. However, this option may not be neceszsaite line is normally inductive and
putting more series inductance has no value exteptncrease the cost of the

compensation device.

_________________________

Sending end Impedance | Receiving end

Ot 1®

Fig. 1.8 Transmission line with GCSC

1.3.5. Magnetic Energy Recovery Switch

The Magnetic Energy Recovery Switch (MERS) is a m@nfiguration that has been

recently proposed in power system transmissioniemns for controlling power flow

[18], [19].
MERS
Sending-end |' | Receiving-end
| A
AR
| |
Generator e :

Fig. 1.9 Configuration of the Magnetic Energy ResxgvSwitch
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The configuration of the MERS is shown in Fig. 1if9has four forced commutated
switches and a DC capacitor in each phase. Thegtwafion is similar to a single phase
full bridge, but the operation differs and the sif¢he capacitor is several times smaller.

MERS switching patterns are shown in Fig. 1.10. d@ytrolling the current path
through the device, the device can behave likerdraltable capacitive voltage source.
This is performed by using line frequency switchitigat is, one switch is turned on and

off only once during an electrical 50 or 60 Hz &ycl

Voe=Q,

Tk

Fig. 1.10 MERS switching pattern

The comparisons of SSSC and MERS are:

(1) The operating range of the MERS s just therafpeg range of the SSSC in the

capacitive range (half of the total SSSC operatamge).

(2) The MERS has a simpler and more compact corgtgun than the SSSC, with no

series injecting transformer and small capacitor.
(3) The injected harmonics are potentially lowertfee SSSC than for the MERS.

(4) The basic control of the MERS is equivalenatoapacitor and a reactive voltage

source in series, while the SSSC is equivalentdora reactive voltage source.
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1.3.6.Distributed Static Series Compensator

Recent researches are focus on designing andingatiast-effective FACTS device by
applying distributed concept instead of the conesrat lumped solution. A Distributed
Static Series Compensator (DSSC) was proposed wgn40], [41]. Small rated (1 —
20kW) inverter with light weight (45kg) and singl&n transformer (75:1) are applied to
form a DSSC module that can be clamped to the rivesson conductor to control the

active power on the line. The schematic of DSS¢h®vn as Fig. 1.11.

Line Current
W
Single-Tum )
transformer - it
| feedback (CT)
]
]
]
]
]
]
]
----- i
1 ]
= i i
I~ | |
't Filter : : ’t
I ] | I JI E;’
‘P PWM L - - controls < Communication
Inverter 4 - - Module
DC Capacitor

Fig. 1.11 DSSC configuration

DSSC concept is simple and low-cost, thus showsiratdges for active power flow
control compared with lumped solution. While thgtiransformer turns ratio increase
the current level, the compensating voltage abditg power inverter rating are limited
as well. As a result, a large number of DSSC madate required to control the certain

active power flow through the power transmissiow i
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1.4. Semiconductor Power Devices

Thyristors were first introduced in early 1960s dmetame popular semiconductor
devices in high voltages and currents applicati@igcon Controlled Rectifiers (SCRS)
were widely used in HVDC systems due to its higvgoratings. However, SCR has a
limited application because it lacks controlledntff capability. Today, most FACTS
controllers utilize the gate turn-off (GTO) thyostas the main power semiconductor
switch, due to its advantages over other availaleMces in power handling capacity,
reliability, and cost. Because of the slow speerd@ned by the turn-on and turn-off
processes, the switching frequency of GTO devisdgpically below 500 Hz. The low
switching frequency increases the power convermutput harmonics that will have to
be reduced by a large passive filter.

The insulated gate bipolar transistor (IGBT) devies been developed in the 1990s.
Based on integration of fine-pattern metal oxidenisenductor field effective transistor
(MOSFET) and vertical bipolar transistor, its penfiance has improved dramatically in
power ratings and reliability. The weak conductivibodulation in the IGBT results in
significantly higher conduction loss, thereby limg the upper voltage rating that the
IGBT can feasibly penetrate. Furthermore, the bélts of a high-current IGBT module
is a major concern. Although an accurate numbehaid to obtain, it is generally
believed that the thermal cycling reliability ofdey’s high power IGBT module is still
much worse than a traditional press pack devick aa¢he GTO.

Recent research developments have focused to imptey GTO’s switching. Two

most notable innovations are the integrated gatenonatated thyristor (IGCT) developed
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by ABB and the emitter turn-off thyristor (ETO) ddeped by semiconductor power
electronics center (SPEC), North Carolina Statevehsity. Both of them concentrate on
reducing the GTO'’s gate drive power consumption @limdinate the dV/dt snubber. The
IGCT and ETO differ in their approach, performanard cost. The IGCT relies on a
proprietary, expensive, special GTO wafer desigis pl custom designed low inductance
press pack housing. Due to reduced gate inductainedGCT turn-off is performed in
transistor mode instead of thyristor mode, hence dW/dt snubber is reduced or
eliminated. The speed of the device is also ine@as allow higher frequency operation.
The emerging ETO thyristor combines the advantafekyristor’s high voltage/current
capability and MOSFET's easy gate control. Due ighhsilicon utilization and
simplified drive circuit, it has lower cost tharhet high power competing semiconductor

devices, such as GTO, IGCT, and IGBT [20] - [22].

1.5. Multilevel Converters

In recent years, the requirement of higher powengaequipment in industry has begun
to increase. The family of multilevel convertersansidered as the solution for operating
with high voltage levels because single semicoratué¢vice can not connect directly to
medium voltage grid [23] — [25].

Multilevel converters use an array of semicondwgtond capacitor voltage sources to
generate staircase output waveforms. Fig. 1.12 stesimplified schematic diagram of
one-phase converter with different numbers of kevidr which the action of the power

semiconductors is represented by an ideal switth s@veral positions [24].
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1

@ (b)

Fig. 1.12 Single phase converters (a) two-levglti{tee-level (c) n-level

The multilevel converters can generate output gelawith low distortion and lower
dv/dt and operate with a lower switching frequertbys reduce the switching losses and
improve electromagnetic current (EMC).

The first multilevel converter circuit appeared 1875 [26], in which the cascade
converter was first defined with a format that cects separately dc-sourced full-bridge
cells in series to synthesize a staircase ac owtpltdge. Through manipulation of the
cascade inverter, with diodes blocking the sourttes diode-clamped inverter was also
the derived [27]. The diode-clamped inverter waso alalled the neutral-point clamped
(NPC) inverter when it was first used in a threeeslanverter in which the mid-voltage
level was defined as the neutral point. BecauseNtR€ inverter effectively doubles the
device voltage level without requiring precise agk matching, the circuit topology
prevailed in the 1980s [28]. Although the cascadleiter was invented earlier, its
application did not prevail until the mid-1990s. @wajor patents [29], [30] were filed to
indicate the superiority of cascade inverters fatondrive and utility applications. The

capacitor-clamped multilevel inverter came in t®80s [31], [32].
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1.6. Distributed Modular Converters

For high power electronics applications, modulanvesters will greatly reduce
engineering development cost. Power ElectronicsdBig Block (PEBB) and H-Bridge
Building blocks (HBBB) are possible modular coneest that could be easily
reconfigured to various applications [33] — [34].

For multi-level converter topologies shown abowescaded multilevel converter is the
most modularized topology. Besides its modulaittjras also many advantages such as
the following:

*The least number of components compared with oth#ti level topologies
*Easy expansion

« Easily achievable higher power rating

 Easy to add redundancy

1.7.Fault Tolerant Design for High Power Applications

Fault tolerant design is widely applied to improsgstem reliability, maintainability
and survivability. Reliability deals with the pediof time over which that ability is
retained. A control system that allows normal caatiph of tasks after component failure
will improve reliability. Maintainability concernthe need for repair and the ease with
which repairs could be made, without a premiumgudagn performance. Fault tolerance
could increase time between maintenance actionsadod the use of simpler repair
procedures. Survivability relates to the likelihoofl conducting an operation safely,

whether or not the task is completed. Degradedop®mence following failure might be
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permitted, as long as the system can be brougin tcceptable state of rest [35].

In the fault-tolerant design, all operations befitre fault, in the fault and after the fault
should be considered throughout the entire desigoegure. In summary, the issues of
fault-tolerant design can be addressed as below.

The first thing that should be considered in atf&lerant system is to identify and
address the causes of failure. Device failure ésghmary contingency from which the
converter has to be protected. Device misoperai@mts can be classified as

(1) Device short circuit

(2) Device open circuit

Both these conditions can arise due to a varietga$ons such as

(1) Failure of the gate drives

(2) Excessive voltage and current stresses onevieel

(3) Response to another fault event

In most high power applications, the failed statedevices is short due to the press
pack package of the device.

In most cases, a fault device event can be detdgtetleasuring the voltage across the
device and current through DC capacitors or deviktsy integrated commercial drive
chips have detection and protection functions witigh be used fault-tolerant converter
systems. The fault detection and diagnosis of dilengl converter is still an open area
for further research.

Normally because of the loss of failed devices, thkage stress of the remaining
devices will increase. So the rating of deviceshim fault-tolerant system must be over-

designed at the expense of other considerations.
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Reliability, maintainability and survivability care improved by different fault-tolerant
designs for different topologies. In the most casles protection of the converter will
improve survivability by isolating the failed pamd stopping the operation of the system
to prevent failure cascade.

Usually, it is not easy to find general solutiomms & specific topology limited by
complex structure and control. To design a faukrent multilevel converter system is
an effort still open to all researchers.

However, compared with all the multilevel convertigpologies characteristics and the
proposed fault-tolerant designs of multilevel catees, the cascaded multilevel
converter's modular design has the potential top8fgn protection schemes and to
improve maintainability. The cascaded structureo aten be used to achieve N+1
redundancy to improve reliability [36] — [38]. Foer study in this area can be a

promising potential topic.
1.8. Motivation and Major Contributions

The transmission lines in the power system are ilyedwaded due to growing
electricity demands. Construction of new transroissifaciliies could alleviate
congestion, but it is cost-prohibitive and time-soming [2], [3]. The Static Synchronous
Series Compensator (SSSC) is one of the solid Blateble AC Transmission System
(FACTS) devices to effectively control the activewer flow through the power
transmission lines. It applies large power conver{@0-300MW) to alter the power line

impedance, thus control the active power flow tigtothe transmission lines [10].
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However, higher cost, long building cycle and loshability still limit its widespread
application because the high power converter dasigtill customized and non-standard.

The distributed power flow controller (DPFC) modliased on ETO Light converter
with the rating of 1 - 2 MVA single phase configtioa is proposed in this dissertation. It
has lower cost and higher reliability compared wikisting high power converter
designs. The standard modular design of DPFC emaklesy installation and
maintenance. Transformerless connection is endjelligh voltage/current capability
and the control power self-generation function ®CELight converter [33]. The medium
rating (1-2MVA) is very suitable for distributed @pcations. The fault tolerant capability
made possible by redundancy can be achieved tmeahaliability and availability . The
modular design of megawatt DPFC raises a good tyomty of high power converter
applications in the power transmission system. kénthe traditional three-phase power
converter-based SSSC, the DPFC applies distrip#eghhase control, which means the
DPFC module only measures the current and voltagermation in one phase
transmission line and controls the active powenugh this single-phase line. This DPFC
concept can also be applied to distribution systeand even in Demands Side
management (DSM)

The major contributions of this dissertation in&ud

(1) A proposal of the DPFC concept using the stahttaw-cost, high-reliability and
short-building-cycle high power converter, combginthe emerging semiconductor

device, modular converter topology and modulartdigiontroller techniques;
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(2) Designed and developed digital local contradigstem. The feasibility of this local
controller has been verified by experimental te$tse local controller subsystem has
been applied to multilevel converter based STATCQ@b]ects.

(3) Developed the single-phase power flow controtteodeling development and
control design methodology. The proposed modelimd)@ntroller design is verified by
calculations, simulations and experimental tests.

(4) Proposed the applications of DPFC in transmissystems, distribution systems
and demand side management applications. The DRiplcation interfaced with
renewable energy sources was considered and stuthedfeasibility of the proposed
applications was verified by the simulation results

(5) Developed fault tolerant designs of the pratecscheme and redundancy control
strategy for high utility applications such as ST&OM and SSSC. Multilevel solution

and distributed solution were proposed by simuletiand experimental tests.

1.9.Outline

The dissertation has six chapters:

The first chapter is the introduction, which gitee background of this dissertation and
presents the motivation and outline of this redearark.

Chapter 2 introduces the power stage design of DB&€ed on the industrial demands
and requirements for high power converter applicatthe DPFC concept and design
consideration of DPFC are introduced. To designl¢ivecost, high-efficiency, short-
building-cycle standard power converter for différeapplications, the digital local

controller and the layered control structure basedmodular power converter are
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proposed. The feasibility of the control structarel power converter is validated by the
experimental results.

Chapter 3 presents the model development and dlentdesign of DPFC. The model
development sequence and procedure are introdlibedsystem models are derived by
transfer functions. Based on these transfer funstithe well-designed compensator can
be applied so that the controller can achieve gstbility and transient response
performance of the DPFC. The simulation results exygkerimental results verify these
model development and control design.

Chapter 4 presents the new proposed applicatioD$&1C in the transmission system,
distribution system and demand side managementiaisssd on the unique characteristic
of DPFC. The DPFC application combined with renedeamergy sources are proposed
and studied. The implementation and the benefithiefDPFC application are discussed.
The simulation results verify the feasibility of B@ application for active power flow
control in different application fields.

Chapter 5 presents the fault tolerant design of OPBr utility applications.
Redundancy is used to achieve fault tolerance II€F2 applications to improve the
reliability and availability. Two solutions; mukéVel solution and distributed solution are
introduced. The fault tolerant strategies are prieskin detail. The simulations and
experimental results validate the proposed falgramt control strategy.

Chapter 6 summarizes the conclusion of the didsmmtaand proposes future work

based on current work and research demands.
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Chapter 2. Distributed Power Flow Controller

Design

The power transmission system is essential foptiveer electricity utility system. The
transmission lines in the modern interconnectedgrasystem are more heavily loaded
than ever before to meet the growing demands. @heelast decade, the demand for
electricity has increased approximately 25% aneéxgected 20% increase during the
next 10 years. However the annual investment instrassion facilities has declined
during this period of vigorous growth the same tif2g— [3]. This has resulted in the
increase of power congestion in the transmissio@, which costs the power systems a
great deal.

Construction of new transmission facilities coultt\daate congestion, but the cost is
too high and the construction cycle is long. Anotétective solution to this issue has
been through the use of passive components andblEeAC Transmission System
(FACTS) to manage the power flow on transmissiamedi [10] — [11]. Passive
components such as the static capacitor is low-{&i€—25 per kVar) and easy to use,
but unadaptable and slow for control. FACTS devicas control the power flow on
transmission lines by applying large power convsr(@&0-300 MW) with flexible control
and fast response. But the cost of the FACTS dasitegh, typically higher than $100
per KVA. The high cost and reliability concerns d®e substantial obstacles for the

widespread application of FACTS.
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Recent researches are focused on designing amzrgalost-effective FACTS devices
by applying a distributed concept instead of thewvemtional lumped solution. A
Distributed Static Series Compensator (DSSC) wapgsed in [40], [41]. Small rated (1
— 20kW) inverter and single turn transformer arpli@g to form a DSSC module that can
be clamped to a transmission conductor to contrel dctive power on the line. It is
simple and low-cost and thus has advantages faveappbwer flow control over the
lumped solution. While the high transformer turaia increases the current level, the
compensating voltage ability and power inverteingatire limited as well. As a result, a
large number of DSSC modules are required to cbithe certain active power flow
through the power transmission line.

Recently, the Semiconductor Power Electronics C4EC) of North Carolina State
University developed ETO Light modular voltage smuconverter (VSC) [39]. It has
lower cost, higher reliability, and high power déynsan be completely housed in an
enclosure without additional user intervention. B¥O light converter has the potential
to spread the use of the modular voltage sourceertar in FACTS applications and
other high power industry applications.

This chapter introduces a new concept of distridbytewer flow controller (DPFC)
based on the development of the ETO light conveltetike the conventional lumped
high rating (10-300MVA) series compensation corefeithe proposed distributed power
flow controller uses multiple scaled-down (1-2MV#ingle-phase power converters and
dynamically controls the impedance of the powendnaission line, thus controlling the

active power flow. The distributed power flow caiter has self-power, self-protection
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and self-control functions. It only accepts comnsaricbom an external system level
controller to inject compensating voltage to theveoline, thus controlling the current
and active power flow through the power transmisgioe. The standard modular design
of DPFC facilitates installation and maintenancethef power converter. This chapter
details the principles of ETO light converter baseddular distributed power flow

controller. The benefits to power utilities will bpresented. The control design,
simulation results and experimental results of distributed model operation will be

introduced in the next chapter.

2.1. Series Compensation Power Flow Control

Static Synchronous Series Compensator (SSSC) waeged by Dr. Gyugyi in 1989
based on the use of three-phase VSC as its maldiriuiblock to compensate the
required voltage. The VSC can be controlled in sackay that the output voltage can
either lead or lag the line current by 90 degrées.example, during normal capacitive
compensation, output voltage lags the line curbgr@0 degrees, and is operating only as
a series capacitor to reduce line impedance andage line current. The SSSC controls
the transmitted active power across transmissiaoesliby altering or changing the
characteristic impedance of the transmission lirespective of the line current [10].

For the simple two-generator one-line system, thesmitted active power through the
line can be expressed by equation 2.1.

P:%sin(dl—dz) (2.1)

L

whereV, andV, are the voltage amplitude of generators;
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d,and 9, are the voltage angle of generators;

X, is the inductive line impedance.

Normally we assumé&/ =V, =V, and =9, -9, . In SSSC, the transmitted active
power verses transmitted phase angle relationstshawn in equation 2.2.

2
:V—sin5+ivq cosé (2.2)
L XL 2

whereV, is the compensating voltage, negative means dapacompensation and

positive means inductive compensation.

Series Power Converter Compeasation
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Fig. 2.1 Transmission line active power Flow byieconverter compensation
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If an SSSC is used for power flow control then 88&SC has an effective rating of
twice that of the power converter. This means thatSSSC can increase or decrease the
power flow to the same degree in either directiompby by changing the polarity of the
injected AC voltage. Fig. 2.1 shows the transmiftedver verses transmitted angle as a
function of series compensation

Power converter based series compensation hasdifetages of flexible and fast
compensating voltage control compared with thacstatpacitor, but significant barriers
limit widespread implementation of the conventiosalies compensator. These include:

(1) High cost due to mass components and maintenaagiirement;

(2) Low reliability resulting in the lack of singfault tolerant design in a large rating
converter system;

(3) Long design and build cycle because of nonesiethcustom design.

The modular designs of the power converter androbet have emerged as an

effective solution to these obstacles.

2.2.ETO Light Power Converter

The emitter turn-off thyristor (ETO) is a novel fdynof high power devices with
additional breakthroughs in the area of turn-ofpatality, power consumption and
functionality [42]-[44]. Combined the thyristor’'sigh voltage/current capability and
MOSFET’s easy gate control, the ETO has the folhgnadvantages: high voltage and
current ratings; low conduction loss and high skiitg speed, allowing kHz switching.

Recently a new generation emitter turn-off thynisteas presented [46] with the

following unique features: built-in device voltageyrrent and temperature sensors and
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control power self-generation capability to remexgernal auxiliary power supply.

In high power applications, the standard modulaigtecan not only simplify hardware
packaging, installation and maintenance, thereduae the system costs and improving
the system reliability, but also make the systemladide and expandable in terms of
power capability, thus reducing the length of tksign and build cycle.

In order to truly benefit from the modular concetpie converter circuit topology, the

cooling system, auxiliary power system and thetdigcontroller are required to be

modular in substance.

Fig. 2.2 Modular ETO converter

Based on these concerns, a megawatt modular V®@&h&TO Light power converter
has been developed. Combining ETO technology, namdhdat-pipe cooling system, and
intelligent digital interface, an ETO VSC promises have lower cost and higher
reliability, and will have significantly reducedzei and weight.

Fig. 2.2 shows the three key techniques of the Eight converter: 4.5kV/4kA ETO

device, 2kW modular heatpipe and modular digitaitcaler.
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The ETO Light converter specifications are showiiable 2-1.

Table 2-1 ETO Light Converter Specifications
Main Device 4 kKA/4.5kV ETO
Cooling system 2kW air cooling heat pipe
Dimension (nT) ~0.6

Weight (LB) ~350

Power Rating (MVA) 1.0~2.0

Sensorless V, |, T sensing,
Programmable self-protectio
Two DC ports,

Two AC ports
Two optical fiber inputs,
Two optical fiber outputs

Intelligence

=]

Electrical Connection

Control Connection

Because of the high silicon utilization of ETO dmyithe size and the power density of
ETO Light converters are reduced. The interfaceneotions are simplified. There are
only two DC ports, two AC ports for electrical camtion and two optical inputs and two
optical outputs for the control connection. By ajmj intelligent digital interface, the
control architecture of an ETO Ligbonverter application can be significantly simjeidfi
[45]. The control connection between the exteroalttller and an ETO Light converter
has only two optical inputs for switch commands &and optical outputs for detection
sensor signals. Including all of the modular desitpe direct material cost of an ETO
Light converter is only about $50k.

The intelligent functions of ETO light converteensorless voltage, current sensing
and programmable self-protection are tested in @stbconverter test bed. The input
voltage is set to 150V, the duty cycle of the stvisignal is expanded to increase the

output voltage and peak value of current until ohthem reaches the protection point.
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Fig. 2.3 shows the 450A over-current protection tesults. When the current reaches
the protection point, the digital interface caneguicand process the information from the
ETO device, then generate a fault signal and bldckput switching signals to protect
the ETO light converter. It is noted that the maltch operation occurs slightly after the

input switch signal due to the control circuit de{@-4us).

Switch in T

| PNV S ) Y

MFEATIN AU ESEN BATECATEN ERrATSr AU el SRR R
Ch1 sov Bay Ch2 sov B M 20.0ps 1.25G5% 1T 400ps/pt
! 00 ! Cha 100V Buy 4 0hl s 27V

Fig. 2.3 450A over current protection function Gf@& converter in boost converter (1) Fault
signal (2) input switch signal (3) voltage acrosgteh (4) current through switch

2.3.Modular Layered Controller

Conventionally, the controller and converter arpasated in the power converter
application, as shown in Fig. 2.4. The converter caly accept switching signals from

the controller. This introduces inefficiency andrgaexity into the multilevel converter
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especially for multilevel converter applicationsedause the controller implements all
control, sensor and switch functions, the controli@l exceed its capability when higher
power levels and more power converters are apgiedddition the power converter can
function simply, even if number of converters isgm The solution to the burden
polarization problem of control structure in theltievel converter is the key point.

OSI (Open System Interface) reference layer moslel standard model for network
communication. The layered design separates thigrdetfort into smaller and more

manageable slices and the different layers candmfimd without affecting other layers

[46].
Application Control Layer
controller
Central controller
. Local controller + Converter
CO nverter Application Converter Layer

(a) (b)
Fig. 2.4 Control structure for power converterdapventional (b) proposed layered structure

In this section, the modular controller designnispired by the layered model of OSI.
Three layers are designed for this model of OSd:qystem control layer, the application
control layer and the application converter layrese three layers are independent of

each other. It is possible to design and modifyndager separately.
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The system control layer implements control stigedrom the system point of view
such as power flow control of the transmission kamel voltage support control for the
power grid. The system control layer implements twatrol arithmetic based on
information from the application layer and sendsrafion signals such as duty cycle or
control angles to the application layer. The dethilconverter operations will be
implemented in the application layers. Comparechwite conventional solution, the
controller operation is split into two parts, thentral controller and the local controller.
To modularize the controller, some functions of toatroller are distributed to a local
controller which is integrated with an HBBB baseshwerter. The central controller
continues to implement all of the control strateljygsends the switch states only to local
controllers instead of switch signals. Thgteatly reduces the fiber connection
requirement. The local controller can also colldet converter information, such as
voltage, current and temperature, and then sepack to the central controller via serial
communication to implement the control strategy.ré&mmportantly, the local controller
can process all of this converter information anatgrt the converter in fault situations,
such as excessive voltage, excessive current andssixe temperature. The local
controller and converter are combined into an liggeht converter which can protect
itself regardless incorrect control inputs or ifeeence and support the central controller
with enough information for control. Based on thdssign considerations, the converter
design is modularized, standardized and intellig@ike control calculation burden is
distributed and balanced between controller andeder.

The proposed layered control structure for the pawaverter is shown in Fig. 2.5.
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The new control structure concept breaks up trdtioaal boundaries of control level
definitions and forms a more independent layeraacgire. This modular standard layer

design will simplify power converter applications.

System Control Layer

1l

Application Control Layer

Application Converter Layer

Fig. 2.5 Layered power converter contstifucture

A digital modular local controller is the key conmamt of the modular converter. In
this paper, a FPGA (ALTERA FLEX10KA) based digitantroller is developed as a

local controller. It is fully optical interface cguatible, which is suitable for all optical
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trigger devices, especially for the Emitter Turfi-@hyristor (ETO) device with the
build-in sensor functions [44]. That design greatigreases communication reliability.

The prototype of the local controller and its ifdee are shown as Fig. 2.6

itchi Switching signals
Switching States | . g sig
Sensor signals Communication
g ; Local Controller |
Sensor selector i
| Fault Slgnal
Inputs Outputs

Fig. 2.6 Modular local controller prototype andiiiterface

The main functions of the local controller are:

-To accept the switch states from central contradled transfer them to switching
signals, meanwhile flexible dead time is addedr&vent shoot through.

-To gather sensor signals from the converter anskate them into digital signals and
send them back to the central controller througlalseommunication.

-To detect sensor information and implement pragedocally.
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Fig. 2.7 shows the function flow chart of a locahtroller.

Instead of connecting all of the switch signalsifroentral controller to converter, two
switch state signals are sending from central odietrto local controller. A three-level
converter requires three states to produce thre#-leutput. Two switch states can
support four states. An extra state, which is Uguaded in diode charge mode or in shut

down situations, can be used to turn off all thécves.

Switch Sensor Signal
States Signal Selector

A

Sensor
Measurement

y
Switching
Table A
Signal
Filter

) Block
Dead Time YesH Switches
Generation

No
A 4

Transfer
Data Form

A 4 A A 4
Switching Send Out Send Out
Singlas Sensor Signal Fault Signal

Fig. 2.7 Function diagram of local controller

This adaptation simplifies the interface greatlytMnly is it suitable for an HBBB
based converter, the switch state’s definitionha tocal controller is also compatible
with NPC (Neutral Point Clamped) topology, and aled diode clamped topology. The
switch states and three level outputs of thesetwologies are shown in Fig. 2.8 and Fig.

2.9.
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SW STATES 00

01 10 11
SW1H 0 0 0 1
SWIL 1 1 0 0
SW2H 0 1 0 1
SW2L 1 0 0 0
Van -Vdc/2 0 X Vdc/2

Fig. 2.8 3-leve NPC converter and switch states

Table 2-2 Communication Protocol of Digital Locar@roller

0-1 2-5 6- 14 15 16 -17

Start bit Sensor selectof  Converter voltage, current and Parity Stop bit
temperature information

The local controller is able to send all of theormhation back to the central controller
using serial communication via optical fiber. Thetical connection increases the

reliability of feedback information. Serial commaation has a simple protocol and high

reliability, the data protocol is shown in tabl@2-
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sw1H_§Z SW2ﬂ§Z
| |
+ d t
——— [
__V ¢ Output
SWIL SW2L
Y T
SW 00 01 10 11
STATES
SW1H 0 0 1 1
SWI1L 0 1 0 0
SW2H 0 1 0 1
SW2L 0 0 1 0
Output X -Vdc +Vdc 0

Fig. 2.9 3-level H-bridge converter and switchesat

Since the sensor information of the converter isveoted and transmitted by the local
controller, the local controller can process thegmals to implement the protection
function.

Fig. 2.10 shows the over-voltage protection. WhHen voltage exceeds the protection
point, all of the switch signals from the centrahtroller will be blocked and all of the
switches will be shut off. When the local controltetects the voltage is below a safe
level, it will unblock all of the switches. This ewrvoltage protection and recovery
function can limit the voltage stress across theiggodevice. On the other hand, it can

also prevent the lockup of the converter and mggyér of the protection function.
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Fig. 2.10 Local over-voltage protection functionneddular controller (1) voltage (2) fault signal
(3) switch in (4) switch to device
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Fig. 2.11 Local over-current protection functionneddular controller (1) current (2) fault signal
(3) switch to device (4) switch in

38



Fig. 2.11 shows the over-current protection. Whwm c¢urrent exceeds the protection
point, all of the switch signals from central catigr will be blocked and the converter
will be shut off until the central control sende tommand to release the protection.

Having all of these functions, the local controltam be integrated with a three-level
power converter to form a new converter structdreis modular design makes the
modularization and standardization of converterigtegossible. With the modular
design of converter and controller, the cost ofgbeer converter control system can be
reduced significantly. Consider the converter ia texible AC Transmission System
(FACTS) as an example, the conventional convedstsc$120 - $150 per kVA, while by
using the proposed control structure, the estimate of converter will be reduced to

less than $50 per kVA.

2.4.Distributed Power Flow Controller Design

The proposed converter-based distributed power @omtroller has a single phase H-
bridge based ETO light converter, modular contradled communication links.

Unlike conventional solutions, it connects to thewpr line directly without a
transformer because of its high voltage and curcapgbility. The rating of ETO light
converter (1-2 MVA) is suitable for typical 138kW08kV power transmission line
applications. The communication between distribygedier flow controller and station
control can be through either optical or wirelessnmunication. Fig. 2.12 shows the

concept diagram of single phase distributed povesy €Eontroller.
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V1 (01) Line impedance Bypass switch V2 (62)

Station control DPFC module

Fig. 2.12 Single phase distributed power flow colter

Because of the fully modular design, the proposisttiduted power flow controller
can be installed to the transmission line flexilblgsed on the power transmission
requirement, for example, one DPFC module per 3@snFig. 2.13 shows the DPFC

application diagram in a three phase power trarsonsystem.

DPFC module
Val (8al) Va2 (8a2)
® =1
Val (8bl) Vb2 (8a2)
®_ L AR E— _®
Val (6cl) Va2 (8c2)
®_ - ANNY— - E— _®

Fig. 2.13 DPFC application diagram
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A controlled power transmission line implementedhwmnultiple distributed power

flow controllers can result in significant benefits

Enhancement of the transmission line capability stadbility by changing the line

impedance characteristic.
* Reduction of the cost comparing with existed FAGEBes compensator

* Enhancement of reliability by applying multiple &pations thus achieving

redundancy

* Reduction of the time required to design and bbydusing standard modular
design
This modular design and modular control of megawdititributed power flow

controller creates important opportunities in tlepr transmission system.

2.5. Operations of DPFC

The DPFC have five operation modes

(1) Stand by mode: the controller is out of serytbe bypass switch S1 is turned on to
pass the line current

(2) Diode Charge mode: when the operation commanivka, S1 is turned off and line
current will go through converter and charge theacéor

(3) PWM charge mode: when the voltage of DC capadcit charged to some level, the
controller has power and the voltage loop of DCQtage is working and regulating DC

voltage to the reference value.
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(4) Service mode: power converter is operatinghm ¢apacitive mode and acts as a
capacitor, the line impedance decreases and tleeclimrent and active power flow
increases.

(5) Discharge mode: power converter is operatintheinductive mode and acting as
inductor, the line impedance increases and the dimeent and active power flow

decrease.

2.6. Summary

The ETO light converter based distributed powewfloontroller is proposed in this
chapter. The ETO Light modular VSC has a very sengqanfiguration and fully modular
design, allowing for flexible and widespread use RACTS and other industry
applications requiring high power converters. Theduolar digital local controller is
developed. The feasibility is verified by experirta@ntests. The ETO light converter
based distributed power flow controller conceptrosenes some serious limitations of
FACTS devices such as high cost, low reliabilityd dang building cycles. The new
approach shed lights on high power converter agjtins in FACTS. The controller of
DPFC is simulated and verified. The modeling depelent and control design of DPFC
will be presented in the next chapter. More simataand experimental results will be

presented later.
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Chapter 3. Distributed Power Flow Controller

Modeling and Control

The power flow controller is a reactive series cemgator employing a voltage source
converter in series with the transmission line. &ffective feedback control relies on a
well-defined model of the target system. Howevereaeral model development for the
power flow controller has not been shown in theviongs work. In this chapter, a simple
and accurate converter and system model developfoepobwer flow controller based
on per phase control, both in stationary and sysrabus (DQO) frames, are proposed and
introduced. By deriving an accurate switching, ager and small signal models and
determining the transfer functions, feedback cdnkaavs can be well designed and
applied to the controller in order to realize gatdtic and dynamic performance of the

power flow controller.

3.1. Operation Principles of the Power Flow Controller

The schematic of a single phase distributed polegr €ontroller is shown in Fig. 3.1.
The DFPC system is comprised of two main parts:ocautar H-bridge voltage source
converter with a separate dc link capacitor andyaad controller with measurements.

As previously discussed, modular voltage sourceveders are identical H-Bridge
converters, whose output is connected in seriescitir with the transmission line. To
make the entire system work effectively and perfqgroperly, a carefully designed

controller is required. All the necessary line agks and currents are measured and fed
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into the controller to be compared with controllesmmands. The controller then
performs feedback control and outputs a set ofcénvig signals driving the main power

semiconductor devices of the power converter.
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Fig. 3.1 Schematic of DPFC control system

One of the primary functions of a power flow cotignis the provision of active power
flow control for the transmission line. The powésw on a transmission line can be
controlled by changing the converter’s output vgdtato affect transmission line
impedance. If the converter is to be operated paciive mode, +Q, the converter output
voltage lags the line current by 90° and the pofi@w controller acts as a series
capacitor to reduce line impedance and increaser#msmitted active power. If the
converter is to be operated in inductive mode,th@,converter output voltage leads the
line current by 90° and the power flow controlletsaas a series inductor to increase line

impedance and reduce transmitted active power..
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For practical applications, the converter is asged with internal losses caused by
connection loss and the power semiconductor dewisesl as the converter’'s passive
components. As a result with no control, the dcacépr voltage will decrease. In order
to regulate the capacitor voltage and maintainlezgaperation of DPFC, a phase shift of
the current and the voltage will be applied to easa small amount of real power

exchange between the converter and the power grid.

3.2. Distributed Power Flow Controller Model Development

This section proposes and introduces a developprenedure of the model and control
development of the single phase distributed povesv tontroller. Fig. 3.2 illustrates the
control development block diagram, showing thetietship between the modeling and
feedback control design. This process starts witdehdevelopment which can provide
key transfer functions of the control parametersstate variables such as DPFC
(transmission line) currents and DC capacitor g@ta=eedback control is designed and
evaluated based on derived transfer functions surengood performance of the entire
distributed power flow controller system. Basedtbe proposed modeling method, the
stability of the feedback loops can be systemdyiealaluated and guaranteed. The loop
gains are then modified to achieve as much stalaiitpossible, while dynamic response
Is not sacrificed. These control techniques aredadd by both computer simulations

and experimental test results.
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Fig. 3.2 Control development for the power flow tohier

3.3. Model Development

Model development process starts with generatirgyvéiching model of the power
converter and then an average model in a singleegbaordinate. The average model is
integrated with a linear model of an AC power syst&he linear model of the AC power
system includes one equivalent ac source. In otdeimplement the decoupling
controller, the average model of the power flowtodlfer in single-phaseoordinate is
transformed into a model in DQO coordinates. Togteseedback control loops using
linear compensators, a small signal model of theyatem in DQO coordinates is derived
for its average model in the same coordinates. Fi§.shows a diagram of the model
development of the modular converter based DPFC.

The model development flow chart is shown in Fig. 3¥he modeling process starts

with a definition of the switching functions of daconverter cell in the CMC. The CMC
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is represented by a switching model in an abc d¢oate system. The next step in the
modeling process is to apply the average operattre switching functions. During this

step all of the switching functions are neglected anly the fundamental components
are considered. Duty cycles are the main contrahrpaters that are derived from the
average model. Duty cycles are used to providechwg signals to the CMC. First, a

generalized average model is derived in abc coate This model can be used in any
type of power-conversion system. The derived aweragdel of the SSSC is combined
with the linear model of a three-phase ac systelne dombined model constitutes the

equivalent average model for the system under study

Electrical Model

in abc coordinates
~ — o Switching
4 i - { Function
Switching Model in
abc coordinates

Jd =

N\
[ Average Model

Average
Operation

in abc coordinates

Function

Average Model
in dgo coordinates

Linearization

ap=s

A{ )
N\
{Transformation
)

Small-signal Model ’
in dgo coordinates

Fig. 3.3 Model development procedures
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According to the flow chart, the average in thegrnphase coordinate frame must be
transferred to an average model in the DQO frammeAfd system. Once the average
model in single-phase coordinate has been traesfeinto DQO coordinates, a
linearization step is necessary to derive the smeigihal model for the power flow
controller. Transfer functions for the system anent derived from the small signal
model. In the synchronous frame, all ac paramebexme dc parameters. In other
words, the converter behaves similar to a dc-teato/erter. As a result, classical linear
control techniques can then be applied to the Hegerivoltage source converter. Since
simple linear control techniques can be applied, stability and feedback loops can be
evaluated and the control parameters can be opgtthfiar peak performance. Also, the
real and reactive components of the system canobé&atled independently of one
another.

Switching Sequence
The H-Bridge converter is the basic converter togplwe are using for analysis. The

simplified structure of the H-Bridge is shown irgF8.4.

____________________

Fig. 3.4 Basic structure of one H-Bridge converter

48



There are three possible output voltage levelsdaatbe synthesized from the possible

switching combinations. These voltage levels amvshin Fig. 3.5.

S11:S,4ON or

VdC S;.,S, ON
. >
- Vdc | ! i

Fig. 3.5 Output voltage of H-Bridge converter

In order to prevent a short-through circuit, thp tmd bottom switches in the same
phase leg of the H-bridge cannot be turned oneaséime time. That means that the top
switch and the bottom switch must be complemenfémg equivalent circuit of the H-
Bridge is shown in Fig. 3.6. Then we can get théching model of H-bridge converter
which is shown as Fig. 3.7. To illustrate the lielaghip between the output current and
voltage on the dc side of the converter and orathseide of the converter, four possible

switch combinations and switching model are shawhable 3-1.

Fig. 3.6 Equivalent circuit of the H-Bridge conart
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Table 3-1 H-bridge Converter Switching Combinations
S1 SZ S Vo Idc
0 0 0 0 0
1 0 1 Vdc io
0 1 -1 -Vdc -io
1 1 0 0 0

The relationship between the dc voltage and theexder output voltage as well as the
capacitor current and the converter output curegzatrepresented in equations 3.1 and
3.2. The converter output current equation mustdyeal to the line current of the power

system because the SSSC is connected in serietheifower system.
Vo = (Sl - SZ)Vdc (31)
e =(8-S)i, 3.2

S; can be defined as the difference between thesgsitnf the two top switches.
S=S5-5 (3.3)

By substituting equation 3.3 into equations 3.1 3n#

V, =SV, (3.4)

i.=9 (3.5)

The derived switching model for the H-Bridge corgelis shown in Fig. 3.7. Each H-
Bridge converter shown in Fig. 3.6 can be repldngethe switching model. The result is

the final switching model of the CMC shown in F&j7.
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Fig. 3.7 Switching model of the H-Bridge converter

Average Model in single phase Coordinate
In order to develop the average model of the H-@gxidConverter, the switching
functions are averaged to take into account théchmig behavior and the harmonic

components for all parameters. The average opaséxpressed in equation 3.6.
d=s®)=2[ s()d 3.6
=S =] S(ndr (36)
S(k) in equation 3.6 is defined as the switching fiorctof the VSC and d and are

defined as the average values of the switchingtimmadefined here as the dLS,,(f)
cycles.

The average operator is applied to equation 3d eguation 3.5, the duty cycle for the
switching function S(t) is dfrom time 0 to T. The behavior of the average shiitg
function is shown in Fig. 3.8.

From Fig. 3.8, it can be stated that the averagelsivg function for time T to 2T is —

d.. The green line represents the average switchjiolg of a switching function.
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Fig. 3.8 Average switching function over a switahycle

The next step in the development of the averageehwidhe H-Bridge Converter is to
apply the average operator to the voltages anewcisiof equation 3.4 and equation 3.5.
The right hand side of both the current and voltageations consists of two quadratic
terms. These quadratic terms are to the resuhlieofriultiplication of two time-dependent
terms. Before the average operator can be usedquoatien 3.4 and equation 3.5,
something must be done to simplify the quadratim$eon the right-hand side of both
equations. To do this, several assumptions mushdmte. First, the dc voltages must be
reasonably assumed to be constant during one smgtatycle. Second, the output
currents must be reasonably assumed to be cordiiang one switching cycle. These
assumptions are valid for two reasons. First, ik capacitors are relatively large for

high power applications such as the series compiensgherefore, their voltages do not
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change very much over a switching period. Secdralswitching frequencies of the high
power semiconductor devices used in the power ffomtroller are significantly higher
than the fundamental frequencies of the power systéor example, the switching
frequency of the H-bridge voltage source convaden the range of 300 Hz to 2 kHz;
whereas, the fundamental switching frequency ofpihvwer system is in the range of 50
Hz to 60 Hz.

If the average operator is applied to equation 34, average voltage equation

becomes:
v=1[ SOdr*v. =d*Vv 3.7
V=L STV = d Vg (3.7)

If the average operator is applied to the currguiagon 3.5 the result is as follows:
i =d*i, (3.8)
The converter’s output current is as same as tieedurrent of the power grid because
the power flow controller is connected in seriethwvihe transmission line.
The average model in single-phase coordinate tdistributed power flow controller
is shown in Fig. 3.9. The ESR of the high-powerdpacitors is neglected in the average
model because it is relatively small compared &itpedance of the dc capacitors.

R L Davdc

RI:_SR I_'; VSl i
%S < ¢
—|—C

V32

Vdc

Fig. 3.9 Average model of single phase power flowtoller
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The single-phase output-current differential equatnatrix for the average model is:

. V,*d V., R
Ay Ve'dy Ve R (3.9)
¢ L L L

The three-phase dc-link voltage differential equatinatrix for the CMC is:

dVdc - _ Vdc _ dala (310)
dit RC C

Average Model in DQO Coordinates

Normally the Park’s transformation is widely usea transform AC of the abc
stationary frame to DC of the DQO synchronous framehe three-phase system to
simplify the control system and apply the decoupeuqirol.

Park’'s Transformation Matrix is defined as follows:

-sind —sin(H—Zn) —sin(<9+271)
3 3
quo,abc:\/%* cosd cos@—%n) cos(9+§n) (3.11)
1 1 1
L V2 V2 V2

whereon(t) is the angular velocity = J';w(r)dr +6(0).

In a single phase system, it is possible to craagecond quantity in quadrature with
the real one so as to apply the transformation filwarstatic to the synchronous frame.

The transformation to the synchronous frame DQireguwo orthogonal components.
In three-phase systems the abc components arefetmaus to the orthogonal and
stationarya B frame system and then to the synchronous framea®®&hown as Fig.

3.10.
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Fig. 3.10 Stationary frame to synchronous fraraegformation
Hiiopenl FINCE
Another simple way to implement single phase D(hdfarmation, an accurate
extraction of single ac information can be usedind the dc information in a single
phase ac signal.
For a single phase signal
X(t) = X,, xsin(at - ¢) (3.13)
can be broken down in two orthogonal sinusoidatals)
X(t) = X, sin(at) + X, cos@t) (3.14)

where
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X4 =X, CoSs
Xy ==X, sin(@)
According to the decoupling control scheme, thetrmbrvariables in DQO can be
derived from the differential equations for thetagke and current which are represented

in Fig. 3.11.

Fig. 3.11 Simplified average model for the DPFOMO coordinates

[ d \Y/ [ w*i
d.d_E*dd 1.y R o | (316
dt lq L e Ve iy | +| —w*iy| (3.16)

i d, Vo e i 0

dli. | (3.17)

Using equation 3.16 and equation 3.17 the smatlasimmodel for the DPFC System is

shown in Fig. 3.11.
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Fig. 3.12 Small-signal model of DPFC in DQO cooedés

The small signal transformation can be derived as

V,

lg ad d_eq lg w i;

d| -~ E|~ 1 N R| =~ =

ae| o [T | G| T Vo T [l | T (3.18)
Iy d, Vo_eg I 0

dE E 1 T . =~ - e

dt :_E_E(dd'd +dgig +dgig +dgi,) (3.19)

Since DPFC only supplies reactive power to the ogtwand not active power, the
decision was made to align the voltage in the D@fné with the Q axis because the Q

axis is responsible for the reactive componentt®DPFC.

As a result, the average output-current differémtgaation matrix in DQO coordinates

for the HBBB-Based DPFC is expressed as follows:

[ d Y/ [ w*i
dl o Bl g ey TR ] c ot | (320
at lq L al Ve | lq —w*riy | (3.20)
Iy d, Vo e iy 0
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The differential equation matrix in the DQO coomties for the dc-link voltage is as

follows:
dv V., 1 g
Vae = _ Ve _ =4 g d.di 3.21
dt RC c[ d T °] a (3:21)

Open-Loop Transfer Function Derivation
Using equation 3.20, and equation 3.21, there ave possible open-loop control
transfer functions that can be derived. They arfelésvs:

Control-to-Output-Current considering the crosspiimg transfer functions:

|
d, + el /V,, d, -yl /V,

Control-to-DC-voltage transfer function
v
Gg ==

d

o

Current-to-DC voltage transfer function

Ve
vid f
Id

We can get the control to D-channel output curteartsfer function:

~ E

i L
Gy ==—=2 = 3.22
¢ d, + iqaj_/VdC S+ R ( )

Likewise, the transfer function;{3s:
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~ Vdc
|
Gy = =" =L 3.22
Mody il 1V, g4 R (3.22)
L

Using the DC capacitor circuit shown in Fig. 3.42h perturbations of the D-channel
and Q-channel currents, yield:

d

\’/*- =
Gy = a?c =" Cl 43)
d S+——
RC
~ Dd
7 Dy
G, = e = _ c1 (3.24)
Iq S+
R.C
Converter Model v
dc
— B
= LEm- :
T4y
d

v
v+
1
o]

Fig. 3.13 Open-loop transfer function of single sgaower flow controller

The block diagram of the open-loop transfer funwtimf single-phase power flow
controller is shown as Fig. 3.13.
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3.4.Closed-loop Control Design

The derived power flow controller model above isdign the design process. Real and
reactive power exchanged between the power floviralber and the power grid can be
controlled independently by decoupling the real agatctive components of the power
flow controller into d-Channel and g-Channel comgmus.

The proposed SSSC system, as shown in Fig. 3.14.

Vsl R L Vs2

Ot

Power

Fig. 3.14 Proposed DPFC System

It is formed by a modular voltage source convertesed DPFC, power sources and line

impedance.
Converter Model Y
Controller _,-_+, Jc
Vdcref G dd *-_’ IE
+
Vee | 2 |
(¢]
8
c — PLL
-~ ‘3”
Il | @ |
= q

—

Fig. 3.15 Open-loop block diagram for the diredtage control scheme
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Fig. 3.15 shows the proposed direct voltage couliagjram of DPFC.

Converter Model v
d

Controller _.-_. >
Vg * "t
deref d |

+
Vdc

juswalnses|N
9]
U
—
—

Fig. 3.16 Indirect curernt control block diagram

Fig. 3.16 demonstrates the indirect current coriitetk. The d axis duty cycle is given

by the error of the current reference and the medscurrent. The line current and the

DC capacitor voltage are regulated.

For a real digital controller based control systéne, digital delay and low pass filter
for sensor signals influence for the controllerigesre considered.

5T

Digital delay: G, = —% (3.25)

where Td is the total digital delay including cadation, A/D conversion and switching

delay.

1

3.26
+ sRC ( )

Low pass filter:G; = 1
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Based on the above description, the control loopbeadescribed as:
Current loop gain
Ty =H,G,G, (3.27)
Voltage loop gain
T, =H (G + G Gua)GoG; (3.28)
Since G ,G,, has the higher order information compared w&j), , The voltage loop

gain could be simplified as:
T, =H GGGy (3.29)

In order to verify the control performance of distited power flow controller, a single

phase two machine system is introduced shown asSHig.

138kV(0°) 5+j18.85 138KV(10°)

: ‘ 30 miles DPFC module ‘ :

Fig. 3.17 Single phase power flow control diagram

Table 3-2 Simulation Specifications
Line to line voltage of generator 1 (kV) 138
Voltage phase of generator 1 0
Line to line voltage of generator 2 (kV) 138
Voltage phase of generator 2 10
Line impedance of 30-mile line(ohm) 5+j18.8
Line current (A) 870
Switching frequency (Hz) 1020
DC voltage of total converter (V) 2500
Injection voltage 2%
DC capacitance(mF) 16.2
Internal converter loss (kW) 1
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The simulation parameters are shown in Table 3-2.

The current loop gain plot is shown as Fig. 3.18.

Current Loop Gain Plot
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Fig. 3.18 Current loop bode plot

The cross-over frequency is about 200Hz which mualthe one fifth of the switching

frequency 1020Hz and the phase margin is abdut 90
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The voltage loop gain plot is shown as Fig. 3.19.

The cross-over frequency is about 20Hz and theepimasgin is about 110

The voltage loop is much slower than the curremdpldo get the good control

performance.
Woltage Loop Gam Plot
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10 = T+
‘-\-\-\_"'_""-.__\_\_
0 =ug
|
S
-10 il
]
=L |
M
-2 =t
-30
0l 1 10 100 =10 1=t =10 1
I
Voltage Loop Phase Plot
——r
1
Ng! L —T" | T
'\-N_\\\ | |
—_ 6 |
—thti] L—1
-12
-18
™.
s
—24 Suml
-30
— 38
0l 1 10 100 =10 1=t =10 1

Fig. 3.19 Voltage loop bode plot
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Fig. 3.20 Simulation results of DPFC (@) line catrand compensating voltage. (b) line current
RMS value. (c) transmitted active power.

A single phase power flow controller is designeaaatrol the power flow through the
transmission line. Sinusoidal Pulse Width Modulati®PWM) is used to control the
power converter. Controller is designed to suppbe voltage in DC capacitor and
generate the compensating voltage to the powerTinen the designed distributed power
flow con

The simulation results are shown as Fig. 3.20.

The operations of DPFC have five steps

(1) The controller is out of service, the bypasstdwS1 is turned on to pass the line

current
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(2) When the operation command is coming, S1 isewroff and line current will go
through converter and charge the capacitor

(3) When the voltage of DC capacitor is chargedstme level (1000V in the
simulation), the controller has the power supphd &en the voltage loop of DC voltage
is working and regulate the DC voltage to the riee value.

(4) Power converter is operating in the capacithae and acting as capacitor, the line
impedance decrease and the line current and guiver flow increase.

(5) Power converter is operating in the inductiveden and acting as inductor, the line
impedance increase and the line current and aptiwer flow decrease.

From the simulation results, we can notice thatcthrrol parameters work fine for the

DPFC controller to achieve the expected contrdigoerance.

Gain scheduling controller design for operating codition variation

From equation 3.23 and 3.29, we can find that thiéage loop is related to the line
current value which is one important measuremerthefDPFC application. When the
current is small, the low frequency gain of thetagé loop is getting small. That will
slow down the voltage loop speed and affect therobloop transient performance, even
the stability. It is an important control issuetire real industrial application. Fig. 3.21
shows the voltage loop bode plot with the variatainthe line current. Although the
controller is designed to have 60° phase margihetLlO00A operating point, the phase
margin decreases to about 30° and bandwidth go&bklizowhen the current changes to

100A.
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Voltage Loop Gain Plot
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Fig. 3.21 Bad feedback design with variation oélgurrent (insufficient phase margin)

Voltage Loop Gain Plot
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Fig. 3.22 B Bad feedback design with variationiéIcurrent (high crossover frequency)
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Fig. 3.22 shows another bad design of voltage lomage plot with the variation of the
line current. The crossover frequency of contradiethe 1000A operating point is 3kHz,

which is too close to the switching frequency.

Fig. 3.23 shows the simulation results with the adtage loop design. The DC
voltage could not be regulated well since the faekdbcontroller could not provide

enough phase margin.
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Fig. 3.23 Bad design simulations

To solve this issue, one possible solution is tsigiethe feedback controller carefully
based on the real operating situation (e.g. therdmge line current). Fig. 3.24 displays

one possible customized feedback controller desogrprovide the sufficient phase
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margin and reasonable crossover frequency in a@ratipn range of line current from

100A to 1000A.

Voltage Loop Gain Plot
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Fig. 3.24 Customized controller design

Another good solution to improve this issue is gaen scheduling controller design for
the voltage loop. The gain scheduling compensasiamroduced instead of conventional

digital PI controlleH,,,, =H, /1,. The measured line current information is appted

the voltage loop to make the voltage loop indepenhdeith the line current. The

69



influence of current is compensated to achieve ibier control speed and transient
performance.
Fig. 3.25 shows the simulation results with thengstheduling feedback controller

design. The DC capacitor voltage and the line ciiraee regulated very well.
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Fig. 3.25 Simulation results

Experimental Test Results

To verify the controller of DPFC, a single phaseHOPhardware prototype has been
built in the laboratory as shown in Fig. 3.26. IGBased IPEM modules are used as H-
bridges. The H-bridge is controlled by an AlteraBX 10k30A FPGA-based local

controller through a drive board and optical fib&rse central controller is connected to
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six local controllers. The central controller indes a TMS320C6701 DSP board and an

AED 106 FPGA daughter board. The controller sysienfully compatible with any
optical triggered device (e.g., ETO) —based H-leidg

Bypass  |nductor
Switch m
§ XL i
AC (M, =
<> H-bridge Control
Converter |« >

Fig. 3.26 Single pahse DPFC schematic circuit

The schematic of the experimental setup is showFiqas3.27.

Fig. 3.27 Single pahse DPFC prototype prototype
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The specification of the DPFC prototype is showiT alsle 3-3

Table 3-3 Experimental Specifications

Line voltage of AC source RMS(V) 90
Resistive line impedance (ohm) 50
Inductive line impedance (mH) 7.5
Line current (A) 1.8

Switching frequency (Hz) 300
DC voltage of total converter (V) 12
DC capacitance(mF) 2.7
Internal converter loss estimation (W) 5

The current loop controller design is shown below.

Current Loop Gain Plot
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Fig. 3.28 Current loop bode plot
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The cross over frequency is 50Hz which is the darth ©f the switching frequency
300Hz. The phase margin is 220

The voltage loop controller design

Voltage Loop Gain Plot
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Fig. 3.29 Single phase DPFC prototype schematic

The crossover frequency is 5Hz which is 10 timesvel than the current loop. The

phase margin is 80

The test results are shown in the figures below.
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Fig. 3.30 and Fig. 3.31 show the Phase Lock Lodgp YPperation. We can find that
the converter output voltages have 90° differendd whe line current information to

implement the reactive voltage injection.

L L
Ch 204 Q M 4 Orng 6 25MSS 160nzAat
Chi S.0% A Chl o -440mé

Fig. 3.30 Phase Lock Loop in capacitive mode

L L
chi 204 o M 4 0ms B 25MSs 160N At
Chi3 Sy A Chl o -d40mé

Fig. 3.31 Phase Lock Loop in inductive mode
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Fig. 3.32 shows the operation sequence. It showsWarge mode, capacitive mode,

inductive mode and discharge mode in sequence.

______________________ o
SUASEMNRRNRN |11 1 1L NN
L

Fig. 3.32 Experimental results of DPFC (a) linerent and compensating voltage. (b) converter
output. (c) DC capacitor voltage.

Fig. 3.33 shows the charging operation.
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Fig. 3.33 Charging operation of DPFC (a) line coti@nd compensating voltage. (b) converter
output. (c) DC capacitor voltage
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Fig. 3.34 shows the capacitive operation.
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Fig. 3.34 Capacitive operation of DPFC (@) linerent and compensating voltage. (b) converter
output. (c) DC capacitor voltage.

Fig. 3.35 shows the inductive operation.
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Fig. 3.35 Inductive operation of DPFC (a) line emtrand compensating voltage. (b) converter
output. (c) DC capacitor voltage
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Fig. 3.36 shows the discharging operation
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Fig. 3.36 Discharging operation of DPFC (a) linerent and compensating voltage. (b) converter
output. (c) DC capacitor voltage.

From the experimental results, two control targetsld be verified: the PLL control
works well and the DC capacitor voltage is wellulated by voltage loop.
The experimental results verify the feasibility thie controller for the single phase

distributed power flow controller and the validatiof the proposed operations.
3.5. Summary

This chapter presented the model development anitlotier design for the distributed
power flow controller. The model of the DPFC waspwsed. The key transfer functions
were derived. The compensation parameters weredasigned for the digital controller.
The simulations and experimental results verifyferesibility of the model development

and the control design.
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Chapter 4. Distributed Power Flow Controller

Applications

The converter-based series compensator is oneeaintst useful FACTS controllers
for power flow control. The major application ofetlseries compensation is to directly
control of the transmitted power in a given trarssiun line. It can also provide
transmission line voltage regulation by the contoblthe effective line impedance,
particularly for the end-voltage of a radial lifkhe conventional applications for power
flow control are for transmission lines [79]-[82]he main applications within the broad
area of adjustable or dynamic power flow contrel as follows:

(1) Compensation of long transmission line
(2) Balance the power flow in lines to prevent dative power loop flow
(3) Improvement the stability

This chapter will propose the applications of DPiRCGhe conventional transmission
system, the extended application in the distribugstem especially in the demand side
management (DSM) to control the power usage foretiek user. Besides the traditional
active power flow control, the advanced functiorfsDiPFC are also presented and

analyzed.

4.1. Transmission Line System Applications

The proposed DPFC could implement the functionshefconventional power flow

controller:
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(1) Active power flow control;
(2) Transient stability improvement;

(3) Power oscillation damping (power converter-basedqudlow control);

In order to verify the system effects of DPFC téeransmission line system, a 5-bus
transmission system is introduced shown as Fig. BRIFC is designed to control the

power flow through the transmission line. The siatioin parameters are shown in Table

4-1.
100MW
P, &1, L Dynamic load
150km 150km
500KV 1 L SOk 500KV
—
C [ Ya% 2 ‘ l :
| e SE—
L
L DPFC 350km
250MW -_— 50MW
PZ&I2

Fig. 4.1 DPFC system simulations

Table 4-1 Simulation Specifications
Phase to phase voltage of generator (kY) 500
Resistance per unit length (ohm/km) 0.02546
Inductance per unit length (H/km) 0.9337*10e13
Capacitance per unit length (F/km) 1.274*10e-10
Compensation voltage 3%-7%
Simulation time (s) 10
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The DPFC series compensation results are showngindR2. The more current and
power flow goes through branch 1 because of thalanbed line impedance and load
condition. When the DPFC is put into service inngota 2, the line impedance
characteristic is changed and the more power flo@sgthrough branch 2. When the
compensation voltage is 7%, the power flow of bharic and branch 2 are almost
balanced. That helps to achieve high transmissmenutilization. The simulation results
verify the feasibility of DPFC for the power flovortrol in the transmission line system.

Since the power converter based series compensadiomperate in either capacitive
mode or inductive mode, the DPFC can operate innithéctive mode to increase the line
impedance at the fault condition to damp the owerent. That is one of the advantages
of converter based series compensation solutionpadng with the current capacitor

based series compensation.
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Fig. 4.2 Simulation results of DPFC influence te transmission line
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Fig. 4.4 Active power oscillation damping
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Fig. 4.3 and Fig. 4.4 show the generator anglellason damping and active power

oscillation damping functions of DPFC separatelyitivthe power oscillation damping

application of DPFC, the oscillation after the distance will be damped effectively.



The ETO-based DPFC also has some advanced funatibick could benefit to the

power system and the application aspects:
(4) Unbalanced current compensation;
(5) Possible series protection capability;
(6) Fault tolerant design.

Because the DPFC operation is based on per phaselcthe phase current and active
power flow in each phase is controlled indepengetitrovides the good opportunity to
deal with the unbalanced current issue in the m@&son line. Fig. 4.5 illustrates the
function of DPFC to compensate the unbalanced thinese current. After the detection
of the current sag in phase A, the DPFC modulehimsp is starting up and operating in
the capacitive mode to balance the current. Theentisag in phase A is compensated by

the DPFC module in phase A.

-2000
-3000!

Normal Unbalanced Balanced Curr ent
| Current |
T T T T T
§ bhAnAARY [ n“f‘ ANALANA AAANA DA l ‘(\ «‘ N ‘\I AN ‘ﬁ‘h‘\\ﬂwﬂ‘ AR ﬁ,m‘ ’l‘ A QAN
TS
3-phase 8 0\%‘\4L/‘\‘\ \jw H“ﬂ THN u}'“‘\%hj\r \‘” ‘WT‘\L/‘\\/\‘T\H
line current & L P L ) ‘ ‘ ‘5{ x f‘ i L
8 -o00f A AR w AR ”‘u ”" ‘ﬁv f *“H A MYALAAMHAR AN
= I I I I
3 ' |
é 3000
Converter ;™ ‘
outputand 1°°§’,i,i ”f\’f\’f\’ﬁ /\ ATV A
line currentin & N
phase A é'moo © P
o

900

850

RMS current

in phase A 800

Current RMS Value(A)

750

Time(s)

Fig. 4.5 DPFC unbalanced current compensation
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The conventional SSSC has one mechanical bypasshsiwisustain high fault current.

While the mechanical switch has slow response {({@e— 60ms), it is not enough to

protect the converter. The solid state switch caelgbonse fast (5-100us) but has the

higher power loss.

Fig. 4.6 shows the possible tiancof DPFC bypass scheme to

achieve the fast switching to protect the conveated save the time for the mechanical

switch to operate.

Line Current Inductive
Impedance R Inductive
Impedance
5 ™™ Fault Current ™
S1 X |
V2(62) ST X l
Ac V1(81) Power %) V1(81) ‘ 1 GND

Converter

Power
Converter

Normal Operation

Post-fault Operation

Inductive
Impedance

. V2(62)

V1(81)

Fig. 4.6 The series protection of DPFC

Because of the fully modular design, the proposstiibluted power flow controller can

be installed to the

transmission line flexibly ldsen the power transmission

requirement. The flexible series connection provitlee good opportunity to achieve

redundancy for fault tolerant design. The redund#PEC can be installed in the power

line for each phase.

At the normal operation, th@undant will be bypassed by the

bypass switch. When one operating DPFC is failbd, failed DPFC module will be

bypassed after the fault detection and the redurfdBRC will be put into the power line
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and inject voltage to the power grid to control #utive power through the power line as
normal operation. The transmitted active power @ntained by applying the redundant
DPFC module. The reliability of DPFC applicationingproved greatly by using this fault
tolerant design. The more analysis and verificatidnfault tolerant design will be

demonstrated in the next chapter.

4.2. Distribution System Applications

With the development of renewable energy and sgrédt more efforts have been put
on the study of distribution system [85] — [86].€Tproposed DPFC has the advantages to
apply in the distribution system.

Since DPFC has the single phase controller, itif@sral advantage to be applied in
distribution system. Fig. 4.7 shows a 7.2kV disttibn study system.

7.2kV

S

DC Cap

Load
PF=0.94

Fig. 4.7 DPFC application in 7.2kV distribution &y

The simulation parameters are shown in Table 4-2.

Table 4-2 Simulation Specifications
Substation voltage (kV) 7.2
Active power of load (MW) 22
Power factor 0.94
DC voltage of DPFC converter (V 500
DPFC injection voltage (V) 400
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The phasor diagram of this operation could be destnated in Fig. 4.8.

Vi

Fig. 4.8 Phasor diagram of DPFC application inritigtion system
In the phasor diagram,vis the grid voltage,.lis the line current, ¥Yis the DPFC
compensating voltage. With the application of DRiethpensating voltage, the effective
load voltage will be modified, thus the power camgtion in the load side will be

modified. We can also find that the power factolf i affected too.
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Fig. 4.9 Simulation results (a) current and coraresutput (b) load current RMS value (c)
active power (d) power factor
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The simulation results are shown as Fig. 4.9. DiE~€ffective to control the power

flow in the single phase distribution system.

Another study system for DPFC application in 240Mtribution system with the
renewable energy sources is shown as Fig. 4.10. disteibuted generator is one
renewable energy source connected to load 1 amd2o0®ne DPFC module is installed

in line 2 to redistribute the active power flowween DG and two loads.

L2
2mil 240V
DG 1 2mil
I — —
<: ) ) —@ Grid
280 —— 2mil
DPFC 1mil

L1

Fig. 4.10 DPFC application in distribution system

Table 4-3 Simulation Specifications
Generator Voltage RMS 240V
Line impedance of branch 1 Q1+ 0.01H
Line impedance of branch 2 @5 0.005H
Load 1 20kw
Load 2 30kw
DG rating 25kW

The simulation results are shown as Fig. 4.11.gdwer flow could be redistributed by

the application of DPFC.
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Fig. 4.11 Simlation results current and convertgpot (b) power flow on branch 1 (c) power
flow on branch 2 (d) current on branch 2

Demand side management (DSM) encompasses “systentdity and government
activities designed to change the amount and/oingjnof the customer’'s use of
electricity” for the collective benefit of the sety, the utility and its customers. As such,
it is an umbrella term that includes several défdgrload shape objectives, including load
management (LM), energy efficiency (EE) and el&cttion [83] — [84].

Peak clipping, valley filling and load shifting addassified as load management
objectives. Energy efficiency involves a reduction over all energy use and is
sometimes referred to as energy conservation. Teahnspeaking, the two are different

since the level of energy service (e.g., the l@fdighting in a room) is preserved under
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energy efficiency but declines under energy coretem. Electrification involves load
building over all hours and is often associatedhwiistomer retention programs from the
perspective of the utility. It can also involve tkdevelopment of new markets and
customers. Flexible load shape involves makingldae shape responsive to reliability
conditions.

DPFC has the ability to control the active powemfiwhich is a good candidate for the
demand side management.

The simulation system for DPFC in DSM applicatisrshown as Fig. 4.12

7.2kV DPFC module
Load
I | PF=0.87
DC Cap
Fig. 4.12 Simulation system
The simulation parameters are listed in Table 4-4.
Table 4-4 Simulation Specifications
Substation voltage (kV) 7.2
Active power of load (MW) 1.95
Power factor 0.87
DC voltage of DPFC converter (V) 500
DPFC injection voltage (V) 400

The simulation results are shown as Fig. 4.13.
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Fig. 4.13 Simulation results (a) current and coterevutput (b) load current RMS value (c) active
power (d) power factor
The load side voltage magnitude could be effegtigehtrolled by DPFC.

If DPFC DC link is interfaced with renewable enegpurces, the transmitted active
power could be controlled by DPFC and the activegydrom renewable energy sources

could be transferred to load.

Fig. 4.14 shows one 110V study system of DPFC agpin DSM. The simulation

parameters are shown as Table 4-5

89



110V
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DC link _l |_

p&

RE Source
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PF=0.99

Fig. 4.14 DPFC with renewable energy srources stior system

Table 4-5 Simulation Specifications
Grid Voltage 110v
Load 6KW
Power Factor 0.99
DPFC DC link 15V
DPFC injection voltage 10V
Renewable energy injection 10V

The phasor diagram of this operation could be destnated in Fig. 4.15.

Vi

Fig. 4.15 Phasor diagram of series energy stoxagagply active power
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Fig. 4.16 Simulation results — renewable energye®only (a) load current and converter output
(b) load current RMS value (c) active power fronddd) load active power (e) power factor.

Fig. 4.16 shows the simulation results. The rendsvabergy is transmitted to the load

with the interface of DPFC.

Fig. 4.17 Phasor diagram of DPFC interface withrgystorage
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Considering the DPFC is operating with the renewatergy source together, the
output of DPFC could inject not only reactive vgkabut also active voltage to the load.
The phasor diagram is shown as Fig. 4.17. Thisiegtpn has more flexibility to control

the load voltage and improve the load power factor.

The simulation results are shown as Fig. 4.18 agd4-19 with PF=0.99 and PF=0.94

respectively.
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Fig. 4.18 Simulation results PF=0.99 (a) load aureand converter output (b) load current RMS
value (c) active power from grid (d) load activengo () power factor.

DPFC could operate with renewable energy sourcemdérol the end user active power
demand. Fig. 4.20 shows the possible applicatiohsDBFC from high voltage
transmission system to low voltage residential .a@RFC is a promising smart grid

component candidate.
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Fig. 4.19 Simulation results PF=0.94 (a) load auresd converter output (b) load current RMS
value (c) active power from grid (d) load activengo (e) power factor.

Distributed
|
500V/1-2kVA 4000V/1-2MVA
Residential Distribution Transmission
120V/240V 7.2kV -34.5kV 138kV or higher

Fig. 4.20 DPFC prospective applications
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4.3. Summary

This Chapter proposed the DPFC application in theventional transmission system.
Besides the traditional active power flow controtlaransient damping functions, DPFC
is also capable to deal with the unbalanced curfaatt current limit and inherent fault
tolerant design. The new applications for distidiut system and demand side

management have been proposed and verified byrtheasion results.
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Chapter 5. Fault Tolerant Design

High cost, series protection requirement and lovialdity still limit widespread
converter-based power flow controller applicatioRecent research has put more effort
on the design and realization of low-cost and higjiability high power converters. Fault
tolerant design is an effective solution to achibigher reliability and availability. The
operation of the cascaded H-bridge multilevel iteewith faulty cells for drive systems
was discussed in [50], [51]. Additional switchesrgvased to bypass faulty cells. Despite
the control strategies applied to minimize the lgalfage distortion and balance the line-
to-line output voltage, some phase output levedsi@st. While applicable for increasing
the reliability of a drive system, this solution sowever, unsuitable for the reactive
power compensation applications such as the seompensation power flow control. A
fault tolerant control strategy for cascaded meN&l converter based STATCOM (Static
synchronous compensator) is proposed in [38]. dids/the bypass switch by using the
failure characteristic of a high power semiconductevice and maintains the converter
output by applying a suitable fault tolerant cohtmeethod. It sheds light on the fault
tolerant design in reactive power compensationiegjpbns.

The distributed concept, as opposed to, the comraitlumped solution was recently
introduced to design cost-effective FACTS devidesferences [40], [41] proposed a
Distributed Static Series Compensator (DSSC). Lated (1-20kW) inverter and single
turn transformer (STT) were applied to form a DS8@dule that can be clamped to the

transmission conductor to control the active povmple and low cost, the DSSC is
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advantageous over the lumped solution for actiwegodlow control. Although the high
transformer turns ratio could increase the currenel, the compensating voltage
capability and power inverter rating are limitedtla¢ same time. As a result, a large
number of DSSC modules are required to controlceréain active power flow through
the power transmission line. A new power electrsrmonfiguration called Magnetic
Energy Recovery Switch (MERS) was introduced totradrthe active power flow as a
variable series capacitor by using low switchinggfrency, simple converter topology
and simple control, which lead to low cost and logses [18], [19]. While its application
is limited by injecting the capacitive series vgktaonly and lacks the flexibility in power
flow control applications such as the damping fiorcafter the transience or disturbance
in the power transmission line.

The “Smart Grid” was promoted by the US governnigntising decentralized systems
with digital technologies, renewable and distrilbuegiuipment etc. enabling electricity
delivery to save energy, reduce cost and incregalgsbility [63], [54]. This provides a
large number of research opportunities to devatepdost, high-reliability technologies
for the distributed and fault tolerant study of mowitilities. This chapter proposes two
low cost fault tolerant designs for a transformesi@ower flow controller using series
compensation based on the newly developed ETO lcgmterter. The first is to achieve
the N+1 redundancy in a cascaded multilevel corvdrased power flow control system.
Redundant HBBB is designed to deal with switchirayide failures and to increase
reliability. Compared with aforementioned faultexdnt solutions, this strategy saves

bypass and isolated switches and keeps the samertamoutput by applying the proper
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control scheme. The other solution is using thetrbisted Power Flow Controller
(DPFC) module to achieve series redundant desigposed in [55]. The DPFC module
using a single ETO Light converter with the ratioigl -2 MVA is an applicable and
practical solution to lower the cost and incredse reliability of power flow control
applications. The availability and reliability isyproved by implementing fault tolerant
designs and cost is reduced by using a modular E@i converter. The transformerless
connection is possible because of the high voltage#nt capability and the control
power self-generation function of ETO Light coneertThe medium rating (1-2MVA) is
very suitable for distributed applications in th@anismission system. The operation
principles and control strategies of these twotftalerant designs are presented. In this
chapter, the feedback controller designs for that fimlerant operations are introduced.
The feasibility of the proposed fault tolerant des for the series compensation is

verified by simulation and experimental results.
5.1.Fault Tolerant Design

A safe critical system is the system whose failma@y cause injury or death, which
should have the ability (fault-tolerance) to regpoim an unexpected hardware or
software failure.

Fault-tolerance may be called upon to improve systeliability, maintainability and
survivability. Reliability deals with the period tifne over which that ability is retained.
A control system that allows normal completion akKs after component failure
improves reliability. Maintainability concerns theed for repair and the ease with which

repair can be made, with no premium placed on pmdoace. Fault tolerance could
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increase time between maintenance actions and allwv use of simpler repair
procedures. Survivability relates to the likelihoofl conducting an operation safely,
whether or not the task is completed. Degradedop®ence following failure might be
permitted, as long as the system can be brougin tcceptable state of rest.

Reliability is essential in high power applicatipmsich are the main application areas
of multilevel converters. It is important to maimanormal operation under fault
conditions because failed operation of high powspliaations could cause tremendous
losses to the power grid due to high voltage andeott As higher level multilevel
converters are required in high output power ratipglications, a large number of power
switching devices will be used. Each of these d=vie a potential failure point, which
will dramatically reduce the reliability of the $gm. It is therefore a key issue to design
a fault-tolerant multilevel-converter system.

For a fault-tolerant system, the basic abilityascontinue operation in the event of a
power failure. One of the most useful tools in tailt-tolerant design system is
redundancy. Many fault tolerant systems should aniail the operations, that is, every
operation should be performed on two or more dafdicystems, such that if one fails,
the other can take over. For modular systems \edinmdancy, the structure of the system
is usually a mixture of series and parallel modulastraditional two level converters
with high output voltages, the redundancy is adtieby series connection of more
power devices. In this way, redundancy can be aelliesvhen one device fails shorted.
Converter operation is not affected and no addifiacontrol is needed to maintain

normal operation since the failed device acts lkkeshort circuit. By this method,
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reliability will increase greatly, but the numbdrdevices will double. Normally because
of cost, size and complexity concerns, duplicastesys or modules are not practical. So

the topology configuration redundancy is considexea practical solution.

5.2. Multilevel Solution

5.2.1.Method

Recently the cascaded H-bridge multilevel convet€HMC) has become an
increasingly attractive converter topology for FARBpplications due to its simple
structure and modularity. The CHMC requires thesti@amber of components among all
multilevel converter topologies. The modularizeside of an H-bridge building block
(HBBB) makes it much easier to implement the cotarewith a large number of levels
and achieve higher power capability and flexibiliBg]-[25]. Fig. 5.1 (a) illustrates a
typical HBBB used in the CHMC application. Fig. §4) shows the circuit diagram of
the CHMC with separate DC sources. Each HBBB careigge 3-level voltage output

and the CHMC with N HBBBs can generate 2N+1-lewatage output.

1T+

Vdc:

(@ (b)

Fig. 5.1 Modular converter (a) one HBBB (b) caschdebridge multilevel converter
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Reliability is essential for high power applicatoand thus is a major concern in
CHMC applications where a large number of powert@wng devices are used. It is
important to restore the normal operation undeitfaonditions because the failed
operation of FACTS controller could cause tremesdmsses for the power grid. As
higher level multilevel converters are requiredhe higher power rating application, a
large number of power switching devices are usedhEof these devices is a potential
failure point, which will dramatically reduce theliability of the system. It is therefore a
key issue to design a fault tolerant system to eodghe system reliability.

Relevant research of the fault tolerant designniaitilevel converters mainly focuses
on motor drive systems [56]-[57]. [58] introducdte tfault tolerant solutions of the
capacitor-clamped and the asymmetric multilevelveoters, which in fact sacrifice the
output level. The references [59], [60] propose andtilevel converter topology with
redundant switches and one adopted capacitor-clrtgymlogy for the fault tolerant
design to maintain the output voltage level wheneswgitch fault occurs. Too many
additional switches are applied, which limits thagtical value in industry. [61], [62]
discuss the operations of cascaded H-bridge meailmverter with the faulty cells for
the motor drive system. Additional switches aredusebypass faulty cells. Despite the
control strategies applied to minimize the loadagé distortion and balance the line-to-
line output voltage, some phase output levels ast. |Applicable for increasing the
reliability of a motor drive system, this soluti@however, unsuitable for power utility

applications such as power flow control and STATCOM
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Based on the control strategy presented in [683 plaper proposes a fault tolerant
control strategy to achieve the N+1 redundancy @HMC based STATCOM system.
Redundant HBBB is designed and applied to deal wsititching device failure and
improve reliability and availability. Compared withforementioned solutions, this
strategy saves the bypass and isolated switchasibg the failure characteristics of high
power devices while keeping the same output coaevemltage. The output quality —
total harmonic distortion (THD) is also improvedchase of the increasing output level
by using redundant HBBB. The operating principlel aontroller design method are
introduced and illustrated in this paper. The fénikrant control strategy is designed and
verified by simulations. The hardware demonstratiorbuilt to verify the proposed
control strategy and the experimental results pribne feasibility of the fault-tolerant
design and control strategy.

In traditional 2-level converters with high outpudltages, the redundancy is achieved
by series connection of more power devices. In Way, redundancy can be achieved
when one device fails short. Converter operatiomoisaffected and no additional control
is needed to maintain normal operations since diledf device acts like a short circuit.
We call this “device redundancy”. With this methalk reliability will increase greatly,
but the number of devices will double. For examjiée,a three-phase 5-level CHMC
converter, normal operation requir@s 4 = 24 power device sets (considering the main
switch and anti-parallel diode as one device $#i)h duplicate redundancy, we would

need 48 devices. Normally because of cost, sizecantplexity concerns, the duplicate
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systems or modules are not easy to apply. So tgpotonfiguration redundancy is
considered a practical solution.

The modularized HBBB is very suitable for the fatdlerant design because all
HBBBs are modular and identical in the CHMC applama One additional HBBB can
be added to CHMC as a backup to maintain normalatip@ even in case of one HBBB
failure. We call this redundancy “HBBB redundancyrhe HBBB redundancy is
achieved if one uses 2N+1 level CHMC to impleméet ¢converter operation instead of
2N-1 level CHMC. In this way, each phase has orditiadal HBBB. Redundancy is
realized if we can bypass the HBBB which contalresfailed device so that the cascaded
failure is prevented and normal operation is maneih

There are two major advantages of using this realcyl approach: one is the savings
in the number of the power devices compared wighdévice redundancy. For example,
a 5-level CHMC plus one redundant HBBB will be ieplented as a 7-level CHMC.

The total number of power devices will B&4 =36 instead of 48 for the duplicated

system.
Table 5-1 Reliability Comparison of CHMC with andhout Redundancy
Conditions of HBBBs | Reliability Numbers of .
. Size&cost
per phase per phase | devices per phase
2 HBBBs (S-level) | g5 19, 8 Small
without redundancy
3 HBBBs (7-level)
with one HBBB 99.3% 12 Medium
redundancy
2 HBBBs (5-level)
with the dupl_lcate 99.7% 16 Big
power device
redundancy
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Another major advantage is that during normal ap@mathe output voltage waveform
will be 7-level instead of 5-level. This will impve the output voltage waveform quality
during normal operation. Meanwhile the power deviege over designed and more
devices are applied in a fault tolerant system. B&lance of reliability enhancement and
cost augmentation should be considered.

To further analyze the reliability of a CHMC apgliion, it is supposed that a CHMC
application is designed to have N HBBBs per phHgbe reliability of one power device
set during a specific time interval Band only one switch fault can be allowed for
purposes of simplicity, the reliability of one-pea€HMC with N HBBB isR*", the
number of power device sets per phaseNis The reliability of one-phase CHMC with

N+1 HBBB (one HBBB redundancy) [R* +41-R)R] ] | the number of power

device sets per phase4{d\ +1).The reliability of one-phase CHMC with the device

redundancy i€2R - R?)*N, the number of power device sets per phadh is

For example, if the reliability of each power deget iR =98%, the comparison of a
5-level CHMC without redundancy, a 7-level CHMC lwidne HBBB redundancy, and a
5-level CHMC with the device redundancy is showrmable 5-1. Although this simple
comparison does not take into account the effettefeliability introduced by the extra
components to detect the failure event, it assuedability improvement by using
different redundant strategies.

In the above comparison, the reliability is imprdvgreatly with the application of

redundancy. At the same time, the numbers of dewised for converters also increase.
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Both the device redundancy and the HBBB redundaray benefit the reliability of
CHMC greatly. But compared with device redundartieg, method of HBBB redundancy
will reduce the number of devices, therefore, thst @and size, especially for high-level
CHMC applications. The HBBB redundancy can achidneeapplicable balance between
the reliability improvement and cost augmentatidhe HBBB redundancy with an
acceptable additional size and cost is thereforeeff@ctive and applicable way to
improve the reliability of CHMC application.

When one power semiconductor device fails, thetkegchieving the above proposed
HBBB redundancy is to bypass and protect the faiB8B. This requires that the failed

HBBB DC side is open and the AC side is short.

Failed short

Fast switchéd AC switch
Fig. 5.2 HBBB bypass schemes after the devicerslu

Currently, the state-of-the-art high power semieandr devices such as integrated

gate commutated thyristors (IGCT) and high voltaggulated gate bipolar transistors
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(IGBT) have the potential to substitute for convemdl gate turn-off thyristors (GTO) in
high power industrial applications due to their &wcost, higher power density and
higher performance because of the snubberlesstapeet higher switching frequencies
(up to 1kHz) [63], [64]. Fast switching capabilitgasy-to-use, and the reliable press
pack, the IGCT and the press pack IGBTs are theredesemiconductor device
candidates for utility active and reactive powempensation applications. Both IGCTs
and press pack IGBTs will act as a short circuiérathe destruction because of their
press pack structures.

For wire bond package semiconductor devices suchmadule package IGBT, the
failure state after destruction is open. In thisecaone fast switched AC switch is
required to bypass the failed HBBB. For press makiconductor devices such as IGCT
and press pack IGBT, the failure mode is shoris Ipossible to use the failed state
characteristic(s) of the power device to bypass fied HBBB with no additional
bypass power switch. Since press pack semiconddetaces are used widely in high
power application(s), analysis of the short failorede of the device will be the focus of

this chapter.

Table 5-2 Detection of Failed Devices in HBBB
S1 S2 | Voltage |Current [Failure detection Action

on S1 through S1
ON| OFH H L |S1 failed open All switchesOFF anc

bypass switch ON
OFF OFH L L |S1 antiparallel None
Diode conduct

OFF OFH L H |S1 failed short S2, S4 OFF; S3 ON
OFF ON L H |S1 failed short S2, S4 OFF; S3 ON
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Fig. 5.2 shows the two bypass schemes for a faHBBB. For failed open
semiconductor device application, all the switchesturned OFF after failure detection
and the bypass AC switch is turned ON simultangouslorder to isolate the failed
HBBB. For failed short semiconductor device appiaa if one top/bottom switch fails
short, the complementary switch in the same ldgrised OFF instantaneously with the
fault detection to protect the DC capacitor. ThemtON another top/bottom switch in
the other leg and turn OFF the other complemergarnych to form a zero state. For
instance, if the power switch S1 fails short, whhe fault is detected, the two top
switches receive ON signals and two bottom swit@reggiven OFF signals.

Sensing a device failure and bypassing the fail&BBI promptly and accurately are
very important to the prevention of failure proptga Fault detection and diagnostic
methods were presented in recent research [66]-[6The strategy described in Fig. 5.2,
a failure event of a semiconductor device can bamimguously detected by the
combination logic of the switching command, the ptamentary switching command,
the voltage sensing signal across the device amdtulrent sensing signal through the
device. The power semiconductor switch under deretnt will have built-in voltage
and current sensing functions. Commercial IGBT alrimodules have integrated fault
detection and feedback functions. These capakil@é®@ild be used to achieve this goal.
Table 5-2 illustrates the device failure detectioione HBBB. Since the four switches in
one HBBB are identical, the failure detection arypdssing strategies are similar, only

one switch failure detection and bypass strateglsisussed.
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For example, when the switching command is off, tinet sensed voltage across the
device is low and sensed current through the dasibégh, then the short failure of this
power semiconductor device is detected and a faghal is generated to direct the
controller to a) bypass the HBBB using this stratelgown in Fig. 5.2, and b) change the
main CHMC control to fault tolerant CHMC operatidecause one HBBB is bypassed,
the 2N+1-level converter is degraded to 2N-1-legehverter. A major challenge,
therefore, is to be certain that the main contyaitesm can gracefully migrate from a
2N+1-system to a 2N-1- system while the fault tatersystem is still performing its
normal operation i.e., generating reactive powesupport the voltage for a STATCOM
system.

Consider a three-phase 7-level output STATCOM faneple. When one HBBB in
one phase is bypassed, the output level of thiseli® lost. To maintain equivalent
normal output, the converter degrades from 7-l@paration to 5-level operation, then
the individual DC bus voltage needs to be chargeal higher value in order to keep the
total DC bus voltage same as the original valuallithree phases. It is possible to apply
this process in FACTS applications for active agalctive power compensation because
the converter can obtain active power from the pogmed to charge the DC link
capacitors without requiring additional active poweurces.

Because the loss of one HBBB will reduce the camevesutput voltage by 1/N at the
moment of failure, a large current will be genedatbue to voltage difference and
inductor impedance without proper control. Thisuiesg large transient current is an

important issue to consider in this fault tolerdesign. Therefore, the voltage control
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loop and the current control loop should be cahgfiésigned. The current limit control
and the DC voltage reference slope are introdugceshtooth the transient current. The
modulation index of the converter should be desigmr®perly for both normal operation
and fault tolerant operation to provide enough agyt allowing for the elimination of

high transient current.

5.2.2. Case Study — Multilevel Converter-based Power Rim#trol

In order to verify the feasibility and functions thie proposed fault tolerant power flow
controller design, a two-machine one-bus transmissine system is introduced to the
simulation setup shown in Fig. 5.3. The transmisdioe impedance parameters are

typical for a 138kV 30-mile transmission line.

138kV(0°) | 50 0.05H | 138kV(10°)
e WY
I Power Flow
Controller

Fig. 5.3 Power flow control study case

The simulation test is implemented in Matlab. Thewation parameters are shown in
Table 5-3.

The DPFC fault tolerant control development diagiarshown in Fig. 5.4. The digital
controllers gather the information from the cirsyitransmission lines and external
commands, and then send the switching signals éoDRFC circuit according to the
DPFC model development and the feedback contrdisign. The average model and

small signal model of DPFC in DQ frame can be dsfivBased on the small signal
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transfer functions, the closed-loop controller ¢@ndesigned. The controller is suitable

not only for steady state operation but also fattfeolerant transition.

Table 5-3 Simulation Specifications

Phase voltage of generator 1 (kV) 138/

Voltage phase of generator 1 0

Phase voltage of generator 2 (kV) 138/

Voltage phase of generator 2 10

Line impedance of 30-mile line(ohm) 5+j*18.85

Line current (A) 710

Switching frequency (Hz) 1020

DC voltage of total converter (V) 2500

Injection voltage 3.5%

Digital Delay of controller (us) 100

Equivalent loss of each DPFC module (kW) 1.5

Low pass filter resistor (ohm) 4

Low pass filter capacitor (uF) 1

Simulation time (seconds) 1.2

. Converter Model V
coul Controller Design . -_dg
Detection Vref + d |
—>| Selector —»()—> H, — G, d -».—» -’
T T
Viett  Vier V de
G, — PLL

d - Iq
Measurement qref_.-—t

Fig. 5.4 Fault tolerant control of power flow cariter

\
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Fig. 5.5 shows the model development and contamrdim of the power flow controller.
The power flow controller measures the line curieamd the DC capacitor voltage of the
converter. The line current provides the PLL (phlas® lock) information for the DQO
frame calculation. The DC capacitor voltage is tetad by the d-axis control loop in
order to implement energy transmission betweenptiveer grid and the converter. The
series compensating voltage is given by the g-duig cycle to change the active power
flow through the power transmission line. For thieeo control mode such current control,

the g-axis duty cycle can be given by the extecoalent loop or active power loop.

'
1
1
1
1
1 1
1 1
: ! Measurement
5 : 1

1
: Digital
| : Controller

1
1 1
! Power Flow !
,  Controller ! Control Command
" Circuit 1

/

-

Fig. 5.5 DPFC control diagram
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Based on the model development of the power flomtroier using HBBB converter,
small signal transfer functions can be derived.

The duty cycle-to-current transfer functions are:

iy V. /L,
G (S) =~ =Y 5.1
(9 dy +i,al/E Ss+RIL, (®-1)

The d-current to capacitor voltage transfer funct®

I,/C
G = =-—0 = 5.2
vdd dd S+1/RLC ( )

The feedback control loop compensation is appliedatchieve stability and good
transient performance. In this paper, the digithlcéntroller is used as the feedback
control compensation. To simplify the feedback oalfgr design, the coupling of DQ
current influence will be ignored because the doieffit is relatively small.

The DC bus voltage loop gain is:

T, =G, Hy (5.3)

The digital delay of controller is modelled to elel the real digital control system:

b = LD/Z (54)
14T, /2

The low pass filter of measurement to cancel tinsisg noise is also considered:

1

= - (5.5)
1+ R, C,

f
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where

V,. — Total DC capacitor voltage
L, — Transmission line inductance
R - Transmission line resistance

C - DC capacitance

P_— Equivalent loss of each DPFC module
R =V, /P —Converter equivalent loss resistance

T, — Digital controller delay

From the derived small signal transfer functiohg, duty cycle to DC capacitor voltage
gain is related to the line current. Because tisigied feedback controller is suitable for
only one operating point, when the line currentnges, instability and poor transient
performance may be introduced to the closed-loayprotier, especially when the current
is small. When the line current is too small in sotases, the control loop was unable to
provide enough phase margin or the control loopdbédith is too close to the switching
frequency.

When the multilevel solution is applied to the povlew controller to achieve fault
tolerant design, the simulation results are shosvirig. 5.6. The CMC is operating in 7-
level output at the normal operation mode. The Céh@nges to 5-level operation mode
after detection of the failure of one HBBB.

Fig. 5.6 (a) shows the transmission line curremwt iafecting voltage (converter output)
waveforms. The injecting voltage has 90° phaseiffce with the line current to operate

as a reactive component and thereafter alter tie reactive impedance in order to
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change the active power flow. Fig. 5.6 (b) and Bi§. (c) show the RMS line current and
transmitted active power through the transmissioe. IThe simulation results illustrate

fault tolerant operations after one device or o8B failure is detected.

1 121 3 | 4 5
2222 ,,,,,,,,,, j,: L | jl, . \II\ 00000 L L ]
T ol oy D w Mu Iy 1)
RO i e R
;:xgjb' .IHI' W’ H HH Iz MH\ w M\‘ Mf
3%, 0: . ole ol 1 1.2
(I 1
| ! |
z 4 | ‘T ,,,,,,,,,
¢ ! 1

Tlme(s)

Fig. 5.6 Simulation results of CMC based power floamtroller (a) line current and power flow
controller converter output voltage. (b) line catr®MS value. (c) transmitted active power.
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The fault tolerant operations of CMC based powawftontroller entail five steps:

(1) The power transmission system is operatingouttany series power flow control.
The line current is 720A and the transmitted acgtigever is S6MW.

(2) Initial charge of the DC capacitor voltage awer flow controller. The voltage
regulation loop is working when the power flow aatier is put into service. The total
DC capacitor voltage is charged to 2500V, thatthg voltage of each DC capacitor
voltage is approximately 833V.

(3) The power flow controller generates 7-levelputtvoltage injection compensation.
The line current and active power transmissioniraceeased to 800A and 62.5MW since
the equivalent reactive impedance of the transpridéne is reduced.

(4) Fault tolerant charging mode. When a faultyrévs detected, the faulty HBBB is
bypassed, the converter operation mode changes##@avel output operation to 5-level
output operation, the total DC capacitor voltageharged to 2500V as before, that is,
each DC capacitor voltage is increased from 833¥260V. In this operation mode, the
real power is flowing from the power grid to thewso flow controller converter to
charge the DC capacitor. The line current and trattsd active power will decrease
slightly and then recover to the normal compengatiperation.

(5) 5-level voltage injection compensation. Aftbe tfault tolerant transient operation,
the equivalent total output of the power flow cofiar is restored to the pre-fault
situation, the line current and active power traigssian is restored to the pre-fault

condition.
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Fig. 5.7 shows the zoom-in waveforms of injectingtage and line current in the
transition between 7-level to 5-level output wille tDC capacitor charge. The transition
initiates the fault event detection. A 200ms DCamajor voltage charge slope is applied
to the controller to recover the output of the poWl@wv control. After the transition, the
power flow controller operates at a charged-upvell®utput and keeps the Qihase
difference of voltage and current to compensatelif@@ impedance and maintain the

transmitted active power through the power line.
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Fig. 5.7 Transient converter voltage output and Garrent (a) line current and power flow
controller converter output voltage. (b) line catr&MS value. (c) transmitted active power
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5.2.3. Case Study — Multilevel based STATCOM

In order to study the validity of the proposed HBB&Iundancy based fault tolerant
control strategy, a 5-level plus one HBBB redunga@EIMC based STATCOM system

is considered. In other words, it is a 7-level CHlged STATCOM system.

v g + ¥ + ¥ + Bypass failed H-bridge
| dead I— H Var Tdebl {— M Vby Tdec {— H Vet and degrade the system

Fig. 5.8 Reconfiguration of three-phase 7-levéd4evel CHMC based STATCOM

Fig. 5.8 illustrates the system configuration of thlevel CHMC-based STATCOM.
This system is designed to have one HBBB redundaftoy 7-level CHMC can degrade
to the 5-level CHMC when one device fails short.eTépecification of the studied
STATCOM system is illustrated in Table 5-4. If thransformer is used at the point of
common coupling (PCC), the transformer will contitd the reactor inductance and
resistance. All control parameters are suitablethar 7-level system and the 5-level

system. The DC bus voltage and DC capacitor desighased on the commercial
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semiconductor device used in the high power apidicanarket. Based on the selection
of power devices, the 5-level configuration caniewoh the design rating. One HBBB is
added to achieve redundant fault tolerant desightetiter harmonic performance with
the 7-level output.

Fig. 5.8 also illustrates the control scheme tahet 3-phase output and maintain the
output of the converter in the event of a devicdufe. Because of the ability of
redundancy, the system can perform the STATCOMtianacontinuously after a fault
event until the next planned service outage.

Pertaining to the modelling of the HBBB based cotere the average model and small
signal model of CHMC-based STATCOM in DQO frame da@ obtained by the
modelling process described in [69]. A closed-latgroupled control can be designed
based on the derived small signal models. Fig.sh®ws the converter model and the

controller design strategy of a CHMC-based STATC8&dtem.

Table 5-4 Specification of Studied Statcom Simolatbystem
7-level CHMC based STATCOM

Configuration Balanced 3-phase 3-wire
Individual DC bus voltage in 7 1450V
level
Individual DC bus voltage in 5 2175V
level
Total DC bus voltage 4350 V
Rated reactive current 1000A
DC capacitor capacitance 16.2mF
Equivalent loss of each HBBB 1.5kw
Individual Switching frequency 1020 Hz
Coupling reactor inductance 0.69mH
Coupling reactor ESR 26mQ
Point of the Common Coupling
(PCC) line to line voltage 4160V
Power Rating of STATCOM 7.2MVA
Digital delay of controller 100us
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The current and DC capacitor voltage informatiom dae obtained from the
STATCOM system of the controller. The output of duaverter is controlled by the duty
cycle and the suitable PWM scheme based on theddllo®p controller design. The
current loops are designed to achieve a high battbvaontrol to regulate the current.
The k channel is utilized to control the DC bus voltaggh a slow voltage loop
regulator, and the;lchannel is directly utilized to respond to thecte@® compensation
command. The closed-loop current loop is reguléitethe Pl regulator and H,. The
closed-loop voltage loop is regulated by the Pulatgpr H. The phase-shifted carrier

PWM is used to switch the power devices in theedéht H-bridges.

Controller Design Converter Model
Ve idref d
C d
H \Y Hid
o +3 +
i
Fault i
d
Detection T T —> wLNdc
Vdcreft Vdcref2
—
Iy WL/Vy,
*od

+ ) 3
|q_ref —>©—> Hiq
Fig. 5.9 Modeling and control diagram of CHMC-baSItATCOM

Based on the model development, the converter nadd&TATCOM can be described

as below.
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The duty cycle-to-current transfer functions are:

s
) i Kigg (—+1)
G (9) :Li:quq(s) :Li—z# (5.6)
dd dq i + S o1
@y Qw,
The current loop gain is:
T =GgHig (5.7)

The d —current to capacitor voltage transfer fuorcts:

v, - (5.8)

The voltage loop gain is:
T, =GygHgH, (5.9)

The digital delay of controller is modelled to el the real digital control system:

Gp =i;§zg (5.10)
where
Ky =—JeRs Q:@

R (o) 2Ry (5.11)
o, :\/F”L(T) 0%

V,. - Total DC capacitor voltage
L - Coupling reactor inductance
R, - Coupling reactor ESR

C - DC capacitor capacitance
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P - Equivalent converter loss of each HBBB
R =V. /P - Equivalent converter loss resistor

Based on the STATCOM model development and coetralésign, the control (duty
cycle) of the reactive current and the DC capaaitiitage open loop bode plots can be
expressed to determine the stability and trangpentormance. The bandwidth of the
current loop is designed at 200Hz, which is abdbitaf switching frequency in an effort
avoid noise disturbance. The phase margin of threewcu loop is 60° to get good
transience and stability performance. The bandwaditihe voltage loop is 20Hz which is
much slower than the inner current loop bandwiditite phase margin of the voltage loop

is also designed to 60°.

Current Loop Gain Plot
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Fig. 5.10 Opent loop current loop bode plot infdndt tolerant transition
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From the equations 5.6 and 5.8, when the STATCOMrobler changes the operating
mode from a 7-level output operation to a 5-lewetput operation, the total DC
capacitor voltage will not change based on the gsed control strategy. Since the
equivalent resistor for the converter loss dommadte zero of the voltage loop in the
range of 0.1Hz, its effect to the voltage loop bardisregarded. The current loop and the
voltage loop will not change from the 7-level opgeEna to the 5-level operation, thus the
control design is suitable for both the 7-level ahd 5-level operation by using the
proposed fault tolerant control strategy.

Although steady state operations can be guaraniteisdmportant to analyze stability
and transient performance during the fault toleteartsition from the 7-level operation to
the 5-level operation.

In equations 5.6 and 5.7, the current loop in thétftolerant transition is determined
by the change of the total DC capacitor voltagee ©pen loop current loop bode plot
during the fault tolerant transition is shown ilgF5.10. When the DC capacitor voltage
varies between 2900V and 4350V during the faulerait transience, the controller
bandwidth is around 200Hz and the 60° phase masgirbe achieved.

In equations 5.8 and 5.9, the voltage loop in thétftolerant transition is determined
by the change of the d-axis current. When the d-axirrent varies between 40A and
400A, the crossover frequency is around 7-20Hzaptdase margin higher than 60° can
be achieved. The open loop voltage loop bode plang the fault tolerant transition is

shown in Fig. 5.11.
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When the fault tolerant STATCOM controller is welésigned based on the above
analysis, this 7-level CHMC-based STATCOM can staigerate in both normal 7-level
output operation and the 5-level output operatiath ¥he application of the fault tolerant
design in the controller. Even in the fault toldramansition from the 7-level operation to
the 5-level operation, the proposed control wilbypde good stability and transient
performance. This controller design method is a@aplie for the CHMC-based

STATCOM fault tolerant design.
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Fig. 5.11 Open loop voltage loop bode in the feal#rant transition

The control performance of the study system isfiegriby simulation. The simulation

investigation is implemented in Saber.
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Fig. 5.12 shows the results of dynamic respongbeotudied STATCOM operating in

full capacitive mode to inject reactive power te fhower grid.
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Fig. 5.12 Simulation of the fault tolerant STATCGdderation in full capacitive mode (a) fault
detection signal (b) output voltage of convertest moltage at PCC (c) rhree phase current (d)
duty cycle of the converter output (e) reactiverent and reactive current reference (f) DC

capacitor voltage

At 50ms, a fault is detected in one HBBB of one gghaand the failed HBBB is

bypassed. Subsequently, the controller bypassesvith@ther HBBBs in the other two

phases. The total system changes to a 5-level CHlgiation. The control strategy

degrades the system from the 7-level output toSthevel output. Since the total DC

capacitor voltage does not change, the healthy D Voltages are charged. To avoid
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excessive current during the fault tolerant tramstewhile charging the DC capacitor, the
current limit control is applied. In this simulatiothe peak current limit is set to 2000A.
While the output reactive power command does nahgh, the duty cycle will increase
to meet the reactive power requirement due to éeellfack controller operation. From
the simulation results, we determine that the dytyle increases immediately after the
fault detection to retain the converter output, d@nerefore maintains reactive current
generation. The duty cycle returns to the normdlievafter the DC capacitor charge.
With the proper normal operating duty cycle andetbloop controller design, excessive
current can be avoided. A slope of DC voltage eefee is introduced to improve the
dynamic performance of the output current. The eslime step in this simulation is

30ms.

The relationship of maximum duty cycle and the ralroperation duty cycle is shown
in equations 5.12 and 5.13. When the converterubugyrel is high (N is large), the
change of duty cycle is relatively small. In thimslation, the normal capacitive mode
operation is 0.8 and the maximum duty during thétfeolerant transience is 1.2. When

the total capacitor voltage charges up to the nbwvadae, the duty cycle decreases to 0.8

again.
N X Dnormal = (N _1) X DTransMax (512)
N
D =——D 5.13
TransMax N -1 normal ( )
where

Duoma - The duty cycle in the normal operation
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D;ransvax = THe maximum duty cycle in fault tolerance

7-level CMHC Fault tolerance 5-level CMHC
f - : (PR
@ |
;0 H ; 1)
o : ; ; | p—
® i, MMW% WWM%MW mﬁ#"""""”%m% M%% M«H‘”‘“ﬂw% WM““““W
- H : 0@

RO}
da

T T T T T T T i T T T
10.0m 200m 30.0m 400m 500m 60.0m 70.0m 800m 90.0m 04 041
1 '

Fig. 5.13 Simulation of the fault tolerant STATCGdyeration in full inductive mode (a) fault
detection signal (b) output voltage of convertett galtage at PCC (c) three phase current (d)
duty cycle of the converter output (e) reactiverent and reactive current reference (f) DC

capacitor voltage

Because the converter requires energy to chargeagbacitor, active power flows into
the converter from the power grid, the current doesslead the PCC voltage by exactly
90° and has little distortion because the STATCGMabsorbing active power from
power grid during the charging time. During thelfazlear period, the reactive power
injecting into the grid is maintained.

Fig. 5.13 shows the results of dynamic respons& ATCOM operating in full
inductive mode to absorb reactive power from thegrogrid. The control strategy is the

same. Absorbing reactive power is maintained duting fault detection and fault
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recovery. The STATCOM system is transferred to Harrgate safe operating mode
smoothly.

Results in Fig. 5.12 and Fig. 5.13 indicate tha proposed fault tolerant control
strategy operates successfully in the event ofvecddailure and HBBB redundancy is
realized. Because the controller is well designlee stability of STATCOM operation is
achieved in the 7-level output mode, the 5-leveipou mode and the fault tolerant
transient mode. By applying the DC capacitor vatagference slope and the proper

current loop controller design, the over curreravsided under the current limit control.
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Fig. 5.14 5-level CHMC-based STATCOM prototype

To verify the proposed fault tolerant control stgy, a 5-level CHMC-based

STATCOM hardware prototype has been built in thetatory as shown in Fig. 5.14.
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IGBT-based PM50RSA120 Intelligent Power Modules awed as HBBB-based
converters. Each HBBB is controlled by an AlteraElRL10k30A FPGA-based digital
local controller through a driver board and optifiglers. The switching signals are
generated by the digital central controller. Thentad controller includes a
TMS320C6701 DSP board and an AED 106 FPGA daudmbard. The controller
system is a fully optical interface and is fullyngpatible with any optically triggered

device-based power converter.

TABLE 5-5  specification of studied Experimentah8bm system
5-level CHMC based STATCOM

Configuration Balanced 3-phase 3-wirg¢

Individual DC bus voltage in 5 level 29

Individual DC bus voltage in 3 level 58

Total DC bus voltage 58V

Rated reactive current 4A

DC capacitor capacitance 2700uF

Equivalent loss of each HBBB 1w

Individual Switching frequency 300 Hz

Coupling reactor impedance 2.5mH

Coupling reactor resistance 180n0

PCC phase voltage 35V

Digital delay of controller 100us

For the experimental test, the 5-level CHMC bas€ATCOM will degrade to the 3-
level STATCOM after the detection of the failuredabypass the failed HBBB. The
controller is designed based on the specificatibnthe experimental STATCOM
prototype which is shown as Table 5-5.

Six IGBT-based H-bridges are built in the lab thiage the basic three phase 5-level
multilevel converter. Since the fault tolerant gy is suitable for all different-level-

output CHMC applications, the experimental setupapable of verifying the proposed
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fault tolerant control strategy. The switching fuegcy is 300Hz because of the
calculation capability limitation of the applied GR resource utilization. Since the
PWM method is not considered in the controller giesit will not affect the operation

performance of the fault tolerant control desigithaf STATCOM system.

The controller design follows the controller desigethod previously presented. The
current loop bandwidth is designed to 50Hz andvibleage loop bandwidth is designed
to 5Hz. The phase margins are designed to grdzder0° for both 5-level and 3-level
operations. The controller is carefully designedtovide enough phase margin in the

fault tolerant transition from 5-level to 3-levgderation.
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Fig. 5.15 STATCOM fault tolerant operation in thepacitive mode (1) DC capacitor voltage 1;
(2) DC capacitor voltage 2; (3) converter outpQtréhctive current

Fig. 5.15 and Fig. 5.16 demonstrate the experinheasalts of the fault tolerant design

control strategy in the capacitive mode and theégtitle mode of STATCOM separately.
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DC capacitor voltage 2; (3) con

Although one HBBB is lost because

sensor tolerance is large compared with th

Il 100z 2.0MS5s S00nz At
& Ch » 51.0%

timgluctive mode (1) DC capacitor voltage 1; (2)

verter output (4)cteve current

of the devicdufe, STATCOM can still
inject/absorb reactive power to/from power gridctmtinue normal operation following
the control commands by charging the DC capacititage and adjusting the duty cycle
of the converter output. The current waveforms raot consistent because the current
e smalént rating. In the experimental tests,

the large reactive current occurs during the fast cycles of the fault tolerant transition.
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Based on the above discussion of equation 5.12Jutyecycle will double and saturate in
this 5-level output to 3-level output transitiorhelduty cycle is limited to 1.2 for a few
cycles. The converter output is saturated too frieentest results. After the DC capacitor
voltage is charged up, the feedback control wijusidthe duty cycle under the limit, and
then the reactive current returns to normal opematBecause the inductive mode needs a
smaller duty cycle, the over-current time intengaghorter than the capacitive mode. The
charging time in the experimental test is longenthn the simulation because of the
usage of a large DC capacitor and a small chargimgent. The application hardware
limits the accuracy of the experimental test resddtit the feasibility of the fault tolerant

design for the CHMC-based STATCOM can be verified.

1+ rll-l' T 'Bd.d‘\"l rT L bﬁz' T 'Bd.d\"l rT H'II 1 'Sﬂ.d‘\"l [ [ szl 1 'Sﬂ.d‘\"l [
h3 S0.0Y : Lha 0048 Q@ k3 S0.0Y . Cha o048 @

Zoom 1 Ch1— Zoom 1 ChZ — Zoom 1 Chl— Zoom 1 ChZ —
S0.0Y 10.0ms S0.0% 10.0me S0.0Y 10.0ms S0.0Y 10.0ms

(@) (b)

Fig. 5.17 STATCOM capacitive mode operation inga¢vel output (b) 3-level output
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Fig. 5.17 shows the zoom-in capacitive operatiomei@ms of STATCOM at 5-level
output operation and the 3-level output operafidre reactive current is maintained even
though the STATCOM loses one HBBB and two outputls.

From the experimental results, one can see thaDthecapacitor voltage is charged
from 29V to 58V after fault detection and the résetcurrent is maintained because of
the implementation of fault tolerant strategy farAS COM operation. During the fault
tolerant transition the current loop works well keep the reactive current steady by
changing the duty cycle when the DC capacitor galts low, thus the large over-current
is avoided.

The experimental results verify the feasibility the proposed fault tolerant control
strategy.

A fault tolerant control strategy to achieve HBBBdundancy in CHMC-based
STATCOM system is proposed and verified by simoladiand experiments. As a result,
the reliability of the STATCOM is enhanced greathith the redundant HBBB, and at
the same time the output voltage waveform quadityriproved. The extra cost and size
are relatively small compared with the high outlaviel. Even losing two output levels,
the output (reactive power) still can be maintaifgdthe proper control design. The
controller design considerations are discussed rtwige the necessary stability and
transient performance during the fault tolerantndrdon. The simulation and
experimental test results verify the feasibilitytbé proposed fault tolerant design. The
proposed fault tolerant control strategy is sugafdr any-level CHMC topology. This

fault tolerant control strategy can be also appltedother CHMC-based FACTS
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applications, such as Static Synchronous Series p€onsation (SSSC) and Unified

Power Flow Controller (UPFC).

5.3. Distributed Solution

The ETO-based DPFC was first proposed in [55].ak kA single phase HBBB based
ETO light converter module, modular digital conkeoland communication links. Unlike
conventional power converter based series compgensablutions, it connects to the
power line directly without the necessity for ansBrmer because of its high
voltage/current capability and the self-power gatien functions. The rating of ETO
light converter (1-2 MVA) is suitable for typicaB&8kV-500kV power transmission line
applications. The DPFC module is controlled by dtegion control commands based on
the compensation requirements via system informatithe communication between
DPFC module and the station control could use eithgtical fibers or wireless
communications.

Because of the fully modular design, the multipPHZ modules could be installed to
the transmission line flexibly, based on power graission requirements. A flexible
series connection provides a good opportunity toes® redundancy for the fault tolerant
design.

Fig.5-18 shows the DPFC application diagram inttivee phase power transmission
system to achieve the fault tolerance. Redundaf@Miodules can be connected to the
power line for each phase. During normal operatredundant DPFC modules will be
bypassed and out of service. When one operatingCDRHure is detected, the failed

DPFC module will be protected by the bypass swéet the fault indication signal will
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be sent to the station control. Then the redunB&®C module will be series connected
to the power transmission line and inject the camspéng voltage into the power grid to
control active power through the power line as radroperation.

The low cost, easy installation and easy maintemaare achieved because of the
standard design, modularity and suitable powengadf the DPFC module based on the
ETO Light converter. This modular design and thedular control of megawatt DPFC
applications will provide good opportunities foretifiault tolerant design in the power
transmission system as an enhancement of reliabilit

In order to verify the feasibilities and function§ the proposed fault tolerant power
flow controller design, a two-machine one-bus tnaission line system is introduced to

the simulation setup shown as Fig. 5.3. The sinarigtarameters are shown in Table 5-3.

Station
control DPFC module
Val (6al) Va2 (8a2)

Val (8bl) Vb2 (8a2)

|
;

Val (6cl) Va2 (6c2)

At R

Fig. 5.18 DPFC redundancy design
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The simulation results of the fault tolerant distied solution for the power flow
controller are shown in Fig. 5.19. Fig. 5.19 (a)l &ng. 5.19 (b) show the line current and
the compensating voltages of the faulty DPFC aedd¢dundant DPFC respectively. The
DPFC module is operating in the capacitive modedéarease line impedance and
increase line current and the transmitted actiwegooFig. 5.19 (c) shows the RMS line

current and Fig. 5.19 (d) shows transmitted agtimeer through the transmission line.
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Fig. 5.19 Simulation results of distributed powerf controller (a) line current and injectting
voltage of faulty DPFC. (b) line current and injagtvoltage of redundant DPFC (c) line current
RMS value. (d) transmitted active power.
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The fault tolerant operations of distributed pofew controller have six steps:

(1) The power flow controller is out of service. élline current goes through the
turned-on bypass. The line current is around 7204 the transmitted active power is
around 56MW.

(2) When the operation command is immanent, thedygwitch is turned off and line
current will go through the power flow controllesrorerter and charge the capacitor. This
charging operation has two modes: diode charge rmade®WM charge mode. At first,
the control power is not built up; the DC capacioitage is charged automatically by
the four anti-parallel diodes in HBBB. When thetage of DC capacitor is charged to
some predetermined level (1000V in the simulatitim}, controller has the control power
and the voltage loop of DC voltage starts to gaeetae PWM switching signals to
control the converter, then regulate the DC voltagthe reference value. In some cases,
the PWM discharge mode can be applied to dissipatenergy in the bulk DC capacitor
rapidly.

(3) A DPFC module is operating in the capacitivedm@nd acting as a controllable
series capacitor, the equivalent line impedanceeases and the line current and the
transmitted active power flow increase to the 8@DW 62.5MW.

(4) One DPFC module converter failure is detected the faulty DPFC is bypassed.
Without compensating voltage, the line current Hretransmitted active power through
the transmission line is reduced to 700A and 56MW.

(5) The redundant DPFC is put into service to chatge DC capacitor voltage and

initiate the control power, and then the controtkggulates the DC capacitor voltage.
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(6) The redundant DPFC is operating as a replacetoamcover the line current and
active power back to the pre-fault situation.

The simulation results validate the feasibility tbese two fault tolerant design to
improve the reliability and availability of the pewflow controller. When the HBBB
faults occur, the faulty HBBB will be bypassed ahdn the fault tolerant operation will

start to recover the operation back to the pretftuation.

5.4. Summary

The two control strategies to achieve the faukrahce in ETO Light converter based
transformerless power flow controllers are proposedhis paper. The reliability and
availability of the power flow controller could benproved and enhanced by the
multilevel solution and the distributed solutiory Bpplying the fault tolerant design, the
injecting voltage (converter output) of the powlemf controller can be maintained at the
proper level under the fault condition. The gairfmestuling compensation design is
applied to cancel the current influence to the lieet control loop. The transformerless
connection is possible due to the high voltageémircapability and control power self-
generation function of the ETO Light converter. fidfere the proposed scheme is quite
suitable for high power applications because oflaw cost, modularity and high
reliability. The simulation results and the expegintal results verify the feasibility of the

proposed fault-tolerant protection scheme of thegydlow controller.
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Chapter 6. Conclusion

The design and development of Distributed PowerwFiGontroller has been
developed to improve the converter-based seriepengation application performance

This dissertation discussed the design, modelingeldpment, control design,
applications and fault tolerant design of the DPFC.

Major contributions are achieved as follows:

(1) The DPFC concept using the standard low-cost, reghbility and short-building-
cycle high power converter, combining the emergiagiconductor device, modular
converter topology and modular controller techngjueas proposed and developed.

(2) The digital local controller system has been desigand developed. The feasibility
of this local controller has been verified by expmmtal tests in pulse tester and
boost converter. The local controller subsystem besn applied to multilevel
converter based STATCOM projects.

(3) The single-phase DPFC modeling development andaatesign methodology have
been developed. The parameters influence to theadlen was discussed. The gain
scheduling control was proposed and verified. Tiopgsed modeling and controller
design is verified by calculations, simulations axgerimental tests.

(4) The applications of DPFC in transmission systensridution systems and demand
side management applications have been proposed-CD&pplications with
renewable energy source were proposed and stutiedfeasibility of the proposed

applications was verified by the simulation results
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(5) The fault tolerant designs of the protection schemeé redundancy control strategy
power flow control applications have been proposed developed. Multilevel
solution and distributed solution were proposedsbyulations and experimental
tests.

The future work for this research work of DPFC uu#s:

(1) Further investigation of the DPFC applications
The newly development of the semiconductor devimes the rising demands in

utility application provide a lot of opportunitiesf power flow control. With the

promotion and development of smart grid and renévabergy application in the power
system, the DPFC applications will extend to défdr areas, from the high voltage
transmission system to the residential distribuggstem.

(2) Further improvement of DPFC power stage design
Modular converter topology, ETO semiconductor devenable the low cost, high

reliability and transformerless connection of DPiRCtransmission system application.

With the new proposal of the DPFC applications, gbever stage design with different

voltage/current rating in different application aseshould be paid more attentions.

(3) Further DPFC control development
The controller response to the disturbance andnpetex variation also need to be

considered in the future study of DPFC applications

(4) The DPFC fault detection and protection
Although the fault tolerant design has been propodee DPFC converter protection

scheme is still one open research topic for repliegtions.
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