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ABSTRACT

KEYWORDS: DSP;FACTS;HIL;STATCOM .

Flexible AC Transmission System (FACTS) devices are usesht@nce the tran-
sient stability limit and power transfer capacity of thestxig transmission lines. Static
Synchronous Compensator (STATCOM) a shunt type FACTS desicised to main-
tain the voltage at the point of common coupling on the trassion lines. A STAT-
COM has fast response of about 1-2 fundamental cycles, whatlshes with the typ-
ical response time of the protection subsystem. Henceuristional characteristics
and associated control system introduce dynamic changesgydault conditions in a
transmission line. It is important that distance relaySqoen correctly irrespective of
such dynamic changes introduced during faults, as it defeatpurpose of STATCOM

installation.

The work presented in this thesis is aimed at detailed studthe influence of
STATCOM on the performance of distance relay under normaledomormal operating
conditions of the power systems. The work also put forth adapulistance relaying
schemes to mitigate the adverse of impact of STATCOM on nicgtaelay. Its perfor-
mance is compared with the conventional standalone mhodigb@nce relay, through

simulations on a realistic study power system using EMTIBORD package.

A relay hardware to implement, the adaptive relaying scheasebeen developed
using TMS320F28335 digital signal processor and a simetiaa sampling ADS8556
analog to digital converter. The real time hardware in thapltest bench has been
developed, using Doble F6150 power system simulator, tahesperformance of the
newly developed relaying schemes and relay hardware. hindation results obtained

from EMTDC/PSCAD are used as test signals for this purpose. évaluation results



have clearly demonstrated, the efficacy of the adaptivgirelaschemes in mitigating

the adverse impact of STATCOM on the distance relay perfaoaa



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

ABSTRACT

LIST OF TABLES

LIST OF FIGURES

ABBREVIATIONS

NOTATION

1

Introduction

1.1 Flexible AC Transmission System (FACTS) Devices

1.2
1.3
1.4
15

1.1.1 Applications of FACTS Devices . . .

Static Synchronous Compensator (STATCOM) . . . .. ... ..

Influence of STATCOM on Distance Protection . . . . ... ...

Objectives of the ResearchnWork . . . . . . .. ... ... .....

Thesis Organisation . . . . . . . .. .. .. ... .. .. ......

Transient Behavioural Modelling of STATCOM

2.1
2.2

2.3
2.4

Introduction . . . . .. ... ... ... ...

Multipulse Converters . . . . . . . . . .. ... .. .. .. ... ..

2.2.1 Multilevel Converters . . . . . .. ..

2.2.2 Combined Multipulse and Multilevel Converter Togpjo .

Development of Transient Behavioural Model of 48 PulSEV. . .

Three Level Neutral Point Clamped (NPC) Inverter . . . ......

2.4.1 Working of Three Level NPC Inverter

XV

XVi

Xvili

10
11
11
11

12



2.5
2.6
2.7

2.8
2.9

2.4.2 Gate Pulse Logic for

the Three Level NPC Inverter . . . . .

2.4.3 Twelve Pulse Operation . . . ... ... .. ........

2.4.4 Forty Eight Pulse operation . .. ... ...........

2.4.4.1 Choice of conductionangl&)(. . . . . ... ..

VSC Based STATCOM . .

Working Principle of STATCOM . . . . . . ... ... ... ...

STATCOM Characteristics

2.7.1 TheRegulationSlope. . ... ... ... ... .......

Model System Selected for Study . . . . . ... ... ... ... ..

Development of STATCOM Controller . . . . . . . ... ... ...

29.1 DesignofPI-Controller. . . . .. ... ... ........

2.9.2 Performance Evaluation of STATCOM Controller . . . . . .

2.9.2.1 \oltagecontrolMode . .. ... .........
2.9.2.2 VARControlMode .. ... ...........

Simulation Studies to Evaluate the Influence of STATCOM on [stance
Relay Performance

3.1
3.2
3.3
3.4

3.5

Introduction . . . ... ...

Modelling of the Numerical DistanceRelay . . . . . ... . ...

Performance Evaluation of Numerical Distance Relay dod. . .

Analytical Approach to Study the STATCOM'’s Influence ¢we Dis-

tance Relay Performance .

341 Casel .......

342 Casell .......
3.4.2.1 Single line

togroundfaults . .. ... ... ...

3422 ThreePhaseFaults. .. ... ... ... .....

3.4.2.3 Phasetophasefaults. . ... ...........

Simulation Studies on Performance of Distance RelayeBynamic
Operating Conditions of STATCOM . . . . .. .. .. ... ....

3.5.1 Rating of STATCOM

3.5.2 Simulation Results

Vi

18
22
30
32
33
36
37
38
39
41

43
47

51
51

52

55

59
59
60
61

63

63

66
66
67



3.5.2.1 Singlelinetogroundfaults . .. ... ... ... 68

3.5.2.2 Doublelinetogroundfaults . . . . ... ... .. 70

3.5.2.3 Threephasefaults . .. .. ... ......... 72

3.5.2.4 Phase-phasefaults . . .. ... ... ....... 74
3.5.3 VARControlMode . . . .. ... ... ... ... 78

4 DEVELOPMENT and TESTING of ADAPTIVE DISTANCE RELAY 80

4.1 Introduction . . . . . . . ... 80
4.2 Development of Adaptive Distance Relay Scheme . . . . . . .. 81
4.2.1 Flow Sequence of Adaptive Relay Logic. . . . . . ... .. 83
4.2.1.1 Mho relay characteristic implementation . . . . . 87
4.2.1.2 Quadrilateral relay characteristic implementati 90
4.2.2 SimulationResults . . .. .. .. ... ... .. ... 94

5 DSP BASED ADAPTIVE DISTANCE RELAY HARDWARE DEVEL-

OPMENT and its TESTING USING HIL METHOD 108
5.1 Introduction . . . . . . . . . . ... 108
5.2 Numerical Adaptive Distance Relay Hardware Develogmen . . 109
5.2.1 Conventional Distance Relay Hardware Development . . 110
5.2.2 Analog Low Pass FilterDesign . . . . . ... ... .... 110
5.2.3 Analogto Digital Converter . . . . .. ... ... ..... 113
5.2.3.1 Nonsimultaneoussampling . . . . ... ... .. 114

5.2.3.2 Simultaneous sampling and sequential conversion 15 1

5.2.3.3 Simultaneous sampling and simultaneous conversld 6

5.2.3.4 ADSB8556 configuration . . . . . ... ... ... 118
5.2.4  Application of DSP for Power System Relaying . . . . .. 012
5.2.5 Relay Hardware Configuration . . . . . . . ... ... ... 122
5.2.5.1 Software timer interrupt service routine . . . . . . 312
5.2.5.2 ADC interrupt serviceroutine . . . . ... .. .. 124
5.3 Development of Distance Relay Program . . . . . .. ... .. .. 291
5.4 Complete Flow Sequence of Relay Software . . . . . ... .. .. 133

Vil



55 HILTesting . . . .. . . . . 137

5.5.1 Hardware In the Loop Test Set-up Description . . . . . .. 381

55.2 HILTestResults . . ... ... ... ... ......... 140
5.6 Development of Adaptive DistanceRelay . . . .. ... ... ... 142

5.6.1 Performance Evaluation of Adaptive Distance Relay .... 142
Conclusion and Future Scope 150
6.1 Conclusions . . . . . . .. .. 150
6.2 The major contributions of this researchwork . . . . . . ...... 152
6.3 FutureScope . ... . . ... 153

PSCAD/EMTDC Model of the Model Power System and its Paramedrs 154

ADS8556 Parallel Interface Specifications 160

Fourier Recursive Full Cycle Window Algorithm 161

DOBLE Power System Simulator and its Configuration Using TransWin
Software 163

D.1 Dbole F6150 Power System Simulator . . . . . .. ... ... ... 316

D.1.1 Configuration of Doble F6150 Using TransWin softwaaelp
A0 . . e 163



2.1
2.2

3.1
3.2
3.3
3.4
3.5

4.1

4.2

4.3

4.4

5.1
5.2
5.3
5.4

5.5
5.6

Al
A.2
A.3

LIST OF TABLES

Switching states of a three level inverter . . . . . . ... ...... 13
Phase shift required to produce 48 pulse output voltage . . . . 24
Effect of ignoring the k factor angle on measured R& X . . .. ... 54
Formula used for impedance calculation . . . . . ... ... ... 55
Mho relay dynamic performance . . . .. .. ... .. ... .. .. 58
power levels achieved with different STATCOM rating . . . . . 67
Test cases planned for relay performance evaluation .. . .. . . . 68
Performance of conventional and adaptive relays fos@tmground(AG)

faults . . . . . 95
Performance of conventional and adaptive relays feetphase(ABC)

faults . . . . . . . 97
Performance of conventional and adaptive relays fer tnline (BC)

faults . . . . . 98
Performance of conventional and adaptive relays for-&-(BC-G)

faults . . . . . 98
Digitized output of the ADS8556 . . . . . . . ... ... ...... 812
Impedance measured by adaptive relay for AG faults . . . . . 144
Operation of the conventional and adaptive relays WihT&€ OM . 145
Apparent impedance seen by the conventional and adaptays with
STATCOM . . . . e e e 146
Performance of quadrilateralrelay . . . . ... . ... ... ... 147
Performance of mho and quadrilateral characteristayse . . . . . 148
Equivalentsourcedata . . ... ... ... .. ........... 154
Coupling transformerdata . . . ... ... ... .......... 155
STATCOMdata . . . . . . .. . .. .. . i 155



A.4 Transmissionlinedata . .. ... .. . .. . . ... .. ......

A.5 Plcontrollerparameters. . . . . . .. .. ... .. ... ...

B.1 Parallel Interface Timing Requirements



LIST OF FIGURES

2.1 Three level NPC inverter (Paice and Society, 1996) . . .. . . .
2.2 Firing pulse generator for NPC inverter . . . . . ... ... ...
2.3 Firing pulse timingdiagram . . . . . . .. ... ... .......
2.4 NPCinvertervoltagesfar=18F . . . .. ... ... .. .. ...
2.5 NPCinverter voltages far=172.% . . . . ... ... ... ....
2.6 Harmonic spectrum of the line to line voltage

2.7 Circuit arrangement to produce 12 pulse output voltage. . . . .
2.8 Twelve pulse output voltage waveform . . . . .. ... ... ...
2.9 Harmonic spectrum of the 12 pulse line to line voltageef@amm

2.10 Circuit arrangement to Produce 24 pulse output voltagethalakshmi
and Dananjayan, 2010) . . . . . . . . .. ... o

2.11 Generation of first twelve pulse waveform . . . . . ... . ...
2.12 Formation of twenty four pulse waveform . . . . ... ... ...
2.13 Harmonic spectrum of twentyfour pulse waveform

2.14 The normalized output voltage amplitude and THDv oMBE . .
2.15 48 pulseoutputvoltage . . . . ... ... ... L
2.16 Harmonic spectrum of forty eight pulse waveform

2.17 General representation of STATCOM interfaced with @apawer sys-
tem (Achaetal,2002) . ... ... ... ... .. ... .. ...,

2.18 Single phase equivalent of a basic VSI based STATCOkffated
with powersystem . . . . . . . .. . ...

2.19 Vector representation of STATCOM operation modes . ... .. .
2.20 STATCOM characteristic . . . . . . . . . .. .. . ...
2.21 Sample model power system selected for study purpose..... .
2.22 Block diagram of a decoupled reactive current corgroll . . . . .

2.23 Step response of the system for +10% change mdhe . . . . . .

Xi

12
14
15
15
16
18
19

22

23
26

29
31

31
32

33

34
35

37
39
40
42



2.24
2.25
2.26
2.27
2.28
2.29
2.30
2.31
2.32
2.33
2.34
2.35
2.36
2.37
2.38
2.39

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

Step response of the system for -10% change imdhe . . . . . .

Set voltage reference and actual terminal voltage . . . . . . .

Set quadrature current reference and actual quaei@itent

Capacitordcvoltage . . . . . ... .. ... ... ... ...,
STATCOM active and reactive power . . . .. .. ... ....
Transmission line active and reactive power . . . . . . ...... .
STATCOMvoltageandcurrent . . . . .. .. ... ... ....
Enlarged view of STATCOM voltage and current . . . . . . ..

Set voltage reference and actual terminal voltage%os®pe

capacitor voltage for for 3% slope . . ... .. ... ... ...

STATCOM active and reactive power for 3% slope

Set quadrature current reference and actual quae@iument

Capacitordcvoltage . . . . .. ... .. ... .. .. ...,
STATCOM active and reactive power . . . . ... ... . ...
Set voltage reference and actual terminal voltage . . . . . ..

Transmission line active and reactive power . . . . . . ...... .

Block Diagram of the Numerical Distance Relay . . . . . . ..

Simplified power systemmodel . . . ... ... .. ......

Voltage signals seen by the relay, A-G fault(160KM)

Current signals seen by the relay, A-G fault(160KM) . ...... .
Impedance trajectory for A-G fault (160KM) . . . .. ... ..
Simplified faulted network for the study system for case.l. . . .
Simplified faulted network for the study system for cdse I. . . .
STATCOM rating versus powerlevels. . . . . . ... ... ...
Resistance seen by the relay at different load and)dsrAG fault
Reactance seen by the relay at different load angJdsr(AG fault

Resistance seen by the relay at different load ang)éer(ABG fault
Reactance seen by the relay at different load ang)ésr(ABG fault

Resistance seen by the relay at different load ang)ésr(ABC fault

Xii

42
43
44
44
45
45
46
46
47
a7
a7
48
48
49
49
49

53
56
56
57
57
59
60

70
71
72
73



3.14 Reactance seen by the relay at different load andJésr(ABC fault 74

3.15 Resistance seen by the relay at different load ang)der(BC fault 75
3.16 Reactance seen by the relay at different load ang)déer(BC fault 76
3.17 Impedance trajectory seen by the relay with/withoutATSTOM(200

MVA) . o o 77
3.18 Impedance trajectory seen by the relay with/withotATETOM(100

MVA) operating in reactive power controlmode . . . . . .. . .. 78
4.1 Block Diagram of the adaptive distance relaying scheme. . . . 82
4.2 Adaptive distance relay logic flow diagram . . . . . . .. . ... 84
4.3 Frequency response of FCWF algorithm. . . . . .. ... .. ... 6 8
4.4 Mho relay characteristics chosen for implementation.... . . . . 88
4.5 Flowchartof mhorelaylogic. . ... .. ... ... ........ 89
4.6 Typical quadrilateral characteristic . . . . . .. .. ... .... 91
4.7 Flow chart of quadrilateral relay implementation. . . . .. . .. 93

4.8 Performance of conventional and adaptive relays fos@ha ground
zoneendfault . . . .. .. ... 94

4.9 Performance of conventional and adaptive relays faetiphase zone

endfault . . . . . . ... 96
4.10 Performance of conventional and adaptive relays fas@iphase zone

endfault . . . . ... .. ... .. 96
4.11 Performance of conventional and adaptive relays for&-zone end

fault . . . . . 97
4.12 Performance of conventional and adaptive relays tdt ¢at side relay

tripzone . . . . . . 99
4.13 Ground relay trip characteristics . . . .. ... .. ... .... 100
4.14 Realization of actual trip characteristic . . . . . . . . ... ... 101
4.15 Adaptiverelay flowchart . . . .. ... ... 0oL 102
4.16 Phaserelay trip characteristics . . . . . .. ... ... .. ... 104
4.17 Impedance trajectory seen by the relay for zone end AlB fa. . . 105
4.18 Impedance trajectory seen by the relay for zone end BIC fa. . . 106
4.19 Impedance trajectory seen by the relay for zone end BIC fa. . . 106

Xiii



5.1 Block diagram of conventional distancerelay . .. ... ...... 110

5.2 Schematic diagram of a second order low pass filter . . . . . . 111
5.3 Frequency response of designed second order LPF . . . ..... . 112
5.4 Delay caused by the low passfilter . . . . ... .. ... ...... 311
5.5 Block diagram of non simultaneous sampling . . . . ... . ... . 114
5.6 Effect of non simultaneous sampling . . . . . ... ... ... ... 115

5.7 Block diagram of simultaneous sampling and sequerdialerter DAS 116

5.8 Block diagram of simultaneous sampling and simultasemmnversion

DAS . . e 117
5.9 Photograph ofthe ADS8556 EVM . . . . . ... ... ....... 118
5.10 Functional block diagram of ADS8556 (SBAS404B, 2012) ... . 119
5.11 Functional block diagram of relay configuration . . . . . .. .. 123
5.12 Generationof SOCsignal . . . . ... .. ... .. ... ...... 124
5.13 ADCISRflowchart. . . . . ... .. ... ... ... ... ... 125
5.14 Control signals of ADS8556 captured on oscilloscope. .. .. . . . 127
5.15 Control signals to sample a 50Hz sine wave at a sampkogiéncy of

800Hz . . . . . 128
5.16 Flowchartofrelay program . . ... ... .. ... ... ..... 130
5.17 Complete Flow Sequence of Relay Software . . . . ... .. ... 134
5.18 Block Diagram of HIL Setup for Real Time Testing of DajiDistance

Relay . . . . . . . 138
5.19 Photograph ofthe HIiL testset-up. . . . . . ... .. ... ..... 139
5.20 Photograph of ADS8556 interfaced with DSC28335. . . ...... 140
5.21 Fault current waveform and the trip signal issued bydibance relay

for AB faultat 100KM. . . . . . .. . ... ... 141
5.22 Fault current waveform and the trip signal issued bydi&nce relay

for AG faultat 150KM. . . . ... ... ... oL 141
5.23 Block Diagram of adaptive distance relay hardware . ...... . . 143
A.1 Study powersystemmodel . . ... .. ... ... .. ... .... 154
A.2 Three phase three levelinverter . . . . . . . ... ... .. ..... 156
A.3 Firing pulsegenerator . . .. ... ... . ... .. ... ..., 157



A4
A.5
A.6
A7

B.1

Cl

D.1
D.2
D.3
D.4

abc to dqO transformation implementation . . . . . . ... ... .
STATCOMcontroller . . . . ... .. ... ... ... ......
48 Pulse STATCOM structure . . . . . . . . . . . . oo
Real time playback block configured to create to COMTRANES

Timing diagram for parallelread access . . . . .. .. ... ....
Mechanism of recursive full cycle window algorithm (Saam2010)

Main menu of the TransWinprogram . . . . . .. .. ... .. ..
Output channels configurationmenu . . . . .. .. .. .. .....
Source configurationmenu . . . . . ...

Real time playback configuratonmenu . . . . ... .. ... ...

XV

157
158
158
159

160

162

164
651
165



ABBREVIATIONS

ac alternating current
ADC Analog to Digital Converter
ANN Artificial Neutral Network

COMTRADE COMmon format for TRAnsient Data Exchange for power

systems
DAS Data Acquisition System
dc direct current
DSC Digital Signal Controller
DSP Digital Signal Processor
EMTDC Electromagnetic Transient and DC
FACTS Flexible AC Transmission System
FCWF Full Cycle Window Fourier
FFS Fundamental Frequency Switching
FFT Fast Fourier Transform
GTO Gate Turn Off thyristor
HIL Hardware-In-the-Loop
HMI Human Machine Interface
ISR Interrupt Service Routine
LPF Low Pass Filter
MLI Multi-Level Inverter
MPI Multi-Pulse Inverter
ms milliseconds
NPC Neutral Point Clamped
PC Personal Computer
PCC Point of Common Coupling

XVi



Pl

PLC
PLL
PSCAD
PST
PWM
RFCWF
S/H
SSC
STATCOM
THD
THDv
VAR
VSC
VSI

proportional-integral

Programmable Logic Controllers
Phase Locked Loop

Power Systems Computer Aided Design
Phase Shifting Transformer

Pulse Width Modulated

Recursive Full Cycle Window Fourier
Sample and Hold

Signal Conditioning Circuit

Static Synchronous Compensator
Total Harmonic Distortion

voltage Total Harmonic Distortion
Reactive Volt Ampere

Voltage Source Converter

\oltage Source Inverter

XVii



mm<<aq © o

Iqref

NOTATION

Phase angle between the STATCOM voltage
and the ac power system voltage (degree)

Load angle (degree)

Phase Locked Loop synchronizing angle (degree)
Conduction angle over a half cycle period (degree)
Dead angle over a quarter cycle period (degree)
Receiving end source voltage (kV)

Sending end source voltage (kV)

Actual quadrature current (p.u.)

Reference quadrature current

Short circuit current (kA)

STATCOM current (kA)

Transmission line active power (MW)
STATCOM active power (MW)

Transmission line reactive power (MVAR)
STATCOM reactive power (MVAR)

Fault resistance)

Source voltage (kV)

Receiving end voltage (kV)

Reference voltage (p.u.)

Sending end voltage (kV)

Short circuit voltage (kV)

STATCOM terminal voltage (kV)

PCC terminal voltage (p.u.)

Fault reatancec?)

Coupling transformer reactanc@)

Fault impedance?)

Apparent impedance seen by the rel@y (

XViii



CHAPTER 1

Introduction

There is an everlasting demand for electric power. The geeémpower is transferred
through transmission lines to the load centres. As powastesis grow, the power sys-
tem becomes increasingly more complex to operate and thensysan become less
secure for riding through the major outages. It may leadrggel@ower flows with inad-
equate control, excessive reactive power in various pérttsecsystem, large dynamic
swings between different parts of the system and subsdguestilt in voltage instabil-
ity and collapse. Thus ac transmission network requiregsayareactive power control
to maintain satisfactory voltage profile under varying lgadditions and transient dis-
turbances (K. R. Padiyar and Kulkarni, 1997). This can beeaeld by incorporating
Flexible AC Transmission System (FACTS) devices into éxgspower grids. A brief

overview of FACTS devices is presented in the following mect

1.1 Flexible AC Transmission System (FACTS) Devices

The use of FACTS controllers in power system has been of wadlelinterest in recent
years. The integration of FACTS devices enhance the cdaibibty, stability, power
transfer capability and power quality. They control theemlated parameters that
govern the operation of transmission systems includingemiapce, current, voltage
and phase angle. By providing added flexibility, FACTS colirs can enable a line to
carry power closer to its thermal rating (Hingorani and Gyu@999; Paserba, 2003).

1.1.1 Applications of FACTS Devices

An electric power system suffers from several operatingpl@nms such as system insta-

bility, high transmission losses, voltage limit violatgrunder utilization of transmis-



sion line capacity and cascade tripping. The cause for thiesermalities is attributed
to uncontrolled active and reactive power flows in the systéraditionally this prob-
lem has been solved by building new power plants and trassonmidines. But, this
solution is costly due to the spurt in prices of land and coesibn materials, apart
from long gestation period involved in the process. WherBAETS devices provide
a better adaptation to varying operational conditions amgrove the usage of existing
resources. The basic applications of FACTS devices areg@ichl., 2002; Zhanget al.,
2012):

e Power flow control

e Increase of transmission capability

e \oltage control

e Reactive power compensation

e Stability improvement

e Power quality improvement

¢ Interconnection of renewable and distributed generation.

There are varieties of FACTS devices developed in the regeats. In general,
they are classified based on the way in which they are intedfadth the power system
as, series controllers, shunt controllers and combinadssshunt controllers. But the
scope of this research work is confined to shunt type of FACa\ice known as Static
Synchronous Compensator (STATCOM). The following parphmives a brief account
of various aspects of STATCOM.

1.2 Static Synchronous Compensator (STATCOM)

The progress in the field of power electronics, particul@&gte Turn-Off (GTO) based
devices, have introduced a new family of shunt FACTS colerelviz. STATCOM . A

STATCOM injects /absorbs required reactive current imtoyf the transmission system
SO as to maintain the voltage at the point of common coupREQ) to a set reference
value. This feature is exploited to control the specific pagters of an electric power

system to enhance transmittable power, which is the ulénoéjective of providing



reactive shunt compensation in a transmission system.

The STATCOM can be realized based on a voltage sourced ardigourced con-
verter topologies. But, from an overall cost point of vielae tvoltage-sourced convert-
ers (VSC) seem to be preferred (Hingorani and Gyugyi, 198@;et al., 2009). There
are numerous toplogies available for implementing VSC.dmparison to other VSC
topologies, the multi-pulse converter has a superior taainonic distortion (THD) for
a given number of semiconductor switches (Soto and Greddf)2Most industrial
practices are to deploy 48 pulse configuration (eeal., 2003; Schaudest al., 1998;
Wenhuaet al, 2000; Uzunovicet al, 2001; Zhouet al., 2005; El-Moursi and Sharaf,
2005). The THD of output voltage is in compliance with the EEE19 standard. The
STATCOM built with this type of inverter topology can be ditly connected to the
transmission system without any filtering requirement.réfae a three level, 48 pulse
inverter based STATCOM has been modelled in EMTDC / PSCAD iemdynamic

performance is analysed in this thesis.

The STATCOM'’s main function is to regulate voltage magnéud the PCC. This
functionality is achieved by implementing a real time clibdeop digital controller.
The controller is responsible for generating gating comasaior the switching de-
vices in such a way that, the STATCOM maintains the corractllef reactive output
current to regulate the PCC voltage to a set reference valueontroller based on
decoupled current control strategy (EI-Moursi and Sh&@05) has been modelled in
EMTDC/PSCAD and tuned to support the functionality of STAK. The methodol-

ogy followed in modeling is narrated.

Another important issue is the selection of proper locafmmthe placement of
STATCOM. The placement of STATCOM controller depends on dpelication for
which it has been installed. The midpoint placement is ths leeation for shunt con-
nected STATCOM, specifically to meet the purpose of increasihe power transfer
capability of long transmission lines. This is becauseheade of the FACTS device
address only half the transmission line impedance. WheadaSATCOM placed at the

transmission line end has to deal with the full line impedarfdso mid point placement



of STATCOM controller, is more effective for dynamic volegontrol, enhances tran-
sient stability and dampens power oscillations (Hingoeanrd Gyugyi, 1999; Kowsalya
et al, 2009; Ooiet al, 1997). For this reason the STATCOM connected at the midpoin

of transmission line is considered in this work.

The installation of STATCOM helps to load transmission $ing to thermal limit
and enhance grid reliability, but on the other hand it poseslenges for protection
engineers. This is because, inclusion of STATCOM changesmyc behaviour of
the power system and many sub-systems are affected, ingltiai protective systems
(Padiyar, 2007; Miller, 1982). Therefore, it is essentastudy effects of FACTS de-
vices on the protective systems. Especially the distarleg,rerhich is the main pro-
tective device at EHV and HV level transmission systems m@esespecial attention.
This has become important research interest and seveeakrob&rs have reported their

investigations. Section that follows present literature/gey on this topic.

1.3 Influence of STATCOM on Distance Protection

This section presents the literature review on the influedicBTATCOM on the per-
formance of the distance relay. Finally, the outcome ofditiere survey is summarized
at the end of this section. Many researchers have reporteadts of shunt compensa-
tion including FACTS controllers on the performance of aligte relays. In (EI-Arroudi
et al,, 2002) influence of 300 MVAR STATCOM was analysed, verifiembtlgh simu-
lation and showed that distance relay under reached at éing. zA 160 MVA STAT-
COM has been integrated with the 138 kV transmission sysestutly the influence of
STATCOM on the distance relay operation in (Zhetual., 2005). This study revealed
relationship between operating mode and the nature of ngadiiem exhibited by the
relay. Relay under-reached when the STATCOM supplies teixe power (capacitive
mode), and over-reached when the STATCOM consumes theveaciver (inductive
mode). In (Albasret al, 2007; Sidhtet al, 2005; Albasret al., 2006) the performance

of various distance protection schemes including bothdseane and the advanced



channel aided schemes on transmission lines has been {@es&tudy revealed that
the relay with the channel-aided schemes perform bettesrapared to the stand-alone
scheme. However, authors have also reported that chaitiesl-achemes fail to pro-
vide reliable operation for all types of faults in midpoimtusnt-FACTS compensated

transmission system.

The literature survey point out that the STATCOM connectadgmission lines are
vulnerable to apparent impedance measurement errors, areaf the papers have
suggested remedy to mitigate the influence of STATCOM on #réopmance of dis-
tance relays. Literature survey also divulge that the ti@ul protection schemes are
not proficient in such applications. However such undesptations can be corrected
through the deployment of futuristic concept, popularlywn as; "adaptive relaying

schemes".

The research work reported here proposes new adaptivanglagheme for the
protection of STATCOM connected transmission lines. Rwilg section enumerates

the research objectives of this thesis,

1.4 Objectives of the Research Work

¢ Identifying a suitable model power system configurationttwg the impact of
midpoint STATCOM on the performance of the distance relay.

e To develop transient behavioral model of selected modelepmystem using
EMTDC / PSCAD, which can depict true power system transieisidy the
interaction between STATCOM controller and the power systieiring normal
and abnormal conditions, using both analytical and sinadanethods.

e Development of adaptive distance relaying schemes, t@eeheliable relay op-
eration and verification of the proposed scheme throughlaimus.

e To develop numerical adaptive distance relay hardwaregusiwdern digital sig-
nal controller(DSC).

e Real time performance evaluation of newly developed adaptistance relay
using hardware in the loop (HIL) method of testing.



1.5 Thesis Organisation

The research work carried out to meet the above objectivebden presented system-
atically in the thesis. A brief skeletal structure of thedisealong with summary of

content in each chapter is presented in paragraphs thavfoll

Chapter 1 gives the insight about the research area and atiachiliarisation of
the issues associated with the topic. The chapter provideserview of topics such
as current power system scenario, role of FACTS controltegower system, volt-
age source converter topologies with particular emphasisigh power applications
and adaptive relaying applied to transmission line pratect Literature review, en-
compassing the mid point shunt compensation and its effeth® performance of the
distance protection is included, followed with narratianszope and objectives of re-
search work. Following this, essence of the work and thearastof different chapters

that follow, are summarised.

Transient behavioural modelling of a 48 pulsa00MVA STATCOM, based on
three level neutral point clamped (NPC) voltage sourcertevgVSI) is detailed in
the chapter 2. Complete mathematical analysis of invederdeen carried out, equa-
tions describing the output voltage of the individual seapas been presented with
their respective waveforms. A decoupled current contradiémplemented to operate
the STATCOM in both voltage control and reactive power colntnodes for a wide
range of varying system conditions by considering a realsudy system. Further,
results of EMTDC/PSCAD simulations, conducted to assess$rémsient performance

of STATCOM controller, are furnished in this chapter.

Chapter 3 investigates the influence of STATCOM on the thtadce relay oper-
ation. This work is carried out in two phases. In the first ghasnumerical distance
relay model is developed for the protection of transmisimusing EMTDC/PSCAD
simulation package. In the second phase, the STATCOM igrated to the power
system at the midpoint of the transmission line in order twlgtits influence on the

distance protection. The mathematical equations desgrihie apparent impedance er-



ror due to the presence of STATCOM are derived. Also, extersimulation results of

tests conducted on the EMTDC/PSCAD study model are includ#dte same chapter.

In chapter 4, development of a new adaptive distance rejagchemes, to mitigate
the effect of midpoint STATCOM is described. Adaptive equasé have been devel-
oped to correct the measured apparent impedance error preeence of STATCOM.
The performance of adaptive schemes are evaluated forahfféaults at various loca-
tions through simulations. Further, results pertaining womparative analysis of the

adaptive relay with the conventional distance relay are msluded.

Chapter 5 describes the development of a fully functiondépdive distance relay
hardware, using state of the art 32 bit, digital signal caier TMS320F28335 and
ADSB8556 a simultaneous sampling type analog to digital edey. A test bench com-
prising of Doble F6150 power system simulator has been det@ssess the perfor-
mance of the adaptive distance relay in real time. This dorass Hardware In Loop
setup. The HIL test results show that, newly developed adaptlay provides rea-
sonable protection for the STATCOM connected transmisignes by mitigating reach

problems. All the above aspects are detailed in this chapter

Finally, in Chapter 6, the conclusions and the contribwgiohthis research work

are highlighted and future scope for research is summarised



CHAPTER 2

Transient Behavioural Modelling of STATCOM

2.1 Introduction

In recent years, power systems have been operating at therregd of their stability
limit, in-order to meet the ever-increasing power demanda:hSperating condition re-
sults in some major disorders in the power system, like poltage regulation, uncon-
trolled power flow, transient instability, etc. On the camyt, in-spite of such operating

conditions, the power system has to honor the grid code fsgamns.

Integration of FACTS devices into power systems, helps tdront these opera-
tional ailments quickly in an elegant manner. Among the F&Gamily, STATCOM
is a shunt connected device, which has been widely adoptestjtdate voltage at the
PCC. AVSC is the basic building block of many FACTS devicetuding STATCOM.
At present, VSC can be realized using gate turn-off thyri€a O) devices which have
self turn off and bidirectional conduction capability. THEC provides maneuverabil-
ity to control the magnitude, the phase angle and the fre;yuehthe output voltage,

which is most desirable feature from FACTS controller vievinp.

Many types of VSC configurations have been reported in taglitire such as multi-
pulse, multilevel and a combination of multipulse and nieNgl converters (Rodriguez
et al,, 2002; Geethalakshmi and Dananjayan, 2010). A brief oearaf all the afore-
mentioned configurations are discussed in this chapterrtf &ght pulse VSC based
on both multipulse and multilevel inverter configuratioras been developed. It is ob-
served that, this type of inverter configuration produceslgeinusoidal output voltage
with THD of 3.81%. The VSC so configured in EMTDC / PSCAD is gyiated to func-
tion with 100MVA STATCOM transient behavioural model. THa@ms first phase of

research work.



Regulation of voltage at PCC is the prime responsibility litd STATCOM con-
troller. Its dynamic performance depends on the contrdirigpie employed in the
controller. It is desired that the controller respond qlyido all the operating con-
ditions of the power system while maintaining the stahiliy complete closed loop
decoupled reactive current control technique is used téeément the STATCOM con-

troller (EI-Moursi and Sharaf, 2005).

In-order to assess the benefits derived from STATCOM iredtal, evaluation tests
are conducted. For this purpose, a realistic study modddéas developed in EMTDC/
PSCAD simulation environment. Various system conditiaessemulated using proper
load excursion model. The simulation results indicate, tRBATCOM plays a vital role
in regulation of voltage at PCC to a set reference value. 8iheit enhances the power

transfer capacity of the transmission system.

This chapter presents the development of transient belnalionodel of+ 100
MVA STATCOM, and the results of evaluation tests conductesttidy its performance
under varying system conditions. Overview of the variousveoter topologies are

discussed in the following sections.

2.2 Multipulse Converters

The term “multipulse” is not defined very precisely in thetdture (Paice and Society,
1996). A basic three phase converters switching at fundeah&aquency are known
as six pulse inverters. However, by popular usage in the peleetronic industry,
converters operating in a three-phase system providing rtihan six levels of dc per
cycle are known as multipulse converters. Multipulse méshimvolve multiple con-
verters with a common dc supply. Phase shifting transfosr(fe6T) are indispensable
part of these converters and provides means for cancellafispecific harmonic cur-
rent pairs, for example, thdsand " harmonics, or 14 and 13" and so on. In this
way, multipulse converters give a simple and effective mépine for reducing converter

harmonics. Usually fundamental frequency switching (FE®mployed in such con-



figuration. In this type of switching technique, each seméiactor device is limited to
one turn-on and one turn-off per power cycle. Even though,dWwitching technique
is complex, it offers other advantages like, high semicabtaluswitch utilization and

low switching losses. It is current practice to use severapalse VSCs, arranged to
form a multipulse structure, to achieve better waveformliguand higher power rat-

ings. Hence they have been widely used in high power apmitain the FACTS and

HVDC systems (Hingorani and Gyugyi, 1999; Acétaal.,, 2002).

2.2.1 Multilevel Converters

The traditional two level VSI produces a square wave outpittswitches the dc voltage
source on and off. In recent years, industry has begun to niemmigher power equip-
ment, which now reaches the Megawatt level. Controlled aesdrin the megawatt
range are usually connected to the medium-voltage netwbikdifficult to connect a
single power semiconductor switch directly to medium vgétaange including 2.3, 3.3,
4.16, or 6.9 KV. For these reasons, a new family of multilemeérters have emerged
as the solution for working with higher voltage levels. Mlelel inverters include an
array of power semiconductors switches and capacitor g®lsmurces. They produce
the output voltages with stepped waveforms. The commurtatiohe switches permits
addition of the capacitor voltages, which reach high vatat)the output, while the
switches have to withstand only reduced voltages. By irstngathe number of levels
in the inverter, the output voltages have more steps resgpiti a staircase waveform,
which has reduced THD. However, increasing number of leveleases the control
complexity and introduces voltage imbalance problemsspite of these limitations
following are the attractive features which makes thenhmbipular: (Rodrigueest al,
2002).

e They can generate output voltages with extremely low distoand Iower%’.
e They draw input current with very low distortion.
e They can operate with a lower switching frequency.

10



2.2.2 Combined Multipulse and Multilevel Converter Topolagy

The major problem, with the multipulse inverter, is the riegnent of magnetic inter-
faces, constituted by complex zig-zag phase shifting foarmsers (Wu, 2006), which
increases the cost, but instead has a merit of less contrgblexity and low THD. On
the other hand, Multi level inverter is cheaper but has hgftiol complexity and high
THD. Hence, in-order to obtain an optimal inverter topologyrade off between the
cost and the complexity in control is necessary. Therefateybrid topology, involv-
ing both multipulse and multilevel inverter configuratipastracting the advantages of
both will be most attractive solution. The section thatdallpresents the development
of transient behavioural model of 48 pulse VSC based on coatbmultipulse and

multilevel inverter configurations.

2.3 Development of Transient Behavioural Model of 48

Pulse VSC

In the present work, a 100 MVA, 48 pulse inverter operaticacisieved, by connecting
four identical three phase, three level inverter bridgesdaasformers whose outputs
are phase-displaced with respect to one another. Even lihibigyinverter topology

has been in use for quite some time now, detailed matherhatiedysis has not been
reported. Work reported here involves building functioequations and modeling of
48 pulse inverter from basics. The following section disessthe operation of three
level inverter, which is the primitive building block in th@ocess of realizing the 48

pulse inverter architecture.

2.4 Three Level Neutral Point Clamped (NPC) Inverter

Three-level inverters are preferred in high power appliceds they offer several advan-

tages over the traditional two-level inverter topologyishiopology is popularly known

11



as NPC inverter. The three-phase three-level NPC invedefiguration is shown in

figure 2.1.

+Vgo/2

ci——

C,——

Va2

Figure 2.1: Three level NPC inverter (Paice and Society5)199

All three legs of the inverter are connected across the sammus bars and the
clamping diodes connected to the same midpoint N of the daaitap. It is seen that
each half of the phase leg is split into two series connecééees 1-1 and 1A-1A.
The midpoint of the split valves is connected by diodesdnd Dy to the midpoint
N as shown. Doubling the number of valves from two to four peage leg with the
same voltage rating would double the dc voltage and hencpadiver capacity of the
converter. Thus only the addition of the clamping diodessaddhe inverter cost (Hin-
gorani and Gyugyi, 1999). Also this topology enables to oseuoltage GTO modules

comfortably, as the switches are only subjected to half eidihbus voltage.

2.4.1 Working of Three Level NPC Inverter

The NPC inverter can produce three voltage levels at theubutietermined by the
switching states of the switching devices in each phase [Egs switching states and

the corresponding output of a single three level leg aredish the table 2.1. From

12



Table 2.1: Switching states of a three level inverter

Switching  Output voltages

i +Vdc —Vdc
device Td zero Td
1 On Off Off

1A On On Off

4A Ooff On On

4 off Off On

the switching states, it can be seen that when 1 and 1A areduwn, the output is
connected to positive dc bus, when 1A and 4A are on, the ougero; and when
4A and 4 are on, the output is connected to negative dc bus n\Wipair of switches
is turned on the other pair of switches must be turned off mdathe short circuit of
the bridge. To clamp the voltage, two extra clamping diodesaid D, as shown in
figure 2.1, are required to connect the dc bus mid-point téahe applying zero volts.
They also allow the current to flow in either direction, whée tonverter operates in
the freewheeling mode. The three-level inverter topola@ingwn in the figure 2.1 is
implemented using GTO based switch model, readily avalabthe EMTDC/PSCAD
package. Switching signals for the GTOs are derived usiadguhdamental frequency

switching(FFS) technique. Details of the FFS scheme igghed in following section.

2.4.2 Gate Pulse Logic for the Three Level NPC Inverter

All power electronic converters, require appropriate shitig scheme for their desired
operation. In this work FFS method is implemented for thepse of switching pulse
generation. Figure 2.2 shows the block diagram of threel8¥C inverter along with

firing pulse generator block.

13
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Figure 2.2: Firing pulse generator for NPC inverter

There are three inputs for the firing pulse generator nansai¥kT COM controller
output @), Phase locked loop synchronizing anglé)(and the fixed conduction angle
over half cycle ¢). Typical firing pulse timing sequence generated for a sitighb
is as shown in the figure 2.3. Where 1, 1A, 4A and 4 are the sestdi the first
limb as shown in the figure 2.1. A dotted line below the switttiicate the 'ON’ state
of the respective switch. It can be observed from the sameefithat, at any given
point of time two switches are in the 'ON’ state. The outpultage produced by a
pair of conducting switches is indicated in the table 2.1.e Turation of the +Vdc
or -Vdc level, can be adjusted between 0 and 180 degrees gingahe conduction
angle @). The firing pulses for the other two limbs of the inverter pfese shifted
by -120@ and -248 respectively from the first leg. This inverter works as a tewel
inverter by choosing equal to 180 degrees as shown in the figure 2.4. For all other
conduction angles, inverter produces three level outpigiurg 2.5 shows the inverter

output voltages foo = 172.%.
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Figure 2.3: Firing pulse timing diagram
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Figure 2.5: NPC inverter voltages for 172.%

The line-to-line voltages, (t) shown in the figure 2.4 can be mathematically ex-

pressed as ,
Vap(t) = 3 V. sin(nwt+n—n> (2.1)
ab —nzl abn 6 .
Where,
4Vyc nTt
= — 2.2
Vabn nTt COS( 6) (2:2)
vn=6r+1r=0,12,... (2.3)

Expanding the equation 2.1 by Fourier series yields,

2Vdc\/§
Tt

Va(t) = (sin(wt +30P) — :—ésin(Soot +150) %sin(?oot +210)
1 1 . 1 .

+ 74 Sin(1100t + 330) + 15 Sin(13wt + 30°) — 15Sin(17at + 150)
1 .

—1—93|n(19wt+21(9)+...)

(2.4)

The line to neutral voltage, shown in the figure 2.4 , can benerattically expressed
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as,

Van(t) = iVann sin(nwt) (2.5)
n=1
where,
Avyc
Vam = 3nm ( < 3 +1)) (2.6)

It can also be expressed in the other form as,

Vab,]
Vap, = —————F—= 2.7
am (—lr)\/§ ( )
equation 2.7—
Vab, = (_1)r\/§vann (2.8)

by substituting equation 2.7 in equation 2.5 we can write,

Van(t Z Vah“ - sin(nat) (2.9)
Expanding equation 2.5 by Fourier series yields expredsioline to neutral voltage
Van(t) i.e., :

2V,
Van (t) — dc

. 1. 1. 1 . 1
<sm(wt)+§sm(5wt)+?S|n(7wt)+1—1$|n(11mt)+ﬁsm(l3(d)

1 . 1 . 1
—i—l—?sm(l?wt)—i—Esm(l%)t) ﬁsm(Z&m) )

(2.10)
The harmonic spectrum of line to line voltage is shown in tyer 2.6. It can be

seen that, the harmonic magnitude of the individual compbisenversely proportional

to their respective harmonic orders.
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Figure 2.6: Harmonic spectrum of the line to line voltage

In-spite of simplest architecture, the six-pulse VSC carb®used in high power
applications by virtue of its high harmonic content. Butisippossible to improve the
harmonic performance of the converter by means of multgimgerter topology. In this
method two or more three-phase, six-pulse converters anbioed to produce superior
waveform with lesser THD. In the next section twelve-pulsefiguration obtained by

combining two six-pulse VSCs is discussed in detail.

2.4.3 Twelve Pulse Operation

Twelve pulse VSC operation is very useful from the powereysapplication point of
view. Because, this is the basic configuration requiredfglémenting FACTS devices
like STATCOM. The FACTS controllers based on such a topology be interfaced to
the power system with minimal filtering requirements, dudetter harmonic perfor-
mance. In this section, the development of twelve pulseriavés narrated with help

of the mathematical equations pertaining to the outpuagetwaveforms.

It has been shown in the previous section, that the phassepludtage and phase-
neutral voltages described by the equations 2.4 and 2.p@ctgely, are 30 out of

phase with each other. If this phase shift is corrected, atinonics, other thadn =
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12r +1, where r=0,1,2,..., (i.e.y 72", 17" 19" contained in the six pulse VSC
output can be canceled. This feature is exploited, in mulsg converter to reduce the

harmonics (Sen, 1999).

The circuit arrangement to achieve twelve pulse operai@hown in the figure 2.7
(Marin, 2001). In this configuration, phase-phase voltagéso three-phase, identical
six pulse inverters are connected to secondaries of Y-Y afdransformers. The basic
idea is to utilize the inherent phase shift of 3fetween the Y-Y and YA transformers
to cancel the harmonics, not included in the §&t= 12r + 1. Both the inverters are

fed from the same dc bus.

12

e —— TR-2 VSI-2 e
= I 52 o
- H-T
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YiIiv £ sz

A

Figure 2.7: Circuit arrangement to produce 12 pulse outpliage

The phase-phase voltage waveform across the primary aftnamer TR-1 yj, ,can

be expressed by the equation 2.11.

Vaby :E(LT?/@ (sin(wt +30°) - :—ésin(Swt +150°) - %sin(?wt +210)

1 . 1 . 1 .
+ 74 Sin(1 1ot + 330P) + 13 Sin(13ut + 30°) — 5 Sin(17ct + 150°)

1 .
Esm(l9wt+21d))+...)

(2.112)
Where k is the transformation ratio of transformer.
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The firing pulse for the second converter, is delayed B\w@th respect to the first
inverter. This will cause the fundamental components ohbovterters, to be added
up in phase on the primary side. The phase-phase voltagesa@hd converter can be

represented by its Fourier series as

Vabeome (£) = ivabn sin(nwt) (2.12)

Expanding the Fourier series yields equation 2.13

2 3/ . 1 1 1 .
Vabeone (1) = VdTCT\/_ (SIn(oot) ~z sin(5wt) — Z sin(7at) + 1—1$|n(1loot)
+isin(13wt) isin(17oot) isin(19oot)ﬁ—isin(ZS(;ot)

13 17 19 23

o)

The phase-phase voltages of the second converter, are@ppline secondary of X-

(2.13)

transformer. The phase-neutrak{y) and phase-phase voltagegdy) at the primary

of the second transformer TR-2, can be expressed by theieqsia?.14 and 2.15 re-

spectively, o
Van, (1) = 73 Z Van, Sin(nat) (2.14)
=1
Kk & V. , nTt
Van, (1) = 7 Zl<_ai“)r S|n<nwt+€> (2.15)
n=

vn=6r+1r=0,12,...

equation 2.15 can also be written as,

- : nTt
Van, (1) = \/:_%knzlvann sin <nu)t + €> (2.16)
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equation 2.

Vah, (t)=

2kvgcv/3
Tt

16 can be expanded as,

1 . 1 . 1 .
1—15|n(1loot+33CP)—|—Esm(lswt-i—?»oo)+1—7$|n(17wt—|—1500)

1 . 1 .
+ 76 Sin(19at + 210°) + — sin(23wt +33¢F) + .. )

23

sin(at 4 30°) + % sin(5ut + 150) + % sin(7wt +210)+

(2.17)

By virtue of series connected primaries, the voltages offi blo¢ transformers will

add up to produce the twelve pulse waveform.The equatidr2gdresents the resultant

twelve pulse phase-phase output voltage waveform obtdipediding equations 2.11

and 2.17. Figure 2.8 shows the process of twelve pulse wawvedeneration graphi-

cally.

Vaby, (t) =

Voltage in volts

Ak Vgev/3
Tt

11 13

1 .
+2—3$|n(23wt+33(9)+...)

x 10°
lk

08 Vabtl

B
I
|
|

Vabt 2

06 — Vap12

0.4r

0.2

i i i i i j
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Time in seconds

Figure 2.8: Twelve pulse output voltage waveform
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The harmonic spectrum of this waveform is shown in the figu@& 2t can be
seen that, all 5+12n and 7+12n harmonic components arenalied, from the line-
line output voltage waveform, due to 30 degree phase sHiftden the two converters

output.
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Figure 2.9: Harmonic spectrum of the 12 pulse line to lingage waveform

Even though the harmonic performance of the twelve pulseriavis better than
six pulse inverter, it can not be interfaced to the poweresydirectly. Hence, more six
pulse inverters are combined to achieve higher pulse aperdtow a days, forty eight
pulse operation is preferred which has a harmonic contetiterorder of n = 48et1
(where r=0,1,2,...). Therefore, to cope with the presegtajzerating practices, forty
eight pulse inverter has been implemented in this work. Tétail$ of such configura-

tion is presented in the following section.

2.4.4 Forty Eight Pulse operation

Conventionally, eight six pulse inverters are combinechwiteir respective phase-
shifting transformers to produce forty eight pulse outmitage waveform. This topol-

ogy is costly and quite complex owing to the transformerrigci@nections. In this
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research work forty eight pulse operation is obtained thhahe twenty four pulse con-
figuration. This is possible by the use of three-level NP@iter. This topology enjoys
the benefits of both configurations and referred as the cadmmultipulse-multilevel
inverter topology. The harmonic performance of this toggles evaluated through
EMTDC/PSCAD simulations. The results show that this toggloffers almost same

voltage THD as that of forty eight pulse configuration.

The circuit arrangement of a twenty four pulse 100 MVA, 138 kV RMS inverter
is shown in the figure 2.10 (Xi and Bhattacharya, 2008; Gégitshmi and Dananjayan,
2010).

48 pulse
output
————1TR-1 | VSI-1 1 o4
= Iy 5 =2z i
A
— TR -2 VSI-2 +|
= M H sz
4 30° —
TR -3 VSI-3 +H ] Firing ¢
— l&"lY — 52; il = Pulse ot
] | il || Generator o
A -15° |
TR - 4 VSI-4 +H
= AI> H ez
= A | 45"

Figure 2.10: Circuit arrangement to Produce 24 pulse outpliage (Geethalakshmi
and Dananjayan, 2010)

It consists of four three-level inverters, whose outputs@nnected to respective
phase shifting transformers. The capacity of each tramsfois 25 MVA. The volt-
age ratio of Y-Y and YA transformers are 34.5kV:15kV ar?é%:lSkV respectively.
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The first and second converters, with their respective phlasgeng transformers, will
produce first twelve pulse output. Similarly, third and fibuconverters, with their re-
spective phase shifting transformers, generates secaidetwulse output. These two
twelve pulse output waveforms, are phase shifted B\fiBn each other, to obtain 24-
pulse output voltage. In order to match the harmonic perémee of forty eight pulse
inverter, appropriate conduction andle) which selectively eliminates #8and 24"
harmonic components has been selected. The generatiortygfght pulse output is

narrated analytically in the the subsequent paragraphs.

As discussed above, a phase shift of h&s to be applied between the two twelve
pulse waveforms to produce twenty four pulse voltage waweforlhis is met by ap-
plying symmetrical phase shifts, of +7.&8nd -7.5, to the two pairs of converters. The
firing pulse pattern, is properly phase shifted as shown éntéible 2.2, so that, the

fundamental components of all the inverters are added upeprimary side.

Table 2.2: Phase shift required to produce 48 pulse outptage

Phase shifting Phase shift produced by Shift in gate puse tr

transformer the PST (degrees) (degrees)
1 +7.5 0
2 +7.5 -30
3 -7.5 -15
4 -7.5 -45

A phase shift of+-7; is applied to the output of the first and second converter,
through the respective phase shifting transformers. Tieeline voltage, across the
primary side of the first transformer, can be mathematicajyresented by equation

2.19.

- . Nt i
Vap, (1) =K vabnsm<nwt+— —) (2.19)
! n; 6 24
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Where,

4Vyc nrt
Vabn = o COS(E)

i=1 for positive sequence harmonics.
i=-1 for negative sequence harmonics.

vn=6r+1r=0,12,...
Expanding the equation 2.19 by using Fourier series yields,

2k . 1 1.
Vapy, (1) = V‘j;\@ (sm(wt +225% — £ Sin(50t + 157.5°%) — 5 sin(7ot + 2025%)+

11
1 1
— - sin(19ut 4 2025%) + = sin(23ut + 337.5%) +-.. )

1. 1 1
— sin(11cx + 337.5°) + T3 Sin(13t + 225%) — 15 Sin(17at + 157.5°)

19 23
(2.20)

Similarly, the line-line output voltage across the secaaddformer can be mathemati-

cally represented as,

< : nm T,
Van, () = kv/3 Zlvann sin (noot + 5 2—4I) (2.22)
n=

its Fourier expansion results in equation 2.22

2kvgev/3

. 1. 1.
Vabe(t) = (sm(oot +225°%) + = sin(5ax + 157.5°%) + S sin(7ax + 2025%)+

Tt
1 o 1 . o 1 . 0
—sin(11lwt 4+ 337.5") + — sin(13wt + 22.5”) + —— sin(17wt 4+ 157.5")
11 13 17

1 1
+Esm(19wt+2025°)+2—33|n(23ca+337.50)+...)

(2.22)

The first twelve pulse waveform is obtained by adding equati®.20 and 2.22 i.e.,

Vabyor = Vahy (1) + Van, ()
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4K | 1 1
Vabg, (1) :""TC\@ (sm(oot +228%) 4 = sin(1162 + 3375%) + 7 sin(136 + 225)

1 .
+ == sin(23wt + 337.5%) + .. )

23
(2.23)
It can be written in compact form as given in the equation 2.24

> : Nt Ti
Vaby,s (1) =K' Vap,, Sin <noot +—— —) (2.24)

2f nZl n 6 24

WNgeV/3

Abyy = an (2.25)

Yn=12r+1,r=0,1,2,...
The pattern of first twelve pulse waveform is as shown gragllyiin the figure 2.11.
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Figure 2.11: Generation of first twelve pulse waveform

Similarly phase shift of- 7 is applied to the output of the third and fourth converter

through the respective phase shifting transformers. Tiellne voltage across the
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primary side of the third transformer can be mathematicaipresented as

o . Nt T,
Van(8) =K 3 vy sin (net + 7+ 1) (2.26)
n=

Where, i=1 for positive sequence harmonics.
i=-1 for negative sequence harmonics.
vn=6r+1r=0,12,...

Expansion of the equation 2.26 yields,

2k 3/ . 1. 1.
Van(t) = Vicv/3 (sm(wt +225% — £ Sin(50t + 67.5°) — S sin(7at + 1125%+

Tt

1 1 1
7 Sin(11ot + 157.5°%) + 13 Sin(130xt + 2025°%) — 15 SIN(17ek + 24759)

1 1
— g Sin(19t + 2925%) + 3 SIN(230t + 3375°%) + .. )

(2.27)

Similarly the line-line output voltage across the fourtansformer can be mathemati-

cally expressed as,

il . nm T,
Van (1) = kv/3 Zlvarh&n(nwt—i—l—z—i—ﬂl) (2.28)
n=

Expansion of this equation results in,

2k 3/ . 1. 1 .
Vany, (1) = V‘;‘[:\/_ (sm(wt +225% + £ sin(5ut +67.5%) + S sin(7at + 11259

1. 1
+ = sin(11wt + 157.5°%) + 15 Sin(13wt + 2025°)

11
1. 1

+ 75 Sin(1 70t + 2475%) + TgSin(1%at + 29259)
1

+Z),S|n(23wt+337.50)—|—...)

(2.29)

The second twelve pulse wavefony, , (t) is obtained by adding equations 2.27 and
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2.29 i.€. Vabyx (t) = Vans (t) 4 Van, ()

Akvgev/3 [ . 1. 1.
Vaby (1) = V‘;E‘f (sm(oot +225% + 17 Sin(110t + 157.5%) + 13 Sin(13ut + 2025%)

1
+ 2= sin(23wt 4 337.5°) + .. )

23
(2.30)
Which can be expressed in the compact form as
2 . Nt T,
Vabys (1) = kn;Vabm sm(nwt-i- 1—2+ﬂ|> (2.31)

Yn=12r+1,r=0,1,2,...
Mathematical expression for the twenty four pulse voltageeform can be obtained

by adding equations 2.23 and 2.30. i.e.,

Va4 (t)= Vaby o (t)+ Vaby o (t)

It can be seen that the harmonics not contained in the get24r = 0,1,2, are in

phase opposition and hence they will cancel out resultirtgventy four pulse voltage

waveform .
k . 1 . 1 .
Vaby, () _8 "jTC\/é (sm(wt +225%) + S Sin(23ut + 337.5%) + g Sin(250t + 22.59)
+...)
(2.32)
equation 2.32 can also be written as,
il . Nt T,
Vaby, (1) = 4anlvabn S|n<nwt+ (7 2—4I> (2.33)

Yn=24+1,r=0,1,2,...
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The formation of twenty four pulse waveform is shown in theufgg2.12 and its
harmonic spectrum is shown in the figure 2.13. It hast2@rorder harmonic compo-
nents i.e., 2%, 28", 47 49" and so on, with the magnitude equal to reciprocal, of

their order of the fundamental component, of the outputaggtwaveform.

x 10°

——— | 12 pul se
Il 12 pul se
24 pul se o/ p

Voltage in Volts

1 1 J
0.02 0.03 0.04

Time in seconds

Figure 2.12: Formation of twenty four pulse waveform
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Figure 2.13: Harmonic spectrum of twentyfour pulse wavefor
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2.4.4.1 Choice of conduction anglex)

It is evident from the results presented above thdf a8d 2%" harmonic components
are the most dominant harmonics present in the twenty folsemutput voltage wave-
form. This subsection explains the selection of prapaequired to minimize the 73
and 28" harmonic magnitudes. This in-turn results in almost eqi#DTevels in both

twenty four pulse and forty eight pulse inverter output agks.

The output voltage of VSC exhibits a fundamental componedtald harmonics

each of which has amplitude given by (Sen and Stacey, 19%sAiet al,, 2006),

2Vdc
nrt

Vab,, (t) = cos(%T) cos(ny) (2.34)

Wherey is the dead period during which the ac valve operates in eaafiey cycle and
the pole output voltage is zero. The variable ‘p’ represémsnumber of pulse of the
VSC per cyclen= pxk+1(k=1,23...) represents the odd harmonic components.
The amplitude of the odd harmonic component (n) normalindgte fundamental com-

ponentis:

Vo cos(%) cos(ny) (2.35)

V1 ncos(%) cos(y)

The THD of the voltage is given by equation 2.36 wheres the fundamental compo-

nent obtained from equation 2.34 by setting n = 1.

ﬁ

2
2V4
Vi

THD =

(2.36)

Figure 2.14 shows the variation of the fundamental and THHe output voltage
(THDv) of VSC normalized with respect to the fundamental poment for different
dead periody)). It can be noted that, the THD of a 24-pulse VSC is almost keguhat
of a 48 pulse VSC, whewnis 3.75. Thereforey is set at 3.75 in-order to obtain an
output that is comparable to the 48 pulse VSC. It can also b&edefrom the figure

that, the fundamental component, does not decrease sailfiaty=3.7%. Therefore,
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in the present worlk is chosen to be 1725

Vol tage THD in % of fundanental
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Figure 2.14: The normalized output voltage amplitude an®Vidf the VSC

The forty eight pulse output voltage waveform, thus obtdiiseas shown in figure

2.15. The other two lineline voltage waveforms, will be displaced by -£2ind -246

respectively, from first one.

voltage in Volts

x 10°
2_ .

0 0.01 0.02

0.03 0.04
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Figure 2.15: 48 pulse output voltage

Figure2.16 shows the harmonic spectrum, of the forty eighdegvoltage wave-
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form obtained through EMTDC/PSCAD simulation. It can bersemat, by settingy =
172.8, the magnitude of the 28and 2%" harmonics can be reduced significantly. The
voltage waveform is comprised of #7and 49", harmonics as the most dominant har-
monics with THD of 3.81%. This THD is in compliance with theHE 519 standard.
Hence, FACTS devices derived from such an inverter configuraan be interfaced

directly with the power system without filtering requirenhen

100
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40
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Magni t ude in % of fundanent al

1 2325 47 49
Har noni ¢ or der

Figure 2.16: Harmonic spectrum of forty eight pulse wavefor

The above facts indicate that, multipulse-multilevel mgeconfiguration provides
favorable platform for the development of high performaf®€TS devices. In this
work a STATCOM model has been developed based on this coafigar Details of
STATCOM implementation, its working principle and V-I claateristic is presented in

the next section.

2.5 VSC Based STATCOM

The model of the STATCOM based on voltage source convertgrag/n in the figure
2.17 (Achaet al., 2002). This model consists of a step-down transformer Veidli-
age reactanck;, a three-phase GTO based VSI and dc side capacitor. The dcit@p
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Figure 2.17: General representation of STATCOM interfasét an ac power system
(Achaet al.,, 2002)

serves as voltage source for the converter. The ac voltégeatice across, the coupling
transformer leakage reactance, facilitates reactive pewehange between the STAT-
COM and the power system at the point of common coupling. iiEsgly, the primary
duty of the STATCOM is to regulate the voltage, thereby inwong the voltage profile

of the interconnected power system.

2.6 Working Principle of STATCOM

The operating principle of the STATCOM can be explained i help of figure 2.18
(Achaet al,, 2002). It is the single phase equivalent circuit of the posystem shown
in 2.17. In this circuit, the STATCOM is modelled as an ac &g sourcéd/s.. A
STATCOM has four distinct operating modes. These operatiades can be explained
with the help of figure 2.19. This figure shows the steady stattor representation
of different operating modes at the fundamental frequeiitach of these modes are

discussed briefly in the following paragraphs.
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Figure 2.18: Single phase equivalent of a basic VSI based SOM interfaced with
power system

Capacitive mode This mode prevails, when STATCOM voltalg is higher than
system voltag®/. In this mode of operation the STATCOM emulates a capaditer,
jecting reactive power to the ac power system. Vectorialeggntation of this mode is

shown in figure 2.19(a).

Inductive mode: This mode starts, whew; is lower than system voltagé. In this
mode of operation the STATCOM acts like an inductance, dbsgrreactive power
from the ac power system. \ectorial representation of thislenis shown in figure
2.19(b).

Active power generation mode A STATCOM can exchange active power with
the ac system provided, a suitable phase aaghrists, between the STATCOM output
and the ac power system voltages. This active power exclaarglee used to replenish
the internal losses of the VSC. It is inevitable as a prat®&3aATCOM suffers from
losses in the coupling transformer windings and in the cdavewitches. These losses
consume active power from the ac terminals. Therefore al ginase difference, which
is just sufficient to supply the internal losses, always texietween the VSC voltage
and the ac system voltage. This mode commences, whevigleadsV by an angle.

In this mode of operation STATCOM injects active power todlsgpower system. Also,
capacitor discharges during this mode resulting in dropajpacitor voltage. Figure

2.19(c) shows the vectorial representation of this opegatiode.

Active power absorption mode This mode commences, wheneVeleadsVs; by

an anglea. During this mode, STATCOM absorbs active power from the ewey
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A

system. This causes the voltage across the capacitor toFigere 2.19(d) shows the

vectorial representation of this operating mode.

A

< > >—>
Vit v Vst
\
(a) Capacitive mode
A
Vst

A
\J

<V

th\ 4

(c) Active power generation

A

A

AN AN

Vxt Vst

(b) Inductive mode

<V

(d) Active power absorption

Figure 2.19: Vector representation of STATCOM operatiordes

\J

\J

With reference to figure 2.18 and figure 2.19 the active powerraactive power

may be expressed by the following equations (Miller, 1982).

P

~ VgVsin(a)

Xt
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Vet (V —coqa))
X

It can be inferred from the above analysis that, the STATCQ@Wllze controlled essen-

Q= (2.38)

tially by a single parameteq. Further, if the converter is restricted to reactive power
exchange, then the ac output voltage is governed by onlyabtng the magnitude of
the dc link voltage. This is possible due to the fact thattfagnitude of the ac output
voltage is directly proportional to the dc capacitor votiagfter being acquainted with
the operation, it is also important to study the V-I charastie of the STATCOM, as it
decides the behaviour of the compensator under varyingmsysonditions. This will

be explained in the following section.

2.7 STATCOM Characteristics

A typical terminal voltage versus output current charastierof a static compensator
is shown in Figure 2.20 (Hingorani and Gyugyi, 1999). Twaqosl® of regulation set-
tings and three load lines are superimposed on the V-I ctarsiics. Among the two
slopes of regulation settings, first one has some specifiesdod the second one has
a zero slope shown by the lines’sahd ZZ respectively. Load line L1 intersects the
compensator V-1 characteristic at the nominal (refereno#pge, thus the output cur-
rent of the compensator is zero. Load line L2 is below load lid due to a decrease
in the power system voltage (e.g., generator outage). Daid line intersects slope
regulation settings SSand ZZ at the points SYand Z\» respectively. This calls for
capacitive compensation currentg and Ly respectively from the STATCOM. Load
line L3 is above load line L1, due to an increase in the powstesy voltage (e.g.,
load rejection). This load line intersects slope regutasettings S5and zZ at the
points S\iand ZV; respectively. This calls for inductive compensation coitsd, 1 and

I orespectively from the STATCOM. The intersection pointjlsand \é on the voltage
axis show the terminal voltage variation without any congagion for load lines L2

and L3. Similarly, points Y and \» shows the terminal voltage variation when a STAT-
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Figure 2.20: STATCOM characteristic

COM with regulation slope S'Shas been installed. It can be observed that, voltage
variation is less in a STATCOM connected system, when coatpaith system with-
out STATCOM. This indicates that, installation of STATCOMIjs to improve voltage
regulation at the PCC.

It can also be inferred from the same figure that, the reguiatlope plays deter-
ministic role in the the compensator behaviour. A compensaith the zero regulation
slope will inject/absorb more reactive current, when coregavith compensator hav-
ing higher regulation slope. This is because compensatarthe zero regulation slope
is compelled to maintain terminal voltage exactly at thersétrence value (perfect

terminal voltage regulator). Following paragraph prosideore insight into the issue.

2.7.1 The Regulation Slope

In many applications, the static compensator is not usedpesfact terminal voltage
regulator, but rather the terminal voltage is allowed tg/varproportion with the com-

pensating current. The reasons for this are enumerated ljeiogorani and Gyugyi,
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1999):

e The linear operating range of a compensator with given masiroapacitive and
inductive ratings can be extended if a regulation "droo@lliswed. Regulation
"droop" means that the terminal voltage is allowed to be En#ian the nominal
no load value at full capacitive compensation and, conlgrnsés allowed to be
higher than the nominal value at full inductive compensatio

e Perfect regulation (zero droop or slope) could result inrjyodefined operating
point, and a tendency of oscillation, if the system impeeagxhibited a "flat"
region (low impedance) in the operating frequency rangatefrest.

e A regulation "droop" or slope tends to enforce automatia lsharing between
STATCOM as well as other voltage regulating devices empdgesontrol trans-
mission voltage.

Because of these reasons a regulation droop of 3% has bedmenged in this
work. All operational aspects of the STATCOM has been evalliaising a suitable
model power system. The model power system selected foricgrout the simulation

studies is briefed in following section.

2.8 Model System Selected for Study

As mentioned, the research objectives include, study efaation between STATCOM
controller and the power system during both normal and ababconditions. To ac-
complish this task, a model power system has been seledtedsifigle line diagram of

the model system is shown in the figure 2.21.

The model power system consist of two 230 KV Thevinin eq@malsourcedss
andE; at the sending and receiving ends respectively. Two soaneesonnected by,
a 200 kilometre length transmission line, withtal00MVA STATCOM inserted at
the midpoint. The distance relay is deployed at sending enthe protection of the
transmission line. This study system provides greaterldiktyi, to vary the load level
and to change power flow direction, to suit the simulatioruregnent by varying the

source load angld. The full system parameters are given in the appendix-A.
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Figure 2.21: Sample model power system selected for stughopge

In order to obtain accurate transient response, the powsersycomponents of
study system are modelled using the electromagnetic gatsoftware EMTDC/PSCAD.
A small time step of 25 micro seconds is used throughout thieegreriod of simulation

to capture the fast switching transients during faults @nsystem.

The main objective of the midpoint connected STATCOM in tlgauife 2.21 is to
regulate the PCC voltage to a set reference value. Thisrmdnhances the power
transfer capacity of the line. In-order to meet this objexta well designed closed
loop controller is inevitable. Design and development & 8TATCOM controller is

presented in the next section.

2.9 Development of STATCOM Controller

Figure 2.22 shows the block diagram of the STATCOM controlldis controller is de-

signed based on the decoupled reactive current contraiitped (EI-Moursi and Sharaf,
2005). The operation of the STATCOM controller can be désdtias follows. The

positive sequence voltage at midpoint is calculated usijugon 2.39. It is compared
with the reference input and the resultant error is passedigiin the voltage controller.
This Pl-controller is tuned to produce the required quasteaturrent referenckyer.

The actual quadrature curregtinjected by STATCOM at midpoint is calculated using
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Figure 2.22: Block diagram of a decoupled reactive currentroller

equation 2.40, in per unit with the 100MVA and 230kV as baseA\dvid base voltage
respectively. The synchronizing andglas obtained from phase locked loop. The cal-
culated quadrature currehy, is compared with the reference quadrature curkgat
and the resultant error is passed through current contiiallgne inner loop. This PI-
controller produces the control angienecessary to vary the dc capacitor voltage. This
in-turn controls the reactive power flow, between STATCOM an system, to regulate
the PCC voltage. A slope factor 'K’ is set to 0.03 to avail theximum benefit from
the STATCOM installation. Normally the STATCOM is desigrfed transient reactive
current rating of about- 2.p.u. for time less than one second (Hingoriral., 2000).
Therefore outputs of both voltage and the current cont®léee passed through the
limiters to limit the over current during power system dis@ances. The limiting values
of -2p.u<lgret > 2p.uand -8 < a < 5% for the voltage and current controllers are used
to achieve this task. All the faults on model power systemapgied for less than one
second duration, so that the transient reactive curremgratff the STATCOM is not

violated.

The efficacy of the controller depends upon the design obRtrollers. A well de-
signed controller should offer expected results underimgrgower system conditions.

The design parameters of Pl-controller is explained in thlewing section.
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Vi 1 o a?| |Va
1
v2| =3 (1 a? ol |Vs (2.39)
Vo 1 1 1 Ve
iq , cos® cog6—Z") cog0+4Y)| |la
iq| =3 |sin® sin(@—%) sin®+7) | |l (2.40)
: 1 1 1
lo 2 2 2 lc

2.9.1 Design of PI-Controller

A proportional-integral (Pl) controller is used as a vo#aggulator for voltage control
application. The parameters of the Pl-controller are setelbased on the step response
performance of the controller for a step change in the rafarevoltage. The time
response, and the stability of the control, is dependenhersystem impedance. For
this reason, the control is normally optimized for the weggtam. This will result in
the long response time of the strong system. With practitAlTEOM, the worst case
response time is typically is in the range of 30 to 70 ms (2 tyeles at the power
system frequency)(Hingorani and Gyugyi, 1999).

A step response a£10% change in the controller voltage refereigs is used to
tune Pl-controller based on the following design criteria,

e overshoot of less than 5%,

e rise time of less than 1.5 cycle

e settling time of 2 to 3 cycles.
e perform reasonably, under both weak and strong system toomsli

All of the above mentioned design criteria are confirmedulgrosimulations. For
this purpose model system shown in the figure 2.21 has been Tise system strength
can be varied by varying the short circuit capacities of theses. Model system with
6500MVA and 10000MVA source capacities have been treat¢deaweak and strong

system respectively.

Figures 2.23 and 2.24 shows the performance of the voltagegRlator, for+-10%
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and—10% change in the set reference respectively. It can be baéfor both weak

and strong systems, the maximum overshoot is less### and the settling time is

around

3.5 cycles. These results are in accordance withethigr criteria. The cur-

rent controller was also tuned in accordance with voltagerotier with similar design

parameters. The values of gain used in both Pl-controlkergiaen in Appendix-A.
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Figure 2.23: Step response of the system for +10% change ineth
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Figure 2.24: Step response of the system for -10% change ingth

performance evaluation of the STATCOM controller ungegmious operating

conditions is narrated with the help of simulations, in tbkofving section.
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2.9.2 Performance Evaluation of STATCOM Controller

The STATCOM controller can be operated in two modes namely,
e \oltage control mode
e VAR control mode
Operation of this controller in both operating modes haslealuated using proper

load excursion. The details are as follows:

2.9.2.1 \Voltage control Mode

In voltage control mode, the main objective of the STATCOMtroller is to regulate
the PCC voltage to the set value. Hence in this mode the vegotiwer supplied by
STATCOM changes depending on the set reference voltageyatehs conditions. For
performance evaluation the following excursion has beanmed with respect to volt-
age reference signaes :

e 1.00 p.u. from 0.1 - 0.3 seconds,
e 1.05p.u. from 0.3 - 0.5 seconds,
e 0.95p.u. from 0.5 - 0.8 seconds,
e 1.00 p.u. from 0.8 - 1.0 seconds.

The desiredie s command is shown in the figure 2.25. It can be seen from the same
figure that, prior to STATCOM connection at 0.1s, the PCC a@cterminal voltagex

is little less than 1.0 p.u.

voltage (P.U.)
-
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in seconds

Figure 2.25: Set voltage reference and actual terminahgelt

At t=0.1s the STATCOM is pressed into service. The STATCOMtodller swings
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into action immediately. By virtue of this, voltage conteslgenerates quadrature cur-

rent reference signadre s as shown in figure 2.26.

current (P.U.)

_ i i i i j
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in seconds

Figure 2.26: Set quadrature current reference and actadrgture current

This corrective action charges the capacitor voltage taabh®0 p.u as shown in
the figure 2.27. Now the STATCOM is working in the capacitiveda and injects
about 10 MVAR capacitive reactive power, to maintaimt the set reference value. At
t=0.3s capacitor voltage increases further to 1.23 p.u aAd SOM injects its full rated
capacity of -100 MVAR, as shown in figure 2.28 in-order to ntagherv,e command.

This control action took about 2.5 cycles, which satisfiesdabntroller design criteria.

voltage (P.U)
-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in seconds

Figure 2.27: Capacitor dc voltage
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Figure 2.28: STATCOM active and reactive power

The voltage regulation leads to an increase in the transdriéal power to 162 MW
from 152 MW. Due to the reactive power compensation, thestratted reactive power
decreases to -30 MVAR from +15 MVAR on the transmission lisel@aown in the figure
2.29. At t=0.5s, the capacitor voltage drops to 0.78 p.u. &ig7). During this period,
STATCOM is working in the inductive mode. It absorbs 78 MVA&active power from
the power system (fig. 2.28), to maintamat the set value of 0.95 p.u. This poor
voltage regulation, decreases the transmitted active piadel6 MW, while increasing

the reactive power to 60 MW on the transmission system assiothe figure 2.29.

Power (MW & MVAR)
N
o
o
T
12 %]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in seconds

Figure 2.29: Transmission line active and reactive power

The STATCOM voltage and current waveforms are shown in thedig. 30 for the
entire period of simulation. The time axis is zoomed fronB8.tb 0.56s for the purpose
of close observation as shown in the figure 2.31. It can be Sednthe STATCOM

current leads the voltage by 98uring capacitive mode (upto 0.5s) and lags the voltage

by 9¢° during inductive mode (t >0.5s).
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Figure 2.30: STATCOM voltage and current
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Figure 2.31: Enlarged view of STATCOM voltage and current

At t=0.8 sviet was brought back to 1.0 p.u. and STATCOM injects about 10 MVAR
capacitive reactive power, to maintamat the set reference value. During the entire
period of simulation, the load ang&was kept constant at 80and the slope of the
STATCOM was set at 0%.

The simulation has been repeated with a slope of 3%, on the samdel system.
It can be seen from figure 2.32 that, the terminal voltage iallemthan the reference
voltage, in capacitive compensation mode and, higher theuset voltage in inductive
compensation mode due to regulation slope characterisiit®e quadrature current
reference signalyer and the STATCOM injected/absorbed active and reactive powe

are presented in figure2.33 and figure2.34 respectively.
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Figure 2.32: Set voltage reference and actual terminahgelfor 3% slope
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Figure 2.33: capacitor voltage for for 3% slope
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Figure 2.34: STATCOM active and reactive power for 3% slope

2.9.2.2 VAR Control Mode

The objective of the test is to measure the response of thenitasieous reactive current
controller. In this mode of operation, the outer voltagetoalrioop of the figure 2.22 is

bypassed. A test signal is directly injected ig¢. STATCOM controller will deliver
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or absorb the reactive power as per the reference commaadpéctive of the PCC
voltage. For the purpose of evaluation the following exmurdias been planned with
respect to quadrature reference siggak :

e 0.50 p.u. from 0.1 - 0.3 seconds,
e 1.00 p.u. from 0.3 - 0.5 seconds,
e -1.00 p.u. from 0.5 - 0.7 seconds,
e 1.00 p.u. from 0.7 - 1.0 seconds.

The desiredgre command is shown in the figure 2.35. The STATCOM is switched

into operation t=0.1 s, which initiates control action.

0.5

current (P.U.)
o

-05+

11 i i i i ! f i i j
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time in seconds

Figure 2.35: Set quadrature current reference and actadrgture current

At t=0.1s, command to absorb 0.5 p.u. inductive reactiveeturfrom the power
system has been issued to the controller. This causes diggpacitor voltage to 0.83
p.u. as shown in the figure 2.36. STATCOM absorbs 50 MVAR reagiower from
the power system as shown in the figure2.37. This leads t@eeldierminal voltage at

0.96 p.u. as shown in figure 2.38.

voltage (P.U)
-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in seconds

Figure 2.36: Capacitor dc voltage
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Figure 2.37: STATCOM active and reactive power
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Figure 2.38: Set voltage reference and actual terminahgelt

At t=0.3s, STATCOM is set to operate at its full inductiveettcapacity. Hence,
capacitor voltage, drops further to 0.7 p.u. and the terhvioiéage drops to 0.94 p.u.

This poor voltage regulation results in reduced active panasmission at 144
MW. Lack of reactive compensation increases the reactiveepon the transmission

line to 69 MVAR as shown in the figure 2.39.
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Figure 2.39: Transmission line active and reactive power
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At t=0.5s reactive controller was set to operate in capaeitiode at its full rated ca-
pacity. This increases the capacitor voltage to about 1.23rpsulting in an increased
PCC terminal voltage. Due to excessive supply of reactivegp@ompensation, trans-
mission line reactive power drops to about -30 MVAR and thivagower increases
to 161 MW. At t=0.7s, controller was set to operate at itsifudluctive capacity and the

controller performs as desired.

In this chapter the performance of the mid point connecte®fIT€DM controller
has been evaluated. Various system conditions are simdutgteonsidering a typical
model power system. It is shown that, the controller tunisgeatially ensures good
dynamic performance of STATCOM. Elaborate simulation &sigroved that STAT-
COM interaction with transmission system meets the purpmsenhich it is deployed.
In the chapter that follows implications of STATCOM preseran distance relay are

assessed.
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CHAPTER 3

Simulation Studies to Evaluate the Influence of

STATCOM on Distance Relay Performance

3.1 Introduction

The protective equipments of high quality and reliable penfance are required to pro-
tect the expensive power system components from damagg.atisemplish this task
by the prompt removal of faulty section of the power systemnfiservice, while contin-
uing operation in the rest of the system. In addition to ttiis,protective relaying also
provides information about the fault type and its locati®uch information is highly
useful in expediting the restoration process. Now a daysows protective schemes
are available to cater for diverse power system protecegguirements. A suitable pro-

tective scheme has to be deployed depending on the speafecpon requirement.

A physical device on which the functionality of relaying sohe has been realized
is known as a protective relay. The power system has witdesssy generation of
protection relays, which have their own pros and cons. Thegit generation of relays
are known as the numerical relays. The numerical relays tdflowing features and

functionalities:

e Multi-function like protection, control and monitoring.

e Multiple characteristics.

e Communication capability integrated into these devicedifates remote con-
trol, monitoring and data transfer.

e Adaptable characteristics, which dynamically change tioéegtion characteris-
tic to match the prevailing system conditions by monitorting specific relaying
signals.

These distinct features of numerical relays have drawn ttemtzon of the utili-

ties dealing with power system protection. As a result, the of electro-mechanical



and solid state relays, has greatly reduced, and manyrexiststallations have been

replaced with new numerical relays (Duncan and Bailey, 2003

The scope of research work is limited to distance relays kwhre widely used for
transmission line protection. This type of relay measunesiinpedance between the
relay installation point and the fault location. The measuimpedance is compared
against the set impedance to detect the fault. The relagsgsip signal whenever the
measured impedance is less than the set impedance. Tha@acapeed and reliability
of the trip decision issued by numerical relay depend onitir@$processing algorithm,
assuming acquired datais accurate. A widely used, Full&ythdow Fourier (FCWF)
algorithm is used to estimate the fundamental componendiaige and current signals

in this work.

In the previous chapter, transient behavioural model ofrgy feight pulse STAT-
COM has been developed and successfully interfaced witlpdlaeer system. It was
shown with the help of simulation results that, STATCOM ailsttion is beneficial in
PCC voltage regulation. But the excerpts from the liteaneview reveal that, instal-

lation of STATCOM causes adverse impact on the performahtieeaistance relay.

In this chapter, a numerical distance relay model has beegiaj#ged to assess the
STATCOM's influence. The mathematical equations desagikiie distance relay reach
error due to the presence of STATCOM are derived. The relayatitas been subjected
to several fault transient conditions using a model powstesy. The results of perfor-
mance evaluation confirm the literature review outcome. hidections that follow,
the development and testing of a numerical distance relayehfor transmission line

protection in EMTDC/PSCAD is explained.

3.2 Modelling of the Numerical Distance Relay

Figure 3.1 shows the block diagram of a numerical distankesy raodel implemented

in EMTDC / PSCAD. As mentioned earlier, distance relay measihe impedance
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between the relay installation point and the fault locatiBelay requires fundamental
component of voltage and current signals at its relay looat calculate the apparent
fault impedance. The fast Fourier transform (FFT), bloc&ilable in the EMTDC /
PSCAD with an inbuilt anti-alias filter is used to extract thbedamental phasors of the
relaying signals (voltage and current). The relaying diggage sampled at a rate of 32
samples per cycle of a fundamental 50Hz signal. The zercesegucomponent of the
current signals is extracted using sequence componemcétiblock.

V=) Trip

() FFT Sequence Apparent Fault signal

° —'_, y component —'_,} impedance —'_,> . )
block P pecal detection logic
° extractor calculations
I |:{>

Figure 3.1: Block Diagram of the Numerical Distance Relay

The apparent impedance calculation block uses the extraigmals to compute
the fundamental positive sequence fault impedance, at diefdZz;) for all fault
types. This is necessary, as the reach of the relay has be&m teems of positive
sequence impedance of the lir& ). Thedz; of a symmetrical three phase fault can
be found by dividing the voltage phasor (V) by the currentgandl). But, this method
does not yield correct value @fZ; in case of asymmetrical faults. Therefore some
modifications as discussed in following paragraphs aressacg in such faults, which
will lead to an accurate fault impedance measurement. lardameasure the correct
fault impedance in terms @, ground distance relays use the respective phase voltage
Vy and compensated currem £ 3Klg) signals.

Where,
X is any one phase of three-phase system with ABC phase ssgjuen

K= 2%2121 is known as the compensation factdg, andZ; are the zero sequence and

positive sequence impedances of the line.
Most of the times 'k’ is treated as a scalar quantity. But foe aiccurate measurement
of Phase-ground impedance both magnitude and directidmedf is desired (Sanaye-

Pasand and Seyedi, 2003). Table 3.1 illustrates the effegnoring the angle part
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of 'k’. In this table measured values of both resistance aattance with/without
considering phase angle of K are tabulated. It can be seemikasured values differ
significantly from the actual values when the angle part morgd. Therefore in the

present study, both magnitude and phase angle of the ’loiface considered.

Table 3.1: Effect of ignoring the k factor angle on measur&MR

SINo Fault distance Actual R +jX R+jX
in (KM) R+jX(Q)  with |[K|only (Q) withk Z(Q)

1 90 3.21+j45.69 8.261+j44 3.21+j45.85
2 120 4.28+i60.9 10.78+j58 4.26+j61.08
3 150 5.36+{76.6 13.26+{74 5.34+{76.82

In case of phase faults, delta voltagesyjVand delta currents ) are used to
measure phase fault impedagwhich is equal talZ;. The value o,y is calculated

by using the following equation,

é<

Where,

Vyy = Vy - Vy,

x and y are any two phases of three-phase system with ABC geasence,

lyy = Ix - ly

The formula used by the apparent impedance calculatiorkftocdifferent types of
faults is listed in the table 3.2 (K.P.Vittal, 1999).
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Table 3.2: Formula used for impedance calculation

Fault type Formula

ABC Y
AG KT
BG T
CG kT
AB e
BC ke
CA ‘{gjﬁ

Once the system impedance has been calculated, it is peackgs fault detector
block, which decides the occurrence and nature of the fAlMho relay characteristic
has been implemented to detect the fault. The protecti@y @ this type will issue
the trip signal, whenever the measured impedance fallgmwiitie relay boundary. The
performance of the distance relay model has been evalugtedijecting to various

fault conditions. This is detailed in the following section

3.3 Performance Evaluation of Numerical Distance Re-

lay Model

High speed protective relays are required to detect fawliyltion of power system by
processing transient voltage and current signals. Compimilation provides a means
to create the signals seen by the relay under such condi#oimansient simulation test
signal obtained through Electro-Magnetic Transient Paog{EMTP) model is very
accurate. It closely represents the actual power systamiénat behaviour including
decaying dc and high frequency components. These signalsecased as test signals
to evaluate the performance of the relay model. This algositelarrive at proper relay

setting and determination of relay response time (Jodie7)L
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In this work, the distance relay model built in EMTDC/PSCAIias been evaluated

using the model system shown in the figure 3.2. This is the saodel power system

described in the previous chapter. But here, the STATCOMoisconnected to the

power system and the distance relay has been deployed a&rttimg end.

E./0 A

®_ ZS Relay_D ZL D Zr _®

Figure 3.2: Simplified power system model

The dynamic behavior of the distance relay model has bedunated over its entire

protection zone (80%) of the line length, for both phase tasghand phase to ground

units. For this purpose, faults are applied at every 10%tlkeofthe protected transmis-

sion line. At every fault instant, voltage and current sigramprising of two cycles of

prefault samples, followed by three cycles of post faulhalg have been captured and

stored in the respective files. A sample voltage and curignats obtained at relay lo-

cation for an A-G fault applied at 160 kilometer (KM) of thamfismission line is shown

in the figures 3.3 and 3.4 respectively.
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Figure 3.3: Voltage signals seen by the relay, A-G faultkid)
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Figure 3.4: Current signals seen by the relay, A-G faultklGD

The fault data files created as mentioned above are usedstorgehe relay per-
formance. Steady state resistance (R) and reactance (6€sponding to all test cases
have been noted. The evaluation results show that, actugs/af R and X closely

matched with measured values, which validate the relay imode

Another method in-order to depict the operation of the distarelay is to plot the
impedance trajectory seen by the relay on R-X diagram. Tlag oharacteristic is also
superimposed on the R-X plot to visualize dynamic behavaduhe distance relay.
Figure 3.5 shows the impedance trajectory seen by the refaf-G fault at 160KM.
The relay operating zone and the impedance trajectory ctedpay the relay can be

clearly seen, and the fault location can also be estimated fhe R-X plot.
150;

15l
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75t

Reactance (ohms

e ~N
50 '/ \
/ \
25t ! I
\ /
N S
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Figure 3.5: Impedance trajectory for A-G fault (160KM)
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Table 3.3 show the operating time of the relay for few spetafidit cases. These test
cases are selected at the zone end of relay setting. Thisasibe the distance relays

show higher tendency to maloperate at these locations.

Table 3.3: Mho relay dynamic performance

Case Nature of fault Fault at voltage Fault Time of
zero/peak distance(KM) operation(ms)

I AB peak 180 NOP

Il -do- zero 180 NOP

1l AG peak 160 19.68

\Y -do- zero 160 19.94
\% BC-G peak 140 18.00

Vi -do- zero 140 18.70

In all the cases studied, relay took about 20 ms to issue ifgignal. This is be-
cause of the fact that, the FCWF algorithm is used to estithattundamental compo-
nent of voltage and current signals. The measured impeganasits from the prefault
state to the fault state, with transition period equal tollecfrcle of the FCWF data win-
dow. Before fault inception, FCWF window is filled with prefadata samples. After
one cycle of fundamental 50Hz signal, the data window cost#ie first full cycle of
fault data, and the impedance seen by the relay is close tactbal transmission line
fault impedance (K.P.Vittal, 1999).

The performance of the PSCAD/EMTDC relay model, for the wialege of tests
conducted has been satisfactory. Hence, same has beegatefdo analysing protec-

tion system of a STATCOM connected transmission line.

The main objective of this chapter is to investigate STATC®Mfluence on the
distance relay performance under both steady state andnilyc@nditions. The fol-
lowing section presents the analytical approach to deriainematical equations which

describe the apparent impedance error due to STATCOM uneksd\s state conditions.
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3.4 Analytical Approach to Study the STATCOM’s In-

fluence on the Distance Relay Performance

The distance relays provide protection for the transmiskiees by measuring the ap-
parent faultimpedance. Any error in measurement of appargedance seen by relay,
affects the reach accuracy of the relay. The review of liteearevealed that, the instal-
lation of STATCOM affects the measured impedance seen bgethg. To confirm this
fact, equations for the steady state measured impedararehas been derived, using
model power system. The motive is to find the measured immedamor in the STAT-
COM connected transmission line. In-order to accomplisé tdsk, two major cases
have been considered they are,

e Case | : Faults transpiring within 50 % of the line length(before STATCOM
connection).

e Case Il: Faults transpiring beyond 50% of the line length. (after STATCOM
connection).

3.4.1 Casel

Figure 3.6 shows single phase equivalent circuit of the rpoleer system for case I.

E, M N E,

ZlS} w iz, E 050z, }m 0571 } Z.

Figure 3.6: Simplified faulted network for the study systemdase |
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Where,
d is the percentage length of the line at which fault occurs
Z1. is the Positive sequence impedance of the line
Ry is the fault resistance
lst is STATCOM current

Xt is the reactance of the coupling transformer

From the figure 3.6 impedance measured by the relay at M canitiewas,

I
Zrelay: dZy +R¢ (l—f) (3-1)

S
From the equation 3.1 it can be seen that, the measured impeda more than the
actual impedance d¢{. It is affected by both fault resistance Rnd the STATCOM
current k. But for solid faults the measured impedance will not becéd by the

presence of STATCOM.

3.4.2 Casell

Figure 3.7 shows the single phase equivalent circuit fosdwnd case.

E; M N E,
| 7 | v [ 057 m 052, — 1z | 7 |
‘ Is | L (d-0.5) Zy, (1-d)Zy, | Ir ‘
— > —_ > -—
I I Iz
Lt
I R¢

Figure 3.7: Simplified faulted network for the study systemdase II
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With the help of this circuit, the apparent impedance seethbyrelay for differ-
ent types of faults have been derived. Also, the expressiperfor in the measured

impedance is presented in this section.

3.4.2.1 Single line to ground faults

The sequence voltages at the relay locatiopg\or single line to ground fault with

respect to figure 3.7 can be written as;

where x = 1, 2, or 0; a suffix denotes the positive, negativezand sequence compo-
nents respectively,

andl x = lsx+ lstx Substituting this in equation 3.2 we have:

VRX: O.SZLxlsx+ (d - 05) ZLx(st+ Istx) + I fof (33)

From equation 3.3, all the sequence voltages at the relayitoccan be expressed

as follows:

Vry = 0.5Z1lg1 4 (d —0.5) Z 1 (ls1 + Ist1) + 1R
Vre = 0.5Z 5l + (d —0.5) Z 2(l + Is2) + 112Rs

Vo = 0.5Z; glgp+ (d — 0.5) Zy o(lso + Ist0) + I foRs (3.4)

Phase voltage at relay location can be calculated by addlirsg@uence voltages

i.e.,

VR = VRr1+Vr2 + Vro (3.5)
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Substituting equation 3.4 into equation 3.5 yields,

Vr=dZ 1lg +dZ olo +dZ ol + (d — 0.5) (ZL1lsu + Ziolste + Ziolsto) + 1 Rs (3.6)

after simplification, equation 3.6 can be written as,

VR =dZ 1 (Is+Kols) + (d — 0.5)Z 1 (Ist1 + Kolsto) + 1t R¢ (3.7)

Where kg :ZLOZ;MZ“ is the zero sequence compensation factor.

For single phase to ground fault, the apparent impedancestante relay can be

calculated using the following equation,

VR
IRelay

ZRelay= (3.8)

Where,Irelayis equal tals+ kolsp, substituting this into equation 3.8 we get,

VR
7 =~ 3.9
Relay = | T kol (3:9)
substituting equation 3.7 into equation 3.9, yields 3.10
st + kol I
Relay IRelay

In practice, one side of the shunt transformer is connecteatkita, so there is no
zero sequence current injected by STATCOM, hengg=0, thus the equation 3.10 can

be rewritten as,

ZRelay= dZLl+(d—O.5)ZL1< st )+Rf< ! ) (3.11)

IRelay IRelay

The apparent impedance for solid fault can be written as,
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|
ZRrelay=0dZ 1+ (d—0.5)Z1; <|R:|tay) (3.12)

3.4.2.2 Three Phase Faults

Three phase faults are considered as balanced faults. doderconditions, system
can be represented only by positive sequence circuit. Thageat the relay location

can be written as (Albaset al., 2006),

Vk = 0.5Z,1ls+ (d — 0.5) Zu1 (Is+ lst) + 1t Ry (3.13)

The apparent impedance seen by the relay for three phasgel telit can be derived

by using equation 3.8, after rearranging it can be written as

I

3.4.2.3 Phase to phase faults

The apparent impedance for a phase-to-phase faults canmhe fimm the delta voltage
and delta current signals. Now by considering a BC fault @ntthnsmission line the
apparent impedance seen by the relay can be found by eq@at®iiKhederzadeh and

Ghorbani, 2011)
Ve —Vc _ VRelay

ZReIay: = (3-15)
ls—Ic IRelay
By symmetrical component method we have the following equat
VA = Va1 +Va2 +Vao (3.16a)
Vg = 0?Va1 + 0Va2 + Vao (3.16b)
Ve = aVa + (XZVaZ +Vao (3.160)
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Where,a is symmetrical component operator which is equal £d.20°

from which we can write;

Vg—Vc = Gz(Val—Vaz) —l—(X(Vaz _Val)
= Gz(Val _Va2) — (X(Val _Va2)

= (Va1 —Va2)(a?—a) (3.17)
similarly we can write,
lg—Ic = (laa—la2)(0® —a) (3.18)

Therefore, from equations 3.17 and 3.Z8e|ayCan be written as,

Va1 — Va2

ZRelay= | (3.19)

a1 — la2

By using equations 3.4 in equation 3.19 and after perforrfemgmathematical opera-

tions apparent impedance for solid phase-phase faultsecamitien as,

From the figure 3.7, the sequence voltages at the relay pambe expressed as

follows:

Va1 = 1210.5Z1 1 + (lag + 1st1) (dZ1 — 0.5Z, 1) + Rsl¢1 (3.20)
Va2 = 1220.57, 1 + (|a2 + |St2>(dZ|_1 — 0.5Z|_1) +R¢l¢o (3.21)

Therefore,

Var —Va2 =dZ 1 (la1 — la2) + (d—0.5)Z1 1 (Istt — Ist2) + Re (111 — l£2) (3.22)

By dividing equation 3.22 by, — I3 we get,

Va1 — Va2
lar — la2

(Ist —Is2)  Re(lf1—Il2)
(|a1—|a2) (|a1—|a2>

= dZ|_1+(d—O.5>Z|_1 (3.23)

For solid faults third term in the equation 3.23 can be elatwa and it can be written
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as
Val - Va2

= dle+(d—o.5)zL1M (3.24)
la1 — la2

(lax — la2)
Multiplying and dividing the second term in the equation8B% (a2 — a)

we get,

Val_VaZ (Istl— Ist2) (GZ—G)
—— = =dZ:1+(d-0.5)Z 3.25
ot T Z1+( )ZL1 (o — o) (@2— ) (3.25)
By using equations 3.18 and 3.25 we get,
I
Zrelay=0dZ 1+ (d—0.5)Z1 (l = ) (3.26)
Relay

where,lst = lst(g) — Ist(c)

From equations 3.12, 3.14 and 3.26 it can be seen that, ftypalé of faults, appar-
ent fault impedance computed by the relay differs from thaadault impedance i.e.,
dZ 1. The apparent impedance error due the installation of STAVICan be expressed

as:

Zerror:(d—O.S)Zu( st ) (3.27)

Relay

The equation 3.27 shows that, measured apparent impedaoceésedirectly pro-

portional to the fault distance from the relay location amelriatio of STATCOM current

to the relay curren(,R'jay). The magnitude and sign of this ratio determines the type
and extent of reach error. The sign of the current ratio wellgositive or negative as
result of current injection or absorption by the STATCOM. dsfiive value of this ratio
leads to under-reach of the relay, as a result of higher iapegiseen by the relay. On
the other hand, the negative value of the current ratio woesdlt in over-reach of the

relay, as a result of lesser impedance seen by the relay.

The following section presents the dynamic simulationiedrout to study the dis-

tance relay performance in the presence of STATCOM.
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3.5 Simulation Studies on Performance of Distance Re-
lay Under Dynamic Operating Conditions of STAT-
COM

In the previous section influence of STATCOM on distance gotibn during steady
sate conditions has been presented. In-order to gain msighirinto the problem, dy-
namic behaviour of the STATCOM required to be considerecerédtore the study has
been extended further, to explore the impact of STATCOM atadtice relay perfor-
mance, under dynamic operating conditions. Also, manyrddwors which influence
relay performance such as, STATCOM rating, load level, sypiefaults and the fault
locations have been considered in the analysis. The EMTBCAD model power sys-
tem described in the section 2.8 of previous chapter has bseth for the simulation

purpose.

3.5.1 Rating of STATCOM

Figure 3.8 shows the rating of STATCOM required to mainta@CP/oltage exactly at
1.0 p.u. for the different power transmission levels. TW&BTOM models with rated
power capacities of 100 MVA and+200 MVA are considered for simulation in this
study. Integration of STATCOM with such ratings will enharmower transmission up

to 300 MW and 420 MW respectively, while maintaining the PGQ.® p.u. These
STATCOM models can be used to transfer higher power as shovabie3.4, provided
PCC voltage level is relaxed by0.05 p.u. The corresponding load angles are also

tabulated in the same table.
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Figure 3.8: STATCOM rating versus power levels.

Table 3.4: power levels achieved with different STATCOMngt

STATCOMrating Load angle Transmittable power

(MVAR) (degrees) (MW)
+ 100 0to55 upto 383
4 200 Oto67 upto 454

3.5.2 Simulation Results

The test cases encompassing all possible fault conditi@planned to evaluate the
distance relay performance. Table 3.5 shows the paranistansth respective ranges,
considered in the study with 100 MVA and 200 MVA STATCOM masletspectively.

For each case the apparent impedance seen by the relagd@tdhe sending end with

and without STATCOM have been noted.
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Table 3.5: Test cases planned for relay performance evatuat

STATCOM rating Fault location Type of Load angle

(MVA) (KM) fault (degree)
100 10to 160  AG, BC, AB-G 15, 35
in steps of 10 and ABC and 55

200 10to 160  AG, BC, AB-G 15, 35,
in steps of 10 and ABC and 55

Figures from 3.9 to 3.16 show the simulation results for th&es mentioned in the
table 3.5. These results are obtained, when the STATCOM wsfigeired to maintain
the PCC voltage at 1.0 p.u. in voltage control mode. The iraped seen by the relay
is presented in the rectangular coordinate format. The unedsesistance and the

reactance are plotted separately for all the cases with @hdut STATCOM.

3.5.2.1 Single line to ground faults

Figures 3.9(a), (b) and (c) show the apparent resistancelsethe relay for different
load conditions during single line to ground faults. It candeen that for a STATCOM
connected system apparent resistance seen by the relagyasles with the increase in

the load angle.
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without STATCOM without STATCOM
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(c) 5 =55

Figure 3.9: Resistance seen by the relay at different logtkar®) for AG fault

The apparent reactance seen by the relay for single linectangrfaults is shown
in the figures 3.10(a), (b) and (c). The apparent reactarfter th value for the line
with STATCOM and without STATCOM, particularly for the faalafter midpoint. The
apparent reactance increases as the fault location mavesrférom the relay location.
From the same figures it may also be observed that, increahe ®TATCOM rating
results in an increase in the measured reactance. The &dalplevel has no influence

on the measured reactance.
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Figure 3.10: Reactance seen by the relay at different logtka®) for AG fault

3.5.2.2 Double line to ground faults

For double line to ground faults the apparent resistance Bgehe relay is shown in
the figures 3.11(a), (b) and (c). Apparent resistance deeseaith the increase in the

load angle, as in the case of single line to ground faults T&XTE€OM connected lines.
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Figure 3.11: Resistance seen by the relay at different logtea §) for ABG fault

The apparent reactance show similar variation as in theafasegle line to ground

faults. Figures 3.12(a), (b) and (c) show the apparent aeaetseen by the relay for

double line to ground faults under various load conditions.
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Figure 3.12: Reactance seen by the relay at different logtkai®) for ABG fault

3.5.2.3 Three phase faults

The apparent resistance seen by the relay for three phdsésfabown in the figures

3.13(a), (b) and (c). It can be seen that, the apparentaesistincreases as the rating
of the STATCOM increases.
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Figure 3.13: Resistance seen by the relay at different logtea §) for ABC fault

The apparent reactance seen by the relay for three phase #ad show similar

behaviour as in the case of of resistance. It is shown in thedg3.14(a), (b) and (c).

The change in load angle had no influence on measured regsdad reactance.
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Figure 3.14: Reactance seen by the relay at different logkkar®) for ABC fault

3.5.2.4 Phase-phase faults

The apparent resistance seen by the relay for line to link i&shown in the figures
3.15(a), (b) and (c). Change in the load angle has no impaitteoapparent resistance,

but it increases with the increase in STATCOM rating.
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Figure 3.15: Resistance seen by the relay at different logtea §) for BC fault

The apparent reactance seen by the relay for phase-phdtseisashown in the

figures 3.16(a), (b) and (c). It also show the similar behag®in the case of other

types of faults. But difference in the apparent reactancasoned with 100 MVA and

200 MVA STATCOM is less when compared with other types of tswl
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Figure 3.16: Reactance seen by the relay at different logtkai®) for BC fault

The impedance trajectory seen by the relay, with and witBOQtMVA STATCOM
is plotted on the R-X diagram, for all types of faults at thaale setting of the relay(80%

of the line) in the figure 3.17. It can be seen that the relayeunelaches its setting in

all cases.
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Figure 3.17: Impedance trajectory seen by the relay withouit STATCOM(200
MVA)
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3.5.3 VAR Control Mode

In the reactive control mode the mid point voltage was set@b @.u. This requires
absorption of 100 MVAR inductive reactive power from the gowystem by the STAT-
COM controller. Therefore, quadrature current contraleference for the the- 100

MVA STATCOM was set to 1.0 p.u. The voltage controller is ioiked from operation
in this mode. A three phase fault at 170 KM on the transmisBienwas simulated
and the result is presented in the figure 3.18. It can be seemtfie figure that, the
impedance trajectory seen by relay without STATCOM, settetside the boundary
of the mho relay setting, where as the relay saw the fault @ EATCOM connected
system. Hence the relay over reached its setting while tipgre the reactive power

control mode.

120

with STATCOM

— — — without STATCOM
100

Reactance(ohm)

0
-40 -20 0 20 40
Resistance(ohm)

(a) ABC fault

Figure 3.18: Impedance trajectory seen by the relay withiwit STATCOM(100
MVA) operating in reactive power control mode

The simulation results closely matched with the analytieaults. Imperative infer-

ences drawn from the simulation study, are summarized helow

e only case Il category faults affect the distance protegberiormance
e STATCOM operating mode prior to fault occurrence influeneday reach
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¢ influence of STATCOM is less severe for phase-phase faults
e apparent impedance increases with increase in STATCONati
e apparent impedance increases with increase in fault distan

From the above conclusions it is clear that, the standalmtarcte protection is not
adequate to protect STATCOM connected transmission lilles next chapter presents
the development of an adaptive distance relaying scheméitgpabe the adverse impact

of STATCOM on the distance protection.
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CHAPTER 4

DEVELOPMENT and TESTING of ADAPTIVE
DISTANCE RELAY

4.1 Introduction

The results of investigation in previous chapter proved thea STATCOM connected
at the mid point, creates reach problems for the distanes,rdeployed for the trans-
mission line protection. The relay under-reached or owveaelhed zone setting, in the
presence of STATCOM especially, for the faults beyond midpof the line. This
also results in incorrect information about the fault lomat But, accurate fault loca-
tion information is valuable to operations personnel andgresystem protection engi-
neers. This information helps to expedite the system rattor process. Now a days,
impedance based fault location techniques are widely itbasause it is simple and fast
(Tziouvaraset al,, 2001). This technique makes use of fundamental frequenitgges
and currents for the calculation of impedance. But, theticriahip between voltage
and current is disturbed when there is in-feed or out-fegdh #he case of STATCOM
connected power systems. This can make the relay expersaweee under-reach or
over-reach problems. However, such undesired operatiande corrected through
the deployment of futuristic concept, popularly known asjaptive relaying schemes".
The adaptive protection makes automatic adjustments iowsprotection functions
and computational procedures in order to make them respopi@vailing system con-
ditions (Phadke, 1993; Coumst al., 2000). This chapter presents the development of
an adaptive distance relaying scheme and illustrates hmastiheme mitigates reach
problems posed by conventional relaying. The performahnewly proposed adaptive
relaying scheme under various fault condition is evalu#itedugh simulation studies

and results are presented.



4.2 Development of Adaptive Distance Relay Scheme

The impedance seen by the relay for all types of faults withT$JOM has been derived

in the previous chapter as,

ZReIay: dZ 1+ (d - 0~5)ZLlcratio (4-1)

By rearranging the terms in the equation 4.1 the actual faydedance can be cal-

culated as given by the equation 4.2

_ Zrelay + 0.5Z, 1Cratio

dz,
! 1+ Cratio

(4.2)

Where, Catio is the ratio of STATCOM current to the relay current, definsdlee

current ratio factor.

Equation 4.2 indicates that if the time stamped three phd$§ GOM currents
made available to the relay, fault impedance can be catmlilatcurately. To achieve
this, a dedicated communication channel between relaytitocand STATCOM lo-
cation should be established (@ al., 2002; Cheret al,, 2002; Jianget al., 2003).
Communication channel has not been modeled in this work. f@usimulation pur-
pose, STATCOM currents obtained through simulations arectly used in the relay
program. The block diagram of the adaptive distance schdomg avith the power

system is shown in the fig.4.1.
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Figure 4.1: Block Diagram of the adaptive distance relagdgeme

From the analysis carried out in the previous chapter, itmeeen that th&, 4o
is different for ground faults and phase faults. T8gjo for phase-ground and phase-

phase relay units can be calculated by using equations d4.8.dnrespectively.

I'st(x)
Cratio)y = 4.3
( ratlo)x |x+k|(0) ( )
Where, xe {A,B or C}
I —1
(Cratio)xy: {%SM} (44)

Where, x,ye {A,B,C} and x # y.Where,
k : Zero sequence compensation factor of transmission line
lstx) : STATCOM phase X current
Ix : Phase x current at relay location

lo : Zero sequence current at relay location

The relay software automatically adapts equations 4.2 idifipedance measure-

ment procedure after being tested positive for a threshofgedance,,) condition.
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The value ofZy, is selected based on the simulation results obtained inteh&p
These results indicated that the performance of the relaffested only for the faults
beyond the STATCOM installation point, which is 50% of thetsmission line length.
ThereforeZy, is set as 50% of the total positive sequence line impedaratect®n of
this value forZ,, ensures shift from conventional relay to adaptive relayttierfaults
beyond midpoint of the transmission line. In the sectioas tbllow, the flow chart and

the evaluation test results of the adaptive distance rslpydasented.

4.2.1 Flow Sequence of Adaptive Relay Logic

The performance of the newly developed distance protestibleme, has been evalu-
ated by using large set of test data generated through diomulalhe fault data files
obtained from EMTDC/PSCAD simulation, serves as the ingsit tlata for the evalua-
tion of the adaptive relay. Adaptive distance relay prograuheveloped in MATLAB.
The filtered voltage and current signals from the EMTDC/P83érm input fault data
set for feeding model developed in MATLAB. The fundamentaltage and current
phasors are calculated using the full cycle window Fourigordthm. The zero se-
guence component is computed using the three phase cuhasns, which serves as
the threshold to determine the fault type. The impedancegpated by the phase -
ground units and the phase - phase units are compared with#heThe relay soft-
ware will switch to adaptive equations, whenever the meakiunpedance of any of
the relays exceed,. This will compensate for the measured impedance erroraue t
the STATCOM. After computing the fault impedance, phasagals which are involved
in the fault are detected using the faulted phase deteclimmitom (K.P.Vittal, 1999).
The results of the evaluation tests conducted to asses&tfpance of the adaptive
relay are presented in the following paragraphs. The cameftware sequence of
the adaptive relay is shown in figure 4.2, and the sequent&egolural steps are given

below :
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( Start )

A 4

Read current and
voltage samples

A 4

Compute the phasors of the all
relaying signals using FCWF
algorithm.

h 4

Compute zero sequence current

Yes

Compute Phase to Ground
Impedances

Y

No

Compute Phase to Phase
Impedances

Y

Calculate actual impedance
using equations (4.2) & (4.3)

Calculate actual impedance
using equations (4.2) & (4.4)

[t

A 4

Phase to ground fault
detection algorithm

Phase to phase fault detection
algorithm

A 4

Return to MAIN
program

Figure 4.2: Adaptive distance relay logic flow diagram
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Step 1: once relay logic sub-program is called in main loopetdying program,
samples of all nine required relaying signals namely, tmie@se voltages, three-phase
currents at relay location and three-phase STATCOM cuwsrarg read from the fault

data files.

Step 2: The relay operation cycle begins, with the extraafdundamental phasors
of all the relaying quantities, using FCWF algorithm. The&ipns for computing the

fundamental frequency sine/cosine components using FAQYdFidam are given as,

2 N . [ 2m

Xs = NI: X(k_N+i)Sln(W) (4.5)
2 N 211

XC = N 2 X(kN+i)COS(W) (46)

Where, N=Number of samples per cycle
k= sampling point

Xs, Xc =sine, cosine components of the fundamental frequencykign

From these components, the magnitude and phase of the femti@nfrequency

signal can be calculated as,

X=X+ X2 @7)

Oy = tan ! (%) (4.8)

FCWEF has band pass structure and has wide acceptance imt@centraction of
specific frequency phasor. Figure 4.3 shows its frequerspyomrse when tuned for ex-
tracting fundamental component phasor. The frequencyrespcharacteristic consists
of a main lobe followed by side lobes, with zero gain for dred all integral harmonics.

The fundamental frequency has a gain of unity.

85



09

4
F
n

Figure 4.3: Frequency response of FCWF algorithm.

Step 3: To have a criterion for classifying the fault as a gomd fault or phase
fault, the zero sequence currehy)(at thek!” sampling instance is calculated from the

samples of relaying current signals as,

3lo(K) = (1a(k) + 15(K) +1c(K)) (4.9)

Step 4: If 3p(k) magnitude exceeds a threshédg, (0.1 p.u.) then, fault is consid-

ered to be ground fault, else it is treated as phase fault.

Step 5: The groundf) or phaselyy) impedances are computed as determined in

above step, using the formula mentioned in the table 3.2 apten 3 as,

Vi

7= — >
T 1+ 3Klg

(4.10)
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(4.11)

Step 6: The computed valuesbfandZ,y are compared with th&p, to determine

whether fault location is beyond 50% of the line length frdra telay end.

Step 7: If the step 6 returns true, then equations 4.2-4.318dt.4 are adapted by
ground and phase impedance relays respectively for aecumgtedance calculations.

Then goto step 8; Else goto step 8.

Step 8: Relay logic subprogram is initiated to check fortfaolfault status of the
system. The relay logic subprogram compares the computed {®th (R,X) setting
of the relay. The fault is detected, if computed (R,X) fatighe trip region of the relay.
If the relay logic detects a fault, then the trip counter isr@mented, otherwise it will
be reset. When trip counter, counts 3, trip signal is issiedermine the type of fault

and phases involved in the fault, using the fault detectigarghm.
Step 9: Return to Main program.

The above steps are performed in the relaying algorithm et sampling point
'k’. The performance of the adaptive relay has been evadllayeconsidering various
fault scenarios on model power system. In this work both miwguadrilateral type
relays have been implemented for the purpose of fault detecthe following sections

presents the development of both types of relays in detail.

4.2.1.1 Mho relay characteristic implementation

The protection relay of this type simply calculates appaim@pedance of the line un-
der its protection. This measured impedance from relayuti facation is then com-

pared with the protection reach settings. If line impedaneasured falls within relay
characteristics it will operate and issue trip signal. Fegd.4 shows the mho relay

characteristics selected for implementation.
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Figure 4.4: Mho relay characteristics chosen for impleraton.

Where,
a and b are the circle center co-ordinates
Rz andXz are the resistance and reactance components of Z
dz is the distance between center of the circle to Z
Zr is the reach setting of the relay
O is the transmission line angle
dset IS the radius of the mho circle.
The following sequence of steps explains implementatiomlod relay logic with the
help of flow chart shown in figure 4.5 by considering a sampleaagnt impedance Z

computed at present sampling instant.
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Read impedance (Z) seen by
the relay in current window in
RZ and XZ

i

Compute distance from centre of circle to Z using
dz= Sqrt((R, - )’ - (X, - b)?)

No Reset
Trip counter

Yes
Increment Trip @eturn to MAIN progra@
counter

Trip counter=3 ?

| Issue Trip signal |

Figure 4.5: Flow chart of mho relay logic

Step 1 : Read the resistive JRand reactive ()X) components apparent impedance

Z computed in the current sampling instant.

Step 2 : Compute the distance from center of the circle (a,B)using the distance

formula given below;

dz = \/(sza)2+(xsz)2 (4.12)
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Step 3 : Evaluate dz < dset, to determine whether, the impedance point lies inside
the trip boundary or not. If this condition returns true, ifap that apparent impedance
Z lies inside mho circle. Hence, increment trip counter aoi ptep 4.

else, reset trip counter and goto Step 5.

Step 4 : The relay has been programmed to issue trip signgladtdr ensuring
measured impedance falling inside the circle three timesecutively, failing which
the trip counter will be reset. This is done in order to inhfllse tripping of the relay
for momentary transient signals. Therefore the value g dunter is compared with
3. If the condition is found to be true, then issue the tripmaigand goto step 6; Else

goto step 5
Step 5 : Return to main program.

Step 6 : Display trip status and wait for operator / remotdr@mput probing loop

program.

The same logic is used in both ground and line type mho retagstect the faults.

4.2.1.2 Quadrilateral relay characteristic implementaton

The mho relay logic has been incorporated just to compaey ngérformance with
conventional relay types. But, since numerical relays diseibility of shaping re-
lay characteristics, the performance is evaluated witlsipally shaped quadrilateral

characteristics. Section that follows explains programmjolement this relay logic.

The mho type relays under-reach zone settings, in caseisfivesaults due to lack
of resistive reach capability. Therefore, quadrilateeddys are preferred in such cases.
The resistive reach of quadrilateral relay can be set torcfaudt resistance without
affecting the reactive reach of the relay. Typical quateilal characteristic is shown in
figure 4.6. It is formed by 4 lines4,L»,L3 and Ly; Where, (Lyx1 , L1y1) and (Lix2 ,
L1y>) are the pair of points, which define position of lines on a twlonensional plane.
Z(Rz ,Xz) is the apparent impedance seen by relay at the presentisgrdtant. R

and Xz are resistive and reactive components of Z.
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L3 (Laxy, LoY))

Z(Rz Xz)
X L,

(Lixa, §L1Y1) L

Figure 4.6: Typical quadrilateral characteristic

The quadrilateral relay evaluates position of Z in-ordexdpofer trip decision. Relay
issues trip signal only if the point Z lies inside its opengtzone. The relay program
considers one side of quadrilateral at a time and deternpiosision of Z with respect

to the line using equation 4.13. It is illustrated below bysidering line L and Z,

S =dot((p—pl),pv) (4.13)

Where,
p = (R, Xz); point to be tested
pl = (Loxa, Loys); starting point of line L

pv = perpendicular vectors given by equation 4.14

Loxg — LoX
SR (4.14)
Layr — Lay2
Substituting values of pjpand pv in equation 4.13 yields,
R, —Lox1 Loxg — LoX
S =dot| - b TERTTER (4.15)

Xz—Layr Loyr —Loyo
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Value of $ can be obtained by performing the dot product operation,hasvs in

equation 4.16, which is used as discriminator to deterntiagbsition of Z

Sz = (Rz — L2X1) * (Lzy]_ — Lzyz) — (XZ— L2y1)(L2X1 — L2X2) (4.16)

S = 0; point lies on the lind.,

S < 0; point lies on RHS of the link;

S > 0; lies on LHS of the lind_»

This procedure is applied to all lines and position of Z wieispect to each line is
evaluated. The following sequence of steps explains imgitgation of quadrilateral

relay logic with the help of flow chart shown in figure 4.7.

Step 1 : Read the resistive JRand reactive (X components apparent impedance

Z computed in the current sampling instant.

Step 2 : Compute the value of discriminatoks S, Sz and S of lines Ly, Lo, L3

and Ly respectively using equation 4.16.

Step 3: Inthe figure 4.6 for the point Z to be inside the quatkril it should satisfy
the following conditions.
S; >0, i.e. Z has to be on above of ling L
S, >0, i.e. Z has to be on LHS of line,L
S3 <0, i.e. Z has to be on below of linesL
S, <0. i.e. Z has to be on RHS of linggL

Evaluation of these conditions are performed sequentséiyting from $ to &.
The result of evaluation at each stage decides the flow sequdrthe program. The
evaluation of subsequent condition is considered if thelted previous stage returns

true, otherwise reset the trip counter; goto step 6.
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Read impedance (Z) seen by
the relay in current window in
RZ and XZ

v

Compute S;S,S;and S,

A
Reset
Trip counter

Y
Increment Trip
counter 6eturn to MAIN progra@

A

Trip counter=3 ?

| Issue Trip signal |

Figure 4.7: Flow chart of quadrilateral relay implemeraati

Step 4 : If § <0 is true, it implies that the point Z lies inside the trip cheteristic.

Hence increment the trip counter.

Step 5 : Evaluate Tripcounter =3: issue trip signal if coiodiis true, goto step 7.
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Else goto step 6.
Step 6 : Return
Step 7: Stop

The following section presents the simulation results mous types of faults.

4.2.2 Simulation Results

The figure 4.8 shows the performance of conventional relaythhe adaptive relay for
STATCOM connected transmission line for phase - ground smkfault (i.e, 80% of

the line).

120
—¥— Mho

conventional

00p adaptive

80

60 [

Reactance(ohm)

a0}

20t

-40 -20 0 20 40
Resistance(ohm)

Figure 4.8: Performance of conventional and adaptive sdiayphase to ground zone

end fault

It can be seen that the adaptive relay measures the exadnigeldance with MHO
characteristics and impedance trajectory settles on thedaoy of the relay. Whereas,
the impedance trajectory seen by the conventional reldesetutside the trip charac-

teristic, causes the relay to under-reach. Simulations haen carried out on the entire
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range of relay operation and the results are tabulated itatiie 4.1. It can be seen that
the impedance measured by the adaptive relay with STATCO&Mi®st the same as
that of the impedance seen by the conventional relay witB®AT COM. This indicates

that apparent impedance measured by adaptive relay isrreetfansient reach error

due to STATCOM and do not maloperate.

Table 4.1: Performance of conventional and adaptive rdiayphase to ground(AG)

faults
Fault Conventional relay Adaptive relay
distance  Without STATCOM With STATCOM With STATCOM

Resistance Reactance Resistance Reactance ResistancetanRea

(KM) (ohm) (ohm) (ohm) (ohm) (ohm) (ohm)

20.00 0.71 8.46 0.71 8.46 0.71 8.46

40.00 1.43 16.92 1.43 16.92 1.43 16.92
60.00 2.15 25.39 2.15 25.39 2.15 25.39
80.00 2.87 33.87 2.87 33.87 2.87 33.87
100.00 3.61 42.38 3.61 42.37 3.61 42.38
110.00 3.97 46.66 3.70 47.71 3.94 47.00
120.00 4.33 50.94 3.74 53.25 4.27 50.86
130.00 4.70 55.22 3.71 58.98 4.71 55.13
140.00 5.08 59.52 3.65 64.93 5.12 59.62
150.00 5.46 63.82 3.46 71.04 5.48 64.02
160.00 5.85 68.13 3.28 77.37 5.80 68.32

Similarly, impedance trajectories for zone end three pHaseline and double line
to ground faults are shown in the figures 4.9, 4.10 and 4.1detively. From these
figures it can be observed that conventional relay undexhiezhfirst zone setting for all

types of faults, but the adaptive relay has seen the comgzdance to the fault.

Tables 4.2, 4.3 and 4.4 show the impedance measured by ¢ammadrand adaptive
relays for the above mentioned fault cases. It can be seénntlibese cases also,
fault impedance measured by the adaptive distance relagasffom the influence of
STATCOM.

95



120

—%—— Mho

conventional

00p adaptive

Reactance(ohm)

O N
-40 -20 0 20 40
Resistance(ohm)

Figure 4.9: Performance of conventional and adaptive selaythree phase zone end
fault
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Figure 4.10: Performance of conventional and adaptivesdta phase-phase zone end
fault
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Figure 4.11: Performance of conventional and adaptivesdiar L-L-G zone end fault

Table 4.2: Performance of conventional and adaptive rétathree phase(ABC) faults

Fault Conventional relay Adaptive relay
distance  Without STATCOM With STATCOM With STATCOM
Resistance Reactance Resistance Reactance ResistancetanRea
(KM) (ohm) (ohm) (ohm) (ohm) (ohm) (ohm)
20.00 0.70 8.47 0.70 8.47 0.70 8.47
40.00 1.40 16.94 1.40 16.94 1.40 16.94
60.00 2.10 25.43 2.10 25.43 2.10 25.43
80.00 2.81 33.94 2.81 33.94 2.81 33.94
100.00 3.53 42.48 3.52 42.48 3.53 42.48
110.00 3.89 46.77 4.01 47.20 3.89 46.80
120.00 4.26 51.07 4.83 52.89 4.14 51.05
130.00 4.62 55.38 5.63 58.74 4.59 55.44
140.00 5.00 59.70 6.38 64.63 4.90 59.39
150.00 5.37 64.03 7.24 70.72 5.26 64.11
160.00 5.75 68.38 8.08 77.02 5.72 68.58
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Table 4.3: Performance of conventional and adaptive rétayline to line (BC) faults

Fault Conventional relay Adaptive relay
distance Without STATCOM With STATCOM With STATCOM
Resistance Reactance Resistance Reactance ResistancetanBea
(KM) (ohm) (ohm) (ohm) (ohm) (ohm) (ohm)
20.00 0.70 8.47 0.70 8.47 0.70 8.47
40.00 1.40 16.94 1.40 16.94 1.40 16.94
60.00 2.10 25.43 2.10 25.43 2.10 25.43
80.00 2.81 33.94 2.81 33.94 2.81 33.94
100.00 3.53 42.48 3.53 42.48 3.53 42.48
110.00 3.89 46.77 4.25 47.03 3.89 46.68
120.00 4.26 51.07 5.01 51.95 4.31 51.00
130.00 4.62 55.38 5.85 57.12 4.58 55.44
140.00 5.00 59.70 6.83 62.73 4.93 59.53
150.00 5.37 64.03 7.96 68.65 5.33 64.10
160.00 5.75 68.38 9.19 75.33 5.71 68.41

Table 4.4: Performance of conventional and adaptive rdtayis-L-G (BC-G) faults

Fault Conventional relay Adaptive relay
distance  Without STATCOM With STATCOM With STATCOM
Resistance Reactance Resistance Reactance ResistancetanBea
(KM) (ohm) (ohm) (ohm) (ohm) (ohm) (ohm)
20.00 0.70 8.45 0.70 8.45 0.70 8.45
40.00 1.40 16.91 1.39 16.91 1.39 16.89
60.00 2.09 25.38 2.09 25.38 2.09 25.35
80.00 2.79 33.88 2.79 33.87 2.79 33.82
100.00 3.49 42.39 3.48 42.39 3.51 42.39
110.00 3.85 46.68 4.26 47.27 3.56 46.68
120.00 4.20 50.97 4.88 52.44 4.18 50.97
130.00 4.56 55.27 5.32 57.93 4.56 55.27
140.00 4.92 59.58 5.71 63.79 4.82 59.52
150.00 5.27 63.90 5.94 70.00 5.27 63.58
160.00 5.63 68.23 6.32 77.02 5.62 68.16
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As discussed in the previous chapter, the conventional mlar-reached zone set-
ting for three phase fault during lightly loaded conditioFhe adaptive relay has also
been subjected to same operating condition in-order taatalts response. The sim-
ulation result for this case is shown in the figure 4.12. It barseen that the adaptive

relay has seen the correct impedance to the fault and doesatoperate.
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Figure 4.12: Performance of conventional and adaptiveysefar fault out side relay

trip zone

The practical power system faults are not ideal, but insteeg involve fault resis-
tance R¢). For phase faults the fault arc between two conductorsaadisult resistance,
where as the arc between conductor and shield wire or tovedinfpresistance is the
source for fault resistance in case of ground faults. Tleeefsimulations have also
been extended to study influence of fault resistance on pediace of the relay. Both

phase and ground faults withs RIp-to 50Q have been simulated.

The figure 4.13 shows the ground relay characteristic. lbtsioed by applying
single line to ground fault (AG) on the transmission line atirterval of 10 Km each
from sending to reach setting of the relay for various valoieR; and actual STAT-

COM quadrature currentd). Thelq values of 0.25 p.u, 0.50 p.u. and 1.00 p.u have
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been considered for simulation. For each valukoAG fault has been applied as men-

tioned above by considering different valuesRyf= 0,10,20,30,40 and 5Q respec-

tively and the steady state impedance is recorded. Eackvafumeasured impedance

is resolved into resistive and reactive components andggl@n a R-X diagram. This

results in set of relay characteristics pertaining to setbealues ofq andR¢ combina-

tions respectively. The accuracy of the relay can be enliblng®btaining more set of

characteristics at smaller steps @f |

Reactance (ohm)

80

]
(@)
T

N
o
T

w
o
T

— Iq:l.O‘p.u
— Iq=0.5p.u 7
——1=0.25p.u

— without STATCOM

-40 100

Resistance (ohm)

Figure 4.13: Ground relay trip characteristics

The following observations have been made from the figurg.4.1

The measured impedance increases with increase in the SINT@ting.

The measured impedance increases with increase in theofdRje

The solid faults Rf=0) affect measured impedance values for case Il types of
faults(i.e. faults transpiring after STATCOM) only. Whass measured impedance
values are influenced by STATCOM for both case | and case Bgyf faults
whenR;s # 0. This error increase with the increase in the valuRof

Mho relay severely under-reach zone setting, wRers involved in the fault.
Quadrilateral characteristic offers superior reach cagerand enhances the ac-
curacy of the relay.
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From the above discussions it can be inferred that, the lactlasy characteristics
derived by simulation studies are desired against the stlmé& mho characteristic for
the protection of STATCOM connected transmission line. Tigere 4.14 shows the
realization of actual trip characteristic foy=1.0 p.u. and®; = 50 Q. The actual trip
characteristic is formed by three straight lines and a carvéhe right hand side. This
curve shape has been retrofitted with short line segmeantsl.yj Lo, Lz andL4 without

loss of accuracy.
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Figure 4.14: Realization of actual trip characteristic

In total the trip characteristic is comprised of 7 line segisé&; - L7. The coordi-
nates of all the line segments are stored in the look up thkl&). The trip counter will
be incremented if the measured impedance in the presentisgmyindow falls inside

the relay characteristic.

The following sequence of steps describes the quadrilatley sub program im-

plementation along with the flow chart shown in figure 4.15.
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Read value of reactve current
compensation I, injected by the
STATCOM in P.U.

v

Load the respective co-ordinates for the line
segments, L;-L; to match the present value of I
from the look up table

Read value of  impedance
computed by the relay in the
present window

Compute s;,8;.....87 by using
equation (4.16)

Is
S1>=0&S,>=0&S:>=0&S,>=0&
S5>=0&Ss<=0&S;<=0 ?

Reset the trip
counter

Trip counter=3?

‘ Issue trip signal ‘

Figure 4.15: Adaptive relay flowchart

Step 1 : Read the value of STATCOM reactive currgnfThis is accomplished us-

ing a communication link between STATCOM location and tHayénstallation point.

Step 2: Load the respective co-ordinates for the line setgylen- L7 to match the

present value offy from the look up table.
Step 3: Read value of impedance(Z) computed by the relayeipitisent window.
Step 4: In-order to determine whether Z lies inside the relegracteristic or not a

discriminator S has been evaluated for each line segmermt.value of S for any line
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segment n can be calculated using the equation 4.16. Defdlés derivation can be

found in the section 4.2.1.2 of the thesis.

Step 5: The value of S determines the position of Z with ressfzeline n as given
below.
S, = 0; point lies on the lind.,
S < 0; point lies on RHS of the link,
S, > 0; lies on LHS of the lind_,,

Therefore for a point z to be inside relay characteristiossho the figure 4.14 it
must satisfy the following condition
Sl >=0&R2 >=0&S3 >=0&HA >= 0&S5 >= 0& 6 <= 0&S7 <= 0 If this condi-

tion return false, then reset the trip counter , return elseement the trip counter.

Step 6: Check for trip counter value =3

If no, return If yes issue trip signal.
Step 7: Stop

This adds three additional if-else structures in relayveafé program when com-
pared with the quadrilateral characteristic describeti@ésection 4.2.1.2. But by virtue
of state-of-the-art digital signal controller used in tivsrk, such computations can be
handled conveniently. The features and details of hardwaptementation are dis-

cussed in the next chapter.

Similar simulations have been carried out to frame the pihalsg characteristic.
The simulation results are presented on a R-X diagram asrshmothie figure 4.16.The
following observations have been made from the figure.

e The measured impedance increases with increase in the SIMT@ting. But

for lower range of § values difference in the measured impedance is not signif-
icant. This can verified from the relay characteristics wigtd with |;=0.5 p.u.
and 0.25 p.u. shown in the figure 4.16.
e The measured impedance increases with increase in theofdR4es in the case
of ground relays. But it is less when compared with the groatalys.
e The STATCOM influences the measured impedance of faultsngeig to both
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the cases, whenevB is involved in the fault.
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Figure 4.16: Phase relay trip characteristics

The simulation results hint at making use @il designing adaptive relay setting for
the system under consideration. For the faults during geltzontrol mode, STATCOM
injects 1.0 p.u. reactive power as the voltage at the PCCheilnuch below the set
reference value (Ghorbani, 2011). Therefore, under thidenod operation relay adapts

characteristic corresponding t9+ 1.0 p.u.

For the faults during VAR control mode, value gfis necessary. The value ofis

computed by using the STATCOM currents acquired at the tetztion or | computed

by the STATCOM controller at the STATCOM location may be acgg from the same
communication link. Depending upon the value gfhe relay program enforces the
respective relay characteristic. This process is contis@md relay attunes itself to the
prevailing value of 4. In this relaying scheme real time values of STATCOM current
is not necessary, while performing the impedance compmutabut it is required at
regular intervals for computation of.| Whereas, in the adaptive scheme presented in
the section 4.2 time stamped STATCOM currents are necessaympute the phase

and ground impedances.
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In-order to test performance of the relay it has been sudjitctvarious fault condi-
tions. The figures 4.17 and 4.18 shows the impedance trajesgen by the ground and
phase relays for zone end single line to ground fault(AG) jpinaise-phase fault(BC)
respectively. In both the casggdnd R have been setto 1.0 p.u. andG0@espectively.
It can be seen that relay enforces quadrilateral charatitederived with §=1 p.u. in

both the cases and detects the fault on the boundary conéisygio R = 50 Q.

Same faults have been applied wigk0 p.u. emulating no STATCOM condition. In
this case both ground and phase relays have invoked thedledagcteristic fitted with
14=0 p.u. (without STATCOM) and detects the fault on the boupdarresponding to
Rs =50Q.

Similarly, a zone end BC fault with R= 25 Q has been applied withy#1.0 p.u.
The figure 4.19 shows the impedance trajectory seen by thg relere also the relay
enforces quadrilateral characteristic derived withll.0 p.u., but detects the fault on the
boundary corresponding tosR= 30 Q. From the same figure it may be observed that
for system without STATCOM relay invokes relay charactaisitted with 15=0 p.u.

and detects the fault near the relay boundary correspondiRg = 30 Q.

80

— with STATCOM
70+ — without STATCOM

60 -

Reactance (ohm)
N w Py a
o o o o
T T T

[y
o

0 50 100 150
Resistance (ohm)

Figure 4.17: Impedance trajectory seen by the relay for emaeAG fault
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Figure 4.18: Impedance trajectory seen by the relay for zoweBC fault
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Figure 4.19: Impedance trajectory seen by the relay for 2oweBC fault

The elaborate simulations carried out in this chapter ptbhgeefficacy of the adap-
tive distance relay. The adaptive distance relay, outperd the conventional relay

deployed for the protection of STATCOM connected transimois$ine. It proved to
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exhibit precise reach for all types of fault. After, ensgrthe performance of the adap-
tive relaying scheme, development of a numerical adapgleerhardware has been
put-forth. This becomes essential, in-order to exploreféasibility and functionality
of the adaptive relay in real time. Proper real time testltesull fortify the simula-
tion results. In the next chapter, development and testiray fally functional adap-
tive distance relay hardware, based on a 32-bit floatingtbaital signal controller
(DSC) TMS320F28335, supported with analog to digital coler§ ADC) ADS8556 is

reported in detalil.
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CHAPTER 5

DSP BASED ADAPTIVE DISTANCE RELAY
HARDWARE DEVELOPMENT and its TESTING
USING HIL METHOD

5.1 Introduction

Distance relays are widely used for the protection of traasion lines. They provide
an excellent way of obtaining zone discrimination, selgistiand speed of operation by
ensuring precision trip decision up to a certain range dadise (Phadke and Horowitz,
1992; Ravindranath and Chander, 2007; Blackburn and Do2@i®6). The advance-
ments in digital technology have given birth to numericéhys and have gained wide
acceptance in power utilities. These relays being prograbheruse both hardware and
software components. The relay hardware mainly consisssgofal conditioning cir-
cuits (SCC), analog to digital converters (ADC) and digggjnal controllers (DSC)
modules. The accuracy and operating speed of the relay demggratly upon these
modules. Therefore, the selection of ADC and DSC devicesiisa from the numer-
ical relay design point of view. The following paragraphdsiabout the key points for

the selection of these devices.

The ADC used in numerical relay applications should havé ldgnamic input
range, in-order to support fault transient signals, whikntaining the measurement
accuracy across the entire input range. For an applicakerdistance relay, the phase
relationship between the signals sampled from differeminalels is as important as
the value of the signal to measure the impedance accuratetyefore, a simultaneous
sampling bipolar ADC is required in these applications (a@010). The distance re-
laying algorithms demand considerable computation pooveng to extraction of fun-

damental frequency phasor of relaying signals and compig@edance computational



procedures. Therefore, a floating-point processor will edgored over a fixed point
processor for achieving higher accuracy, and faster coatipus. Steady fall in the cost
of floating-point DSPs has enabled the protection engiretifill the above require-
ment. A fully functional distance relay hardware, based @ CHTMS320F28335) sup-
ported with ADC (ADS8556) has been implemented in this woFke specifications
of both devices meet the requirements of modern numeristhnte relay hardware

configuration.

It is standard practice nowadays to integrate relay devedo and testing. Perfor-
mance of the newly developed relays are evaluated with tipedfieelay test benches,
prior to actual installation. This process ensures thetfanality of the relay, before
pressing into real operation. In this work, a Hardware-bop (HIL) test set-up, com-
prising of the Doble F6150 power system simulator has beefigired to test the
newly developed adaptive distance relay hardware. Thisé&tsup is capable of gener-
ating the real-time relaying signals corresponding to #udtdata files obtained through

EMTDC/PSCAD simulations.

This chapter presents the design, development and tedtizng adaptive distance
relay hardware. This encompasses the design of low pagss diilseussion on various
sampling techniques, basis for selection of appropriat€€Add DSC, HIL configu-
ration and real time evaluation test results. All the abosfgeats are detailed in this

chapter.

5.2 Numerical Adaptive Distance Relay Hardware De-

velopment
The adaptive distance relay hardware has been developaiptases. In the first
phase, a conventional numerical distance relay has beerioged and tested using

HIL technique. In the second phase, proposed adaptivendsstarotection scheme has

been implemented with minor modifications in hardware arftheme modules of the
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conventional relay. In the present scheme of relay impleatiem, the conventional in-
put surge protection and signal conditioning circuits areaonsidered in the hardware
as they are standard requirements while deploying relahenfield. The following

section presents the conventional relay hardware developm

5.2.1 Conventional Distance Relay Hardware Development

The block diagram of the numerical distance relay hardwashown in the figure 5.1.
It consists of data acquisition system to process six ardilagnels namely, three phase
voltageVa, Vb& V¢) and three phase curreht(l,&I¢) signals. The voltage and current
signals are prescaled, before they are applied to the sexdedanalog low pass filter
(LPF). The filtered analog signals are simultaneously idigit by ADC (ADS8556),
which is suitably interfaced with DSC (TMS320F28335). Th&@ TMS320F28335
generates necessary timing and control signals to acchareligitized data from the
ADC. Acquired data is processed by distance relay logicaogieployed on the DSC.

The functions of each block is discussed in detail in theofeihg section.

Va — >
V: > Second »| ADS8556 TMS320F Trip
order Analog Analog to \ 28335 |
low pass digital _\/ Digital signal
lg, ———» filter | 5| converter : : controller
Timing and
control

Figure 5.1: Block diagram of conventional distance relay

5.2.2 Analog Low Pass Filter Design

A DSP is designed to process the data in digital format. Bustrob the real world
signals are analog in nature. Therefore, the analog sidnaais to be sampled in dis-
crete time intervals and converted to digital format by ADi@fore they are fed to

DSP. A typical phenomenon encountered, when signals arplednm time, is known
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as aliasing. The aliasing pose problems in ADC systems whengut signal con-

tains frequency components above half the ADC sampling fHbtés is known as the
Nyquist rate. Frequencies above Nyquist appear as falsdrémuency aliases. The
best approach for eliminating false lower frequencies igg® a low-pass filter, which
inhibits aliasing by limiting the bandwidth to below halilsampling rate. Band limit-
ing the input signal eliminates unwanted high frequencyponents. Therefore, a LPF

is regarded as an important element of any data acquisigtes (DAS).

In the present work, a LPF based on Sallen-Key topology, kas blesigned with
cut-off frequency equal to 400 Hz. The circuit diagram ofdlesigned filter is as shown
in the figure 5.2. It consists of an operational amplifier LM3®&hich is configured as
voltage follower i.e. unity gain mode and produces non+iting output voltage. The

resistors R1,R2 and two capacitors C1,C2 are used to geetieed cut-off frequency.

Vin R1 R2

T
l LM324 Vou

Figure 5.2: Schematic diagram of a second order low pass filte

The filter component values are calculated using the foligveiquations,

1
=24 pix fo= ———— fad 5.1
W P Te (RIRC1Cy) / sec (5.1)
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By assumingR; = Ry andC, = $

1
We = 2% p| * fC = rad/sec (52)

\/<(R1>2 * (0—21)2)

Let,R; = R, =5.6 kQ and f. = 400 Hz, value o€C; can be found by substituting these

values into equation 5.2 as,

V2

C:.—
. 2xpixfexRy

MF = 0.1 pF

Therefore,

Co=—2= uUF = 0.05 uF =~ 0.047 uF

The simulated frequency response of the designed filtersb@sn in the figure 5.3.
From the frequency plot, it may be observed that the actuabffdrequency achieved
is around 465 Hz. This is attributed to the discrepancy ireitteal values of designed

components. Hence the minimum sampling frequency requiikte 930Hz.
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|
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=
o

Figure 5.3: Frequency response of designed second order LPF

The LPF circuit shown in the figure 5.2 has been implemented printed circuit
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board (PCB), after verifying the performance through satiohs. Figure 5.4, is the
screen shot taken from the Agilent mixed signal oscillogcdpshows delay caused by
the LPF for a 50 Hz ac input signal. It can be seen from the fithaedelay of 307.6

pseconds has been introduced between input and outputsignal

Figure 5.4: Delay caused by the low pass filter

The analog relaying signals are passed through the LPFeééfEing applied to
ADC input channel. The following section presents the dietai ADC used in this

work.

5.2.3 Analog to Digital Converter

An ADC is a device that converts input analog signals to ataigiumber proportional
to the magnitude of the input. It is a vital part of any datawasigjon system. The DAS
are broadly classified into three types based on the samatidgconversion methods
as mentioned below,

1. Non simultaneous sampling
2. Simultaneous sampling and sequential conversion
3. Simultaneous sampling and simultaneous conversion

Each of these sampling methods will be described briefly@fdiowing sections.
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5.2.3.1 Non simultaneous sampling

Figure 5.5 shows the block diagram of n-channel non simeatiae sampling DAS.

Al0——>»{ SCC >

All——>»{ SCC >

Analog Sample and N A”?"?g to
. - Digital
Multiplexer Hold Circuit c
o onverter Digital
Output

o A A

S/H
Pulse

Channel Selector
Control Signals
\ 4

Timing and Control

Aln—» SCC >

SoC EOC

Digital Signal
Controller Interrupts

Figure 5.5: Block diagram of non simultaneous sampling

It consists of signal conditioning circuits (SCC) compnigiof an amplifier, LPF
whose function and design has been discussed in the presection. An analog mul-
tiplexer (mux) is a device that selects one of several analogt signals and forwards
the selected input into a single line output. A multiplexe2'dbinputs has n select lines,
which are used to select which input line to switch to the autd@hus, a multiplexer
makes it possible for several channels to share a commoanrcesoFor example, all
the analog input channels, AlO - Aln can share a single saampdehold (S/H) circuit
and ADC as shown in the figure 5.5. The S/H circuit, is used togda a continuously
varying analog signal at predetermined sampling interaatsholds its value at a con-
stant level for a minimum period, which is equal to the cosiar time of ADC. This is
necessary to ensure accurate results from the ADC. In thésdf/DAS, at any sampling
instant one signal is selected after completion of coneersf the previous channel. It
means that the channels are converted sequentially onenaé aFigure 5.6 illustrate

the consequences of non simultaneous sampling in a two ehdata acquisition sys-
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tem. It can be seen from the figure that the sampling instanth& channel-1 is tand
channel-2 is{. They differ by a finite time interval, known as the channehasion
time, which is the total sum of multiplexer settling timeHSdcquisition time and ADC
conversion time. In this DAS example, channel-1 is voltage the second channel is
current, then the impedance calculated from the sampledwdéithave a phase angle
error of w(t; - t1) radians. This will affect the operation of the impedandeye and

hence such type of ADCs are not suitable for distance relplcgions.

Vi A

t1,t2 - sampling Instances
te- channel conversion time

2
vp\ \[s- Inter sampling interval
KT

AN

AN
VARV,

tit t time

Figure 5.6: Effect of non simultaneous sampling

5.2.3.2 Simultaneous sampling and sequential conversion

The demerits of the non simultaneous DAS can be overcomemyltsineous sampling
technique shown in the figure 5.7. In this type of DAS, all thalag input channels are
sampled at a same sampling instant, by simultaneouslynigshe S/H pulse to all the
S/H circuits. An analog multiplexer will switch the chanséb the ADC one at a time
as determined by the channel selector logic. The benefitgsraat are,

1. No time lag introduced between channels.

2. Total conversion time of all channels is reduced by (n{$)¥ acquisition time)
for n channel system .
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This type of DAS is more expensive owing to increase in thelmemof S/H circuits.

Al0 —» SCC

S &H

All —» SCC

Circuit

A0

S &H

Y

Aln —>»{ SCC

Circuit

A

S &H

Y

Analog

\4

Multiplexer

Digital Signal
Controller Interrupts

Circuit

L

S/H
Pulse

Y

Channel Selector
Control Signals

Analog to
Digital >
Converter Digital

Output

A

SOC EOC

Timing and Control

Figure 5.7: Block diagram of simultaneous sampling and setial converter DAS

5.2.3.3 Simultaneous sampling and simultaneous conversio

In case of systems, where the phase information of the \&rquut channels are re-

quired, simultaneous sampling with simultaneous coneargs preferred along with

faster ADCs. In such configuration each channel has a dedi&H followed by an

ADC as shown in the figure 5.8. Simultaneous sampling ADCkperthe task using

multiple S/H circuit to sample the input channels at the sara&@nt, then perform the

simultaneous conversion on all channels. End of conversigmal will be used as a

flag, to indicate the end of conversion, it will be set; ond¢led channels are converted

and the data is ready for further processing.
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Figure 5.8: Block diagram of simultaneous sampling and &ameous conversion DAS

The present research work demands accurate measuremersternsmpedance

using the sampled three-phase voltage and current sighakn be inferred from the

above discussion that for this application, simultane@using and conversion type

of ADC is the preferred choice. It ensures accuracy in theswrea impedance, by

preserving the phase information of the sampled signalsréfare, a six channels, 16-

bit simultaneous sampling ADC, ADS8556 from Texas Instrataevhich suits best for

this application has been selected.

The salient features of the ADS8556 are listed below(SLAR)2910; SBAS404B,

2012) .

e 16-Bit Successive Approximation Register (SAR) type agdio digital con-

verter.

e SiXx SAR ADCs grouped in three pairs.
e Maximum data rate per channel with internal conversioniclaed reference is
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630 ksps.
e Maximum data rate with external conversion clock and refeeds 800 ksps.
e Programmable input voltage ranges: Uptih2V
e Programmable and buffered internal reference: 0.5V t0.2.5V
e Selectable parallel or serial interface.
e Operating temperature range: *@to +125C.
e Excellent signal-to-noise performance:91.5dB

The configuration of the ADC is presented in the next section.

5.2.3.4 ADSB8556 configuration

In-order to save design time, a readily available ADS85f&6¢valuation module (EVM)
has been used in this work. The figure 5.9 show the ADS8556 EXéygred for test-
ing. It can be programmed using hardware/software methib@so has an option to
transfer converted data in either serial/parallel modéhiswork, parallel data transfer
mode has been selected, as it is easier and faster. The gatifiguof ADS8556 is

described briefly in the following section.

~ Control signals

Figure 5.9: Photograph of the ADS8556 EVM
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The functional schematic, of the ADS8556 is shown in the 8dud 0 (SBAS404B,

2012).

CONVST_A
CH_AO

AGND

REFC_A
CH_A1

AGND
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CH_BO

AGND
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CH_B1

AGND
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CH_Co

AGND

REFC_C
CH_Ct

AGND

REF_IO
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ADS8557 Clock
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Comparator
+ +
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Buffer
—— SAR Register 1/2 i>
+ +
S/H CDAC 2
Comparator
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— SAR Register 3/4 i>
+ +
S/H CDAC 4
Comparator
— Comparator
+ +
S/H CDAC 5
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Figure 5.10: Functional block diagram of ADS8556 (SBAS402@&12)

The ADS8556 include six 16-bit ADCs respectively that opetzased on the SAR

principle. The six S/H circuits are divided into three pdgids B and C). Each pair of
channels has a hold signal (CONVST_A, CONVST_B, and CONMWSwhich, when
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strobed together, allows simultaneous sampling and ceioreon all 6 analog inputs,

preserving the relative phase information of the signals.

The control logic block offers host of features, which alldve user to configure
the ADC as per application requirement. The settings dorieisnwork is presented
sequentially as follows,

e First, Standby mode input p8T BY, is set to high so as to enable the device.

e This ADC can be controlled in hardware (HW)/software (SW)d&adhrough
mode selection input (HW/SW). In this work HW mode is enalidlg@onnecting
HW/SW to ground and ADC works according to the setting of mxdépins.

e The ADS8556 has an internal programmable 2.5 V referenceceqWREF),
which is enabled by setting REFen pin to high.

e This device accept single-ended, bipolar analog inputagggim the selectable
ranges oft 4VREF or+2VREF with an absolute value of up #612V. RANGE
input pin is set to low in-order to select input voltage ramget 4VREF. This
sets the effective input voltage rangedoflOV.

The data transfer process can be configured using the I/Olmsdawn in the fig-

ure 5.10. The configuration used in this work is given below.

e Parallel data interface mode is selected by setting pin BER/to low .

e RDis set low to enable parallel data output.

e WORD/BYTE pin is set to low in-order to transfer the data inrd/anode using
DBJ[15:0].

The details pertaining to parallel interface of ADS8556auisfshed in Appendix B

The section that follow, discusses the application of DS# weference to power

system relaying.

5.2.4 Application of DSP for Power System Relaying

The numerical relays use a programming device for implemegrthe protective re-
laying algorithms. These relaying algorithms have to ojgerareal time, in-order to
facilitate rapid removal of a disturbance from a power syst€he digital processing of

signals in real time requires a highly sophisticated preces Earlier microprocessors
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were used to implement the relaying algorithms. But the apicscessors have low chip
operating frequency, limited processing capacity, and orgrallocation. The lack of
these features, have put stiff constraints on the size optbgram and few functions
are compromised to operate in real time. Therefore, a dpsdahardware such as
DSP is preferred over microprocessors and microcontelBEP is optimized to effi-
ciently process the signal processing algorithms and atitewata in real time (Inacio
and Ombres, 1996; Smitt al., 1997). Because of these advantages recent numerical
relays employ DSPs instead of microprocessors as a progranpiatform (Gohet al.,,
2011).

Major task of the relaying algorithm is to compute complebayang quantities.
These computations can be performed by using either a fixatlgudloating point pro-
cessors. Fixed point processors represent and manipulatbers as integers. There-
fore they use additional software routines, that emulageotthavior of a floating point
device to perform floating point operations. However, suaftines add considerable
delay in the computation of relaying quantities in real tim@onsequently, from the
relay application view point floating point emulation isegrused. Whereas, a floating
point processor can perform high speed floating point aeticroperations and pro-
vides wider dynamic range and high precision (Johns and &glt997). Therefore, a
floating point processor is preferred over a fixed point pssog for achieving higher
accuracy and faster computations in applications such iagnde relays for power
system protection. The recently released TMS320F2833it3¥®ating point digital
signal processor by Texas instrument has been selecteshjdementing the distance
relay in this work. The key features (SPRS439L, 2012; Pefig 1 of this DSP are
mentioned below,

e 6.67 nsinstruction cycle time at 150 MHz

e Low power 3.3 volts design

e 256 Kw of on chip flash memory

e 32Kw of internal RAM memory

e |IEEE-754 single-precision floating-point unit (FPU)
e 16 x 16 Dual MAC

e Harvard bus architecture
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e Code efficient (in C/C++ and Assembly )
e Real time debug capability

e Three 32-bit timers

e Communications peripherals

e 388 multiplexed GPIO with 3.3 volts output
e 16 Channel 12-bit ADC

It can be seen from the key features list that, this DSC comigsan on board
inbuilt ADC. But, unfortunately the features of this ADC d¢dunot satisfy the present
relay hardware requirements. The reasons for the same auttgomed below;

e Even though on board ADC has 16 channels, only two channelbegampled

simultaneously.

e Itis unipolar type ADC, with analog input range of 0 - 3.3V

e ltsinputrange is not sufficient enough to accommodate dymeange of signals

exhibited by power system during abnormal conditions.

For the reasons cited above, an external ADC (ADS8556) hes $elected, whose
merits have been already discussed in the section 5.2.8.s€ktion has presented the
details on the hardware components of the distance relegratey. The following

section illustrates the overall distance relay hardwardigaration.

5.2.5 Relay Hardware Configuration

The figure 5.11 shows the functional block diagram of relaglvare configured in the
present work. It consists of LPF with cut-off frequency o048z, which band limits
the analog signals. These are digitized by the ADS8556 amsfierred to DSC28335

memory, which is further processed by the relaying algorith

122



12v-12v 5v

[T

LPF
~
N Z BUSY
|
. GPIO34
(XINT3)
Analog ® ADS TRIP
inputs o 9556 DSC 28335 —»
GPIO35
° L
P S USB I/F
16-bitDigital o/
M e 0D B Power supply
i =

A\_Bx_cf GPIO33| |GPI032
COVNST

(SOC)

Figure 5.11: Functional block diagram of relay configumatio

The process of generation, timing of the S/H pulses, andisitigm of data samples
are managed by two interrupt routines. They are,

e Software timer interrupt service routine.

e ADC interrupt service routine.

Each of these above routines are explained in the subsesgErns.

5.2.5.1 Software timer interrupt service routine

This routine, times the sample and hold pulse making use@bbthe on-chip software
timer (Cputimer-0) of the DSC 28335 and a General PurposgifOGPIO32. The
Cputimer-0 has been configured to generate interrupt evEtybiseconds interval as
shown in the figure 5.12 (a). In the ISR, GPIO32 is toggled atdabcurrence of each
interrupt to generate the SOC signal as shown in the figui2z B)L It can be verified
from the figure that the period of signal is 6@&econds (1600 Hz). Also it can be seen
that the SOC is held high for 312|%econds, which is sufficient to complete signal

conversion and data transfer process. With this sampleguigncy 32 samples/cycle
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of a fundamental 50 Hz signal can be obtained.

Interrupt
generated by
CpuTimer-0

3125 us —> (a)

GPIO32 Pin
status
(SOC)

< 625pus ———>
(b)

Figure 5.12: Generation of SOC signal

The SOC signal is applied to CONVST_A, CONVST_B and CONVSTofGhe
ADC pairs A, B and C respectively as shown in the figure 5.11.aByglying a LOW
to HIGH pulse for all these pins, all the analog input sigraaks simultaneously sam-
pled and converted simultaneously. During the conversenod, BUSY signal will
remain high and it becomes low, after conversion is finisAdgk data transfer process
is accomplished by ADC interrupt service routine (ADC ISRhe configuration and

functions of this ISR is described in the following section.

5.2.5.2 ADC interrupt service routine

The ADS8556 require toggling signal oRID) pin to facilitate data reading. This signal
has to toggle high to low for reading data from each channw. flinction of this ISR is
to generat&RD signal, such that all six analog channels are read and ssecpeentially
in the DSC memory. This ISR is awakened by the falling edga@BUSY signal. The
external interrupt, XINT3 resource available in the DSCZBBas been utilized for this
purpose. Itis configured to detect the falling edge of theaidpy setting 'falling edge
active’ option available in the external interrupt configtimn register (XIntruptRegs).

The GPIO34 pin has been assigned as external interrupt XAg¢Thown in the figure

124



5.11. The sequential steps involvedRD signal generation and data transfer process is

explained with the help of flow chart shown in the figure 5.13.

Program GPIO33 as output pin
Set channel count=0, Al=0

v

Clear GPIO33

v

Delay

Read the channel data,
Transfer the data to temporary array at
location given by Al

Set GPIO33

v

Delay

v

Increment channel count and
Array index by one

Is channel count=67?

No

Yes

Set call_relay_proram_flag=1

v

Acknowledge interrupt

Figure 5.13: ADC ISR flow chart
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Step 1 : The multiplexed GPIO33 pin is programmed as outpuépd set to high.
The channel count is set to 0. Each channel has been allogedfis@ddress in data
array with 6 memory locations to store all the six channets darresponding to the

current sampling instant. The data array index (Al) is atized to zero.
Step 2 : Clear GPIO33.

Step 3: GPIO33 is held at low state fopdecond by calling delay subroutine. Thus

the RD signal for the first channel is generated.

Step 4 : Read the present channel data and store it into gheatase location given
by Al.

Step 5 : After reading a channel GPIO33 pin is set and it is feldpusecond by

calling delay subroutine, to facilitate generatiorRid for reading next channel.

Step 6 : Increment the channel count and Al by one to indidetea channel data

has been acquired.

Step 7 : Compare channel count value with number of analognefis, which is six
in this case. If present channel is not the last channel, stefo 2, to generateD for

reading next channel. If channel count is equal to six, then gtep 8.

Step 8: Setcall_relay proram_flag=1, which will be usedaagtt call the distance

relay program in the main program.
Step 9 : Acknowledge the interrupt and return to main.

The functioning of both software timer interrupt servicetine and ADC interrupt
service routine has been verified before implementing dcgtaelay software. A 50
Hz sinusoidal signal from a signal generator has been appdiell analog channels
of ADS8556. The control signals of ADC captured on mixed algwscilloscope is
as shown in figure 5.14. The first trace is SOC signal of frequé600 Hz (32 sam-

ples/cycle), which is used to initiate simultaneous sangpbf all six channels. The
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second trace is BUSY (EOC) signal issued by ADS8556 to irtditteat the conversion
over and data is ready for reading. The time taken by ADC toedrall six channels
was 1.17useconds can be seen from the figure. The read pulses, gehtraead all

six channels digitized data is shown by the third trace.

-5 Agilent Technologies

[ - = [

= - - - - — - — - — — = — — - = == = == = =

Width ;1170

Figure 5.14: Control signals of ADS8556 captured on ossdtpe

The figure 5.15 shows the control signals recorded on a mixgthlsoscilloscope
while sampling a 50Hz fundamental sine at a sampling frequeih 800Hz, for illus-
tration purpose. It can be seen that the SOC has been issaedraérval of 1.25 mil-
liseconds so as to obtain 16 samples/cycle. Also, the degltoutput of the ADS8556
over its entire operating range has been tested and tathuetiee table 5.1. Thus, the
choice of ADS8556 for distance relay application has beeiii®@ in respect of the

sampling frequency and the full analog input voltage range.
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Figure 5.15: Control signals to sample a 50Hz sine wave atgpkiag frequency of
800Hz

Table 5.1: Digitized output of the ADS8556

Input voltage output code

V) (Hex)
10 7FFF
5 3FFF
0+ 0

0- FFFF
-5 C000
-10 8000

The section that follow presents the development of digaelay program.
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5.3 Development of Distance Relay Program

This section describes the development of non switched rdsti@nce relay using the
sampled voltage and current signals. A non-switched modestdnce relaying scheme
contains independent ground fault relay for each phase hasepfault relay for each
phase pair. Such technique in sampled data distance rglagireme can be realized by
selecting each phase to ground fault relay logic prograreguence under ground fault
relay logic subprogram. Similarly, phase to phase fauldyrébgic program for each
phase pair will be in sequence in case of phase fault relag sadpprogram (K.P.Vittal,
1999). The relay program is called after execution of AD@iinipt service routine at
every sampling instant. The complete software sequendeeafeday for this mode of

operation is shown in figure 5.16 and the sequential proe¢dteps are given below :

Step 1: Once the relay software routine is called, latestpsasrof all relaying

signals are stored in a temporary array.

Step 2: Compute the real and imaginary component of all idesignals using re-
cursive FCWF. The FCWF window Fourier algorithm is used sursive mode(RFCWF)
for saving computation time. It reduces computation fromraiMtiply add operation
in normal discrete Fourier Transform (DFT) to 4 additionsl @xmultiplications per
update. The mechanism of RFCWF is explained in Appendixt@& RFCWF is im-
plemented by using stored samples in data table and tenypamay. The size of the
data table used is 32 X 6, in-order to store 32 samples ofatlle@nnels. The elements
of data tables are accessed by a Data Table Pointer(DTP)DTReis comprised of
two index variables 't and 'c’ corresponding to rows andwahs. In the beginning of
program all elements of data table and DTP are initialized.z&he structure of the

data table is shown below,
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| Reset ‘c' of DTP = 0 |

Read latest samples and store
in temporary array temp[6]

«
L

Compute Real and Imaginary component of

ch(c) _ ch+1 ©) XSW(C) _ XSW+1(C)

Is ‘c’ of DTP =67
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Figure 5.16: Flowchart of relay program
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Va(w) Vow) Vew) lagw) lo(w) le(w)

X[r.c = Vawsy)  Vowt1)  Vews) Ia(V\.H»l) |b(v\.,+1) IC(V\f +1)

Vawin-1) Vbwin-1) Vewsin-1) lawin-1) lowin-1) lewin-1)

In data table each of the phase voltages and phase curreigban assigned a
separate column. The data table elemenjg)\and V,,,n_1) denote oldest and latest
samples of phase-A voltage obtained df'Window respectively. Similarly, Ywt1)
forms oldest sample of phase-A voltage obtained at (W-&)ndow and so on. The
following equations are used to compute fundamental redliaginary components

of any given signal X at (W+1) window,

2T

XU X+ () cos( ) (5.3)
. 2TW

X X8 + ) sin( ) (5.4)

Where,
N=Number of samples per cycle.
W= WM window

X‘(’:V and )<‘§’ = fundamental cosine and sine components at the previouswirespec-
tively. Both Xc and Xs have been initialized to zero in main program before calling

relay subroutine for the first time.

Xwin and x, = sampled data obtained at (WiLand WP sampling instants respec-

tively.

It can be seen from the equations 5.3 and 5.4 that for computat chv+1 and

X‘é"“ oldest sample in data tablg,»>and most recent samplg,xy held in temporary
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array are required. The above equations can be generadizedipute )}@’*1 and )@*1
pertaining to & column of f" row in the data table X as shown in the equations 5.5 and

5.6.

XY (c) = x¥(c) + (tempc) — X(r, c)cos(zTﬂW) (5.5)

X (c) = X&' (c) + (tempc) — X(r, c)sin(ZTﬂW) (5.6)

Replace ¥/ (c) by X (c) and X¥(c) by X&(c)

Step 3: Compare value of 'c’ with 6; if the condition is faldken replace X(r,c)
with temp(c) and increment column index 'c’ to compute sind aosine components

of next signal i,e., goto step 2.

This condition returns true if cosine and sine componentdlahannels have been
completed, then increment 'r' of DTP in-order to move to ngxinpling instant, con-

tinue.

Step 4: Compare value of 'r’ with 32; if the condition is truben reset 'r'=0. In
this way data size of data table is always limited to 32 X 6dildth most recent data

samples. Goto step 5.
Else, continue.

Step 5 : Compute the zero sequence component of the three phaents Ip),
which is used to discriminate between ground faults and @feadts as explained in

the section 4.2.1 of chapter 4.
Step 6 : Compute 'K’ factor.
Step 7 : Compute ground and phase impedances.

Step 8 : Call the fault detector algorithm. The fault detati@lgorithms explained

in chapter 4 section 4.2.1.1 have been implemented on the DSC
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Step 9 : Return to main program.

This section presented the development of distance relayram on DSC28335.

The following section provides details of complete flow seage of relay software.

5.4 Complete Flow Sequence of Relay Software

The software for distance relay has been developed in ensldeddanguage targeted
for DSC TMS320F28335. The Code Composer Studio4 (CCS4eid as development
platform, provides easy debugging, and real time refresbptions (C2000, 2010). The
complete software flow chart of distance relay is shown inrégal7. The software

flow sequence is given below.

Step 1: The relay program starts with initialization preceBhe objective of initial-
ization process is to orient all variables and various resesiof DSC involved in relay
implementation to an initial state. The following tasks eagried out in initialization
phase,

e DSC has an on board 30 MHz crystal for clock input. The opegafiiequency
of DSC is by programming the PLL control register (PLLCR).€TPLLCR has
been loaded with OxA for a 150Mhz CPU clock.

¢ Initialize a data table of size 32 X 6 locations to store 32 @as of all six
channels. Initialize DTP to (0,0) so as to start storing thedrom first location
of the data table.

¢ Initialize arrays X and Xs and temp to zero.

e Initialize trip counter to zero

e Initialize relay settings item Initialize call_relay_peon_flag to zero.

e The DSC28335 has 96 multiplexed 1/0O pins(GPIO0 - GPIO95 ganized in
three 32 bit ports, namely, Port A (GPIO0-GPIO31), port B ([G¥2-GPI063),
and port C(GPIO64-95). This work is carried out using TMDSLK28335 -
TMS320F28335 Experimenter Kit which allows access to mldiied 88 1/0
pins(GPIO0 - GPIO87). Each pin can be assigned up-to 4 diftefunctions
depending upon the user requirements. The functionalitybeaselected by us-
ing GPIO multiplexing (MUX) registers . When selected fogitkl 1/0 mode,
GPxDIR registers registers provided option to configurepihadirection. In this
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work all multiplexed I/O pins are configured as GPIOs, whiah be set by writ-
ing 0 to all MUX registers. All 32 GPIO pins of port A are progmened as input
pins to read the data from ADS8556. At present only lower 18 pre used. The
GPI1032, GPIO33 and GPIO35 are programmed as output to gere@C,RD
and trip signals respectively. GPIO34 is assigned to eatenterrupt(XINT3).

Initialize PLLCR register to set CPU clock at 150 MHz, Initialize 32 X 6 data
table, Initialize DTP to (0,0). Initialize Xc and Xs to zero, Initialize trip counter to
zero, Initialize call_relay_proram_flag to zero

L]

| Configure GPIO pins

v

Configure CpuTimer-0 to generate
interrupt at every 312.5 psec.

v

Configure external interrupt XINT3

v

| Enable interrupts |

v

|  StartCpuTimer-0 |

Check
call_relay_proram_flag?

Clear call_relay_proram_flag

Call distance relay
program

Figure 5.17: Complete Flow Sequence of Relay Software
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The following sequence is used to achieve this functiopalit

© 0Nk wDdPR

(S S S T
W N PO

GpioCtrIRegs.GPAMUX1.all = 0x0000; GPIO functionali®P100-GPIO15

GpioCtrIRegs.GPAMUX2.all = 0x0000; GPIO functional®P1016-GP1031
GpioCtrIRegs.GPBMUX1.all = 0x0000; GPIO functional@P1032-GP1047
GpioCtrIRegs.GPBMUX2.all = 0x0000; GPIO functionalP1048-GP1063
GpioCtrIRegs.GPCMUX1.all = 0x0000; GPIO functional@P1064-GPI1079

GpioCtrIRegs.GPADIR.all = 0x0000; GPIO0-GPIO31 as ispu
GpioCtrIRegs.GPAPUD.all = 0x00000000; Pullups enal@&iO00-31
GpioCtrIRegs.GPBDIR.bit.GPIO32 = 1; GPIO32 as outp@Cy
GpioCtrIRegs.GPBDIR.bit. GPIO33 = 1; GPIO33 as outiRidy
GpioCtrIRegs.GPBDIR.bit.GPIO35 = 1; GPIO35 as outpup(signal)

. GpioCtrIRegs.GPBPUD.bit. GPI0O32 = 1;//disable pulfoaipGPIO32
. GpioCtrIRegs.GPBPUD.bit.GPIO33 = 1;//disable pulfopGP1033
. GpioCtrIRegs.GPBPUD.bit.GPIO35 = 1;//disable pulfopGP1035

e CpuTimer-0 is configured to generate interrupt signal atye8&2.5us. The in-
terrupts are handled by Peripheral Interrupt Expansida)(Block in DSC28335.
This block can support up to 96 peripheral interrupts. Thear@érrupts are
grouped into blocks of 8 (INTx1-INTx8) and each group is fetbil of 12 CPU
interrupt lines (INT1 to INT12). Each interrupt is suppattey its own vector
stored in a dedicated RAM block. The CPU, upon servicing theriupt, au-
tomatically fetches the appropriate interrupt vectof@aTable). This vector
can be overwritten by the user. Also, PIE block facilitate®hable or disable
individual interrupt (SPRUFBOD, 2010; SPRS439M, 2012).

The configuration sequence of CpuTimer-0 is briefed asvia|o

P w N PR

o

DINT; All CPU interrupts are disabled.

IER = 0x0000; Disable CPU Interrupt Enable Registers JIER

IFR = 0x0000; Clear all CPU Interrupt Flag Registers (IFR)
PieVectTable.TINTO = &cpu_timer0 _isr; TINTO re-mapp@dSR func-
tion declared in this program.

PieCtrIRegs.PIECTRL.bit. ENPIE = 1; Enable the PIE block
InitCpuTimers(); This in-built function will set the c®iCpuTimer-0 to a
known state and it will stop this timer.

Texas Instruments (TI) has provided a function “ConfigGmer()”. It re-
quires 3 arguments namely, address of the core timer stejc¢he internal
speed of the DSP in MHz, and the period time for the timer owerih ps.
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9.

Hence to generate interrupt signal at every 338.5ising this function is
written as, ConfigCpuTimer(&CpuTimerO0, 150, 312.5).
PieCtrIRegs.PIEIER1.bit.INTx7 = 1; The CpuTimerO imtgat, TINTO is
assigned INTx7 slot corresponding to INT1 CPU interrupglifihis com-
mand Enables TINTO.

IER |= M_INTL1; Enable CPU INT1 which is connected to CPWh&r 0.

e Configure external interrupt XINT3. The ADS8556 BUSY pinrtsés high to
low level, which indicate completion of analog to digitalns@rsion. This in-
cidence is monitored through GPIO34 which is assigned asrmdt interrupt
(XINT3). The configuration sequence is given below.

1.

Step 2.

Step 3:

PieVectTable. XINT3 = &xint3_isr; XINT3 re-mapped to IS&nction de-
clared in this program.

PieCtrIRegs.PIEIER12.bit.INTx1 = 1; The XINT3 intertujs assigned
INTx1 slot corresponding to INT12 CPU interrupt line. Thignemand
Enables XINT3.

GpiolntRegs.GPIOXINT3SEL.bit. GPIOSEL = 2; In this DS@te are no
dedicated pins for the external interrupts. XINT1 XINT2daXNMI in-
terrupts can accept inputs from GPIO0-GPIO31 pins. XINTBFK? in-
terrupts can accept inputs from GPI032-GPIO63 pins. Hed TR is as-
signed to GPIO34. GPIOSEL is assigned a value 2, which dgtoedans
GPIO34 in case of XINT3.

XIntruptRegs.XINT3CR.bit. POLARITY = 0; To configure XTRB as Falling
edge interrupt.

XintruptRegs.XINT3CR.ENABLE=1; Enable XINT3.

IER |= M_INT12; Enable CPU int12.

All the interrupts are enabled by writing the commBEhdIT.

Start CpuTimer-0 by writing CpuTimerORegs. TCRTES = 0. This will

start the process of SOC generation.

Step 4 :

Monitor call_relay proram_flag status. This flag bé set in the ADC

ISR after all channels are read stored in the data array. &epo5 once it is set.

Step 5:

Clear call_relay_proram_flag and Call distanceyreld program, which
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computes fundamental components of all relaying signatsirgd and phase impedances,

detects faults and issue trip signal. If no fault is detegietess is repeats from step 4.

Above steps describe complete flow sequence of relay proges@loped in this
work. One more key aspect in implementation of distance/isdétware is the ability to
perform in real time. This imposes restriction on DSC to exeevhole program within
inter-sample interval of 62faiseconds. The execution time of distance relay algorithm is
found to be around 8fiseconds. Itis just 14% of inter sampling interval. This cades,
that few more features can be integrated to relay softwaitbput compromising on

sampling frequency.

The section that follow, explains the HIL technique, HILttest-up and also presents
results of evaluation tests conducted to assess numeistaihde relay real time perfor-

mance.

5.5 HIL Testing

Traditional software simulation has the disadvantage afganable to exactly repli-
cate real operational conditions. On the other hand, a latehad power system is not
capable of fully capturing events of large-scale powereystlynamics. One way to
bridge the gap between simulation and real conditions i®toline real-time simula-
tion and HIL (Vamsidhar and Fernandes, 2004; Wanal., 2007, 2009). The HIL sim-
ulation is a hybrid simulation technique, where a part ofdy&em is constructed with
real hardware, and the remainder is simulated on a realdimalator (Fathyet al,

2006). The two environments are interfaced to each othegumn analog-to-digital
converter (ADC) and a digital-to-analog converter (DA@gether with suitable signal
amplifiers. This type of simulation is used to test low-powentrol system equipment
or protection relays. This technique allows newly desigaedce to be tested in con-
trolled safety of a simulated environment rather than irdfidbifferent operating and
faulted scenarios can be simulated, without causing hampoweer system. This sec-

tion explains HIL technique used to test newly developethdise relay hardware and
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results are presented.

5.5.1 Hardware In the Loop Test Set-up Description

The figure 5.18 shows block schematic of HIL set-up develapeevaluate perfor-

mance of the relay in real time.

DSP 150MHZ, { Simultaneous Sampling, 16-
32bit FPU Bit, Bipolar ADC

r—— - — — — —

|

| |

| [

V &I 1 I

%());ng;t};r Doble F6150 samples [ Analog Low Pass [
Comtrad —»|  Power System p—:> Filter :
omtrade Simulator | Fc=400Hz I
files) : :
[ |

Trip signal : :
_________________________ _| |
' |
[

[

TMS320F28335 ADS 8556, 6 Channel, :

[

|

|

[

[

[

|

[

[

Distance Relay

Figure 5.18: Block Diagram of HIL Setup for Real Time TestinigDigital Distance
Relay

It consists of a PC supporting EMTDC/ PSCAD software, a paystem simulator
(Doble make, Model F6150, 150VA, three phase voltage angkotsignal generator)
and a distance relay unit under test, forming a completdaligglay test bench. The
model power system has been simulated in PSCAD/EMTDC emviemt for various
fault transient conditions. The results of these casestaredsin respective COM-
TRADEDO9L1 files (Phadket al,, 1992; Kezunovic, 2002; Ryan, 1997), which are useful
as relaying signals. All relaying signals are suitably @red and scaled down, to
match+ 12 \olts input range of ADC (ADS8556), before loading on taveo system
simulator. Also, phase currents have been stored as scaledjes in COMTRADE
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Figure 5.19: Photograph of the HIL test set-up

files, therefore current sources can be replaced by volagess in the Doble F6150
power system simulator. This eliminates need for exteranaknt to voltage converter
circuitin relay test set-up. These conditioned relayiggals are loaded to Doble power
system simulator using Transwin®3oftware(TransWin, 2011). Doble power system
simulator generates relaying signals in real time, whigimfequivalent to secondary
injection signals to the distance relay unit under test. ffipesignal issued by distance
relay is used as an input to the digital input port of Doble powystem simulator.
Simulator stops playing the waveforms immediately afteenang the trip signal. The
photograph of complete HIL set-up is shown in 5.19. The figu® shows enlarged
view of ADS8556 interfaced with DSC28335. The following agraph presents HIL

test results.
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DsC2 833-5_1_

Figure 5.20: Photograph of ADS8556 interfaced with DSCZ833

5.5.2 HIL Test Results

About 100 test cases have been considered to verify therpaafce of DSC based
distance relay. The performance of the distance relay has batisfactory for all the
test cases. As a sample, two cases are presented here wikhsospe screen shots.
The relay response for AB fault at 100 kilometers from thaydbcation is shown in
the figure 5.21. The first waveform shows the scaled real tank €urrent of phase-A
produced by the DOBLE power system simulator. The seconefwaw of the same
figure is the trip signal issued by the distance relay. It casden that the relay issued
trip signal in about 11.2 milliseconds. Similarly relaypesse for a phase-A to ground
(AG) fault at 150 kilometers from the relay location is shoimrthe figure 5.22. For

this zone end fault relay took 19.60 milliseconds to isseettip signal.
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-5 Agilent Technologies

Figure 5.21: Fault current waveform and the trip signalesshy the distance relay for
AB fault at 100KM.

Figure 5.22: Fault current waveform and the trip signalesshy the distance relay for
AG fault at 150KM.
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The above results proved the functionality of the newly ttgyed conventional dis-
tance relay. The distance relay algorithm is executed iruabmhty sixpseconds.
In the second phase, proposed adaptive distance relay Bagibeeloped with minor

modifications in hardware and software modules of the cainweal distance relay.

5.6 Development of Adaptive Distance Relay

The block diagram of the relay hardware designed and comfiyfor implementing
proposed adaptive distance relay is as shown in the figu® 5TRe adaptive relay
hardware scheme consists of nine analog input channelslyiaimee phase voltages,
three phase currents at the relay location and three phaSeC®M currents. A phase
lag compensator is required in practical relaying schemesmpensate channel com-
munication delay. Two numbers of ADS8556 are required ferghesent application
in order to digitize nine channels simultaneously. The S@@a is applied simultane-
ously to both ADS8556 modules, with equal trace lengths tammize skewing in signal
events. The 16-bit output of the ADS8556-1 (measuring $&joaal to relay location)
connected to higher 16-bits and output of the second ADS@5&6mote STATCOM
phase currents) is connected to lower 16-bits of port A asveha the figure. The
SOC and read signals are generated through output port &fSkzand properly coor-
dinated to read all nine analog channels. Samples recefeei@ed in their respective
data table. This data is processed by the adaptive relaya@ft The adaptive relay
software has been already discussed and its performantebagvaluated in the sim-
ulation mode in section 4.2 of chapter 4. Both mho and quatéril relay logic has

been implemented here on the DSC, serves as the adaptiyesoftaare.

5.6.1 Performance Evaluation of Adaptive Distance Relay

The HIL procedure described in the section 5.5.1 has belwiet! for the performance

evaluation of adaptive distance relay. The performanceoti lmho and quadrilateral
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Figure 5.23: Block Diagram of adaptive distance relay hamw

relays have been evaluated in detail. The required COMTRADE data files obtained
from EMTDC/PSCAD simulations are loaded to Doble power eyssimulator. The
steady state impedance measured by the adaptive relay drartias been noted for all
the cases. Tables 5.2 shows the impedances measured bydaptive relay model
and adaptive relay hardware for solid single line to grousdt§, double line faults,
double line to ground faults and three phase faults at 60 KidKin and 160 Km of the

transmission line respectively. The mho relay logic hasihesed as a fault detector.
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Table 5.2: Impedance measured by adaptive relay for AGdault

Fault Actual Impedance measured by adaptive relay
distance fault impedance Model Hardware
from relay(KM) R+ X (Q) R+ X (Q) R +X (Q)
AG Faults
60.00 2.08 +j25.40 2.15+j25.39 2.05 +j26.20
100.00 3.47 +j42.34  3.61 +j42.38 3.30 +j42.51
160.00 5.55+j67.74 5.80+)68.32 5.75 +j68.04
BC Faults
60.00 2.08 +j25.40 2.10+j25.43 2.22+j25.12
100.00 3.47 +j42.34  3.53+j42.48 3.42+j42.11
160.00 5.55+j67.74 5.71+)68.41 5.78 +j68.45
AB-G Faults
60.00 2.08 +j25.40 2.09+j25.35 2.01 +j25.40
100.00 3.47 +j42.34  3.51+j42.39 3.45+j42.41
160.00 5.55+j67.74 5.62 +)68.16 5.72 +j68.25
ABC Faults
60.00 2.08 +j25.40 2.10+j25.43 2.21+j25.48
100.00 3.47 +j42.34 3.53+j42.48 3.48 +j42.40
160.00 5.55+)67.74 5.72 +)68.58 5.67 +j68.48

It can be seen from these table that the steady state impedaeasured by soft-
ware model implemented in EMTDC / PSCAD and DSC based hardveday closely
match with each other. The adaptive relay program took ab@@iseconds for ex-
ecution of one complete sequence. This increase in reldg tiyee is mainly due to
the incorporation of three additional analog channels amdputation of fundamental

components of these signals using RFCWF algorithm. Alsactimputation of adap-
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tive relay equations, which are complex in nature have dmrted to the increase in the
execution time. Total execution time of 1pSeconds is about 17% of the inter sample
interval, which is 62%seconds. Table 5.3 shows status of trip signal of DSC based co
ventional and adaptive relays for the zone end fault cades.rdlay reach is set at 160
Km of the line for all casesy” and X symbols denotes 'Operation’ and 'No operation’
of the relay respectively in this table. It can be seen thdiifst case, both conventional
and adaptive relays have operated for an AG fault at 50 KM ftenrelay location.
Case numbers 2-5 show the responses of both relays for @& tgpfaults close to
reach setting, i.e,. at 150 KM from the relay location. It tenseen that, conventional
relay under-reached its zone setting, causing No opetatibareas adaptive relay op-
erated successfully for all the cases. Both relays have slsawilar responses for the
zone end faults (@160 KM) as indicated by the case numbersiaile 5.4 gives the
values of actual fault impedance and the steady state agpamngedance measured by
both relays for the respective fault cases mentioned iretat8. It can be seen that
the adaptive relay measures the correct fault impedanc|ftypes of faults, hence it

successfully mitigates STATCOM's influence on the distamtay performance.

Table 5.3: Operation of the conventional and adaptive sal@th STATCOM

Case Fault Fault Conventional Adaptive relay

number type distance (KM) relay with STATCOM with STATCOM

1 AG 50 v v
2 AG 150 X v
3 AB 150 X v
4 BC-G 150 X v
5 ABC 150 X v
6 AG 160 X v
7 AB 160 X v
8 BC-G 160 X v
9 ABC 160 X v
10 ABC 170 v X

145



Table 5.4: Apparent impedance seen by the conventional dagtige relays with

STATCOM
Fault Fault Actual Conventional relay Adaptive relay
type distance (KM) impedanc€®] Measuredimpedanc®] Measuredimpedanc®]
AG 50 1.73+j21.16 1.72+j21.71 1.72 +j21.71
AG 150 5.20 +63.50 5.73 +j71.22 5.56 + j64.12
AB 150 -do- 8.07 +j69.17 5.37 +64.12
BC-G 150 -do- 8.18 +j70.04 5.17+j63.78
ABC 150 -do- 7.14 +j70.51 5.21 +j64.00
AG 160 5.54+67.73 6.17 +j77.57 5.75 +j68.04
AB 160 -do- 8.38 +j77.87 5.78 +j68.45
BC-G 160 -do- 7.89 +j76.57 5.72 + j68.25
ABC 160 -do- 7.89 +(76.56 5.67 +j68.48
ABC 170 5.89 +j71.97 5.69 +j68.53 5.92 +j72.02

The HIL tests have also been conducted to assess the penfoenod specifically
shaped quadrilateral relay characteristics develope@dtian 4.2 of chapter 4. The
COMTRADE files for various types of faults involvingsRat various levels of reactive
component of STATCOM current{) have been generated through simulations. These
COMTRADE files are loaded to Doble power system simulatoictvin-turn presents
real time signals to the relay. The prime objectives of tiséisto determine whether the
relay automatically attunes to the prevailing valuedd to verify the operating time
of the relay. The test results have been tabulated in the &bl It can be seen that the
relay has operated properly for all values gffdr various faults with different values
of Rf. The maximum operating time of the relay is approximatelg &umdamental
cycle time for zone end faults. The operating time slightlgrenthan 20 ms for high
resistance zone end faults in few cases. The minimum opgratne of 11.00 ms has

been observed for the close end faults without fault reststa
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Table 5.5: Performance of quadrilateral relay

lg(p.u) R (Q) Faulttype Fault location operating time(ms)
(in % of relay setting)

1.00 50 AG 100 21.00
1.00 25 BC 100 20.62
1.00 0 AG 100 16.15
1.00 50 AG 75 20.00
1.00 25 AB 75 18.75
1.00 0 AG 75 16.50
1.00 50 BCG 50 19.8

1.00 25 ABC 50 13.75
1.00 0 AG 50 12.75
0.50 50 AG 100 20.00
0.50 25 BC 100 20.15
0.50 0 AG 100 18.75
0.50 50 AG 75 19.00
0.50 25 CA 75 18.75
0.50 0 AG 75 17.00
0.50 50 AG 50 13.75
0.50 25 BC 50 13.00
0.50 0 AG 50 12.75
0.50 50 BG 100 20.00
0.50 25 BC 100 19.85
0.50 0 AG 100 18.00
0.50 50 AG 75 20.00
0.50 25 BC 75 20.00
0.50 0 AG 75 18.00
0.50 50 AG 50 19.95
0.50 25 CA 50 20.00
0.50 0 AG 50 13.00
0.00 50 AG 100 20.02
0.00 25 BC 100 20.10
0.00 0 AG 100 19.98
0.00 50 AG 75 18.12
0.00 25 BC 75 17.75
0.00 0 AG 75 17.25
0.00 50 AG 50 13.25
0.00 25 ABG 50 12.25
0.00 0 ABC 50 11.00
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Table 5.6 gives the performance of both mho and quadrillatelays for various
fault scenarios. It can be seen by the table that both typeslays have operated
properly for solid faults irrespective of thg.l But the mho relay under-reached first
zone setting in the case of faults involving,Rvhereas quadrilateral relay gives accurate

trip decision.

Table 5.6: Performance of mho and quadrilateral charatierelays

SLNO |Igsetting (p.u.) Fault Type R(Q) Mhorelay Shaped Quadrilateral relay

1 1.00 AG 0 v v
2 1.00 AG 30 X v
3 1.00 BC 50 X v
4 0.50 AG 0 v v
5 0.50 BC 30 X v
6 0.50 AG 50 X v
7 0.25 AG 0 v v
8 0.25 BC 30 X v
9 0.25 AG 50 X v
10 0.00 AG 0 v v
11 0.00 BC 30 X v
12 0.00 AG 50 X v

This Chapter presented the development and real time gestiadaptive distance
relay. The chapter begun with development of distance itedaglware, and discussed
several important issues such as selection of appropeateas for the relay implemen-
tation and HIL relay test bench. The distance relay implaettosing new devices like
DSC TMS320F28335 and simultaneous conversion type ADC @938), eliminates
the need of external hardware components such as samplekhdifcuits, reference
signal generators etc. This provides a convenient platforrdeveloping a high speed
and modular numerical protection relays, which are moialtd due to reduced hard-
ware components. Further, the basic conventional relaywse has been enhanced,
to realize the proposed adaptive distance relay. The matidits made in the relay

hardware and software modules have been presented.
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The adaptive relaying schemes with mho and quadrilatetayseas fault detec-
tors have been developed. Both schemes have been deployied DSC based relay
hardware. The performance of adaptive relays have beeunatedl using HIL test pro-
cedure. The HIL results matched closely with the simulatesults. The adaptive
mho relay operates accurately for all types of solid fauttsadcSTATCOM connected
transmission line. But its accuracy is greatly affectedduyltfresistance. The adaptive
relaying scheme, which evokes the appropriate quadratetay characteristics de-
pending upon the prevailing reactive power compensatioarately detects both solid
faults and faults wittR;. The time taken for issuing the trip signal is about 20 ms for
zone end faults. This shows that the adaptive relaying seheith shaped relay char-
acteristics successfully abates reach problems of the irethe STATCOM connected
transmission lines. In the next chapter the broad conahssiibawn from the results of

analysis carried out in the research work are presented.
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CHAPTER 6

Conclusion and Future Scope

The main objective of this research was to study the influeicridpoint connected
STATCOM on the distance rely performance and to develop aptac relaying scheme
to mitigate its adverse impact. The conclusion drawn, magotributions and the scope

for further investigations is presented in this chapter.

6.1 Conclusions

The following conclusions are drawn from the research wodsented in this thesis,

Transient behavioral model of a 48 pulse, three level ievdoased STATCOM
model has been built in EMTDC/PSCAD software package. Tmeptete mathemat-
ical analysis of multipulse multilevel inverter has beerrieal out, equations describ-
ing the output voltage of the individual stages has beerepted with their respective
waveforms. This type of inverter produces a premium qualitiput voltage waveform
with 3.81 % harmonic content, which can be directly connéttehigh voltage appli-
cations without filtering. The-100MVAand+200MV A STATCOM models have been
developed to cope up with the different levels of power tnaission needs and to facil-
itate the study account for influence of STATCOM rating onrdlay performance. A
decoupled current controller has been implemented to tgéra STATCOM in both
voltage control mode and reactive power control mode stk for a wide range of
varying system conditions by considering a realistic stsigistem. The study indicated
that installation of STATCOM benefits the power system. Ipee¢o maintain the volt-
age profile along the transmission line, thereby enhaneepdtver transfer capability

of the existing power system.



The influence of STATCOM on distance relay performance ffecgnt faults at
various locations under varying system conditions have lstedied. The mathemat-
ical equations pertaining to apparent impedance measuategn®r for different fault
conditions are derived. It is observed that the amount ofedapce error varies de-
pending on factors such as,fault type, fault location, tieaccurrent injected by the
STATCOM and its operating mode before fault. It has been dahat the relay suffers
from under-reaching effect during voltage control mode,duer-reaches its first zone
setting for certain faults while operating in inductive neadiuring lightly loaded con-
ditions. It has also noted that the level of reach problemasenpronounced in higher
rating STATCOM. The simulation results indicated that dtalone distance relay can-

not provide adequate protection to the STATCOM connectatstnission lines.

An adaptive distance relaying scheme has been developedtigata the reach
problems. The adaptive distance relaying scheme develapgki$ work, requires time
stamped three phase STATCOM currents for the calculatidgheoéxact impedance to
the fault. Adaptive equations are derived by modeling th&T&€IOM as in-feed, to
correct the measured apparent impedance error. A curremfaator (Gatio) has been
derived for phase to phase and phase to ground relay unasagely which have to be
substituted in the adaptive equations to combat the erfoe.€fficacy of the scheme is
tested in the simulation environment with mho type fauleg&tr. This scheme success-
fully mitigates the first zone reach problems in the case vd $aults. However it fails
to provide protection in the case of resistive faults. Tfaee option of specifically
shaped relay characteristics has been explored, whichsssilge due to distinct fea-
ture offered by numerical relays. The relay characterlsti€ been shaped with various
types of faults with R at different levels of compensation provided by the STATCOM
The model system exhibited specific characteristics ineetspf ground and phase re-
lays. But in both cases the shaped characteristic has bakreceusing quadrilateral
characteristics without the loss of accuracy. The simoitstiencompassing all types of
faults at various levels of reactive power compensatiorelmen carried out to evalu-
ate the performance of shaped relay characteristic. Thétseshow that quadrilateral

relay adapts characteristics according to prevailing camation level. Hence provides
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reliable protection for the STATCOM connected transmisdiioes.

The adaptive distance relay has been implemented, using20=28335 DSC and
a six channel high speed simultaneous sampling analog t@aldignverter ADS8556.
The relay software has been developed in embedded C langsaggecode composer
studio (CCS IV) platform targeted for TMS320F28335 DSC. adeantage of such a
relay is that it is highly compact, modular and reliable hessaof fewer components.
The fundamental component of the relaying quantities weteeted by , RFCWF
algorithm to save the computation time. Both mho relay aratiglateral relay charac-

teristics have been implemented on the relay.

The new adaptive distance relaying schemes have been testegthe hardware
in the loop test procedure to ascertain the real time pedoo®. The HIL test set up
consists of a computer loaded with EMTDC/PSACD software,chlB F6150 power
system simulator and adaptive distance relay hardware. rd@detime tests encom-
passing all power system conditions are conducted, thdtsesare verified with the
simulation results and found close to 100 percent matchdestthem. The adaptive re-
lay algorithm executed in about 1@8econds at CPU clock of 150 MHz. This is about
17% of the inter sample interval, which is 6@&econds shows that relay hardware used

in this work is a feasible option.

6.2 The major contributions of this research work

The major contributions of this research work are listedwel

e Complete mathematical equations describing the operati@48 pulse three
level inverter has been derived.

e Transient behavioural models &f 100 MVA and+ 200 MVA STATCOM have
been built using 48 pulse inverter in EMTDC/PSCAD. The infice of STAT-
COM on the performance of the distance relay was studiedyacelly and
through simulations.

e Adaptive distance relaying schemes have been developetiit@ata the adverse
impact of STATCOM on the distance relay performance.
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6.3

Distance relay hardware capable of handling the adaptieging schemes has
been developed using recently released 32 bit floating p&@ (TMS320F28335)
and a 6 channel simultaneous sampling ADC (ADS8556).

HIL test set up has been configured using the Doble F6150 psystem simu-
lator. The performance of the adaptive schemes developidsinesearch work
have been successfully evaluated using HIL procedure.

Future Scope

The STATCOM controller developed in this work is based on satrical firing
pulse generation scheme. The effect of individual phastaker scheme on the
distance relay performance can be studied.

The communication channel has not been modelled in this widtk modelling
of communication channel and channel delay effects on tlag erformance
can be explored.

The effect of other types of FACTS devices on the performaridbe distance
relay can be studied and the adaptive schemes can be dedelope

The Wavelet transform based feature extraction techniqaeshe evaluated to
avoid reach problem in STATCOM connected transmissiorslir&so, the ap-
plication of Artificial Neural Network (ANN) based relaysrthe explored. Such
relays, when imparted proper training can accurately détedts under various
operating conditions of the power system.
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APPENDIX A

PSCAD/EMTDC Model of the Model Power System and

its Parameters
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Figure A.1: Study power system model

Table A.1: Equivalent source data

Parameter Rating

Base \oltage 230 KV

short circuit level 10000 MVA
X/R ratio 8

Frequency 50 Hz
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Table A.2: Coupling transformer data
Parameter Rating
Nominal power 100 MVA
Primary voltage 138 KV

Secondary voltage 230 KV
leakage reactance 0.1 pu

Table A.3: STATCOM data

Parameter Rating

Rated Power 100 MVA
Rated \Voltage 138 KV
Number of Pulses 48

Capacitance  300QF each
Capacitor Voltage 9.650 KV each

Table A.4: Transmission line data

Parameter Rating/Type
Line length 200 km
Line-line voltage 230 KV
Model Frequency dependent
Transpose of conductors Ideally transposed
Number of phase conductors 3
Number of ground wires 2
Shunt conductance 1.00E-10 G/m

Positive sequence resistance 0.03467 Ohms/KM
Positive seugence reactance 0.42336 Ohms/KM
Zero sequence resistance 0.10401 Ohms/KM
Zero seugence reactance 1.142641 Ohms/KM
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Table A.5: PI controller parameters

\oltage controller

Kp
Ki

12
0.001

Reactive current controller

Kp
Ki

30
0.005
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Figure A.2: Three phase three level inverter
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Figure A.4: abc to dg0 transformation implementation

157



Al

B

C1

Reactive current
controller

CIN

Phase shifting

transformer

A

B2

JA2P
7

B2P'3P?

[C2P

A2N

B2N

C2N

3p vﬁb3

3P

3N

3N

3N

Ad

B4

vref
Figure A.5: STATCOM controller
icp
Ret = dRrea | g
= w
8 C1DCP cA1
oT V_ dc
3 Eqt icm cioemf 4 fest
=1
- gl C1DCN cc1
T  S=
© =
) Eqc2
ICn converter
BRK2 BRK4 ! —
C2DCP) caz
cameM 9 fem2
C2DCN cco
C3DCP) cas
caoeM 3 fcss
C3DCN ccs
C4DCP) cas
capeM| 4 fome
C4DCN cca

Cc4

4P
7

4p vﬁbA

4P

4N

4N

4N

Figure A.6: 48 Pulse STATCOM structure

158

EStA EstB EstC




AMa b o] I | [

Analog Inputs
v2.0 RTP Recorder No. 1

Sta File: abc 50 km
Qo5 D Format: RTP © O O

Comtrade 91°

mﬂ Comtrade 99®

Digital Inputs

Figure A.7: Real time playback block configured to create @O RADE files

159



APPENDIX B

ADS8556 Parallel Interface Specifications

Figure B.1 shows the timing diagram for parallel read acc@dse details of timing

instants/intervals marked on the diagram are mentiondueiable B.1.

Jj JALIVIREVARI WV A

tcony =

tarr
- 1o, Aco

—

BUSY
(G20 = C21 = 0)

= lps bis
oarse ——— o ) RO~ E )X ED<EXED)

Figure B.1: Timing diagram for parallel read access

Table B.1: Parallel Interface Timing Requirements

Notation Parameter Name Min  Max Units
tacq Acquisition time 280 ns
tconv Conversion time 1.26 ps

t1 CONVST _x low time 20 ns

to BUSY low to CSlow time 0 0 ns

t3 Bus access finished to next conversion start time 40 ns
ts CSlow to RD low time 0 ns

ts RD high toCShigh time 0 ns

te RD pulse width 30 ns

tp1 CONVST _x high to BUSY high delay 50 20 ns
tps RDfalling edge to output data valid delay 20 ns

tH3 Output data tdRD rising edge hold time 5 ns




APPENDIX C

Fourier Recursive Full Cycle Window Algorithm

In the Fourier algorithm, a desired harmonic frequency comept is extracted from the
relaying signal samples by correlating with the reference and cosine wave samples
of the desired frequency. This method processes data savimulew of one fundamen-
tal cycle width and popularly known as Full cycle window Feurlgorithm (FCWF).

The Discrete Fourier Transform ofi>¢ontains the fundamental frequency component

given by,
2 N1 21
Xc = N kZO xkcos<ﬁk) (C.2)
2 N-1 21
Xs=— xksin<—k) (C.2)
N k;) N
Where,

X = Real part of fundamental component
Xs = Imaginary part of fundamental component
N = Number of samples per cycle

= k" sampled signal data

The magnitude and the phase of the signal can be computeg eguations C.3

and C.4 given below,

Magnitude= |/ X2+ X2 (C.3)

1 [ Xs
Angle=tan?! (—) C.4
g e (C.4)

But in practical applications, full cycle window Fouriergakithm will be used in

recursive mode for saving computation time by using equati©.5 and C.6 this will



reduce computation from 2N multiply add operation in norR&IT to 4 additions and

2 multiplications per update.

X =X+ Ot =) 003 ) c5)
Xé"“ = X&'+ (Xw+N — Xw) Sin (2%’0 (C.6)

W = current window

The computation foX andX*+* can be visualized from the figure C.1. Similar

operation will be performed to compute th& andX¥*+1.

Xy + cos(2nwm/N)
A
X2 cos(2n(w+2)m/N)

X."(m)

Xl + cos(2n(w+1)m/N)
ch+1 ( m) % i

cos(2n(N+w-1)m/N)

X ]\X/‘ cos2n(N-+w)m/N)
/ —4

Figure C.1: Mechanism of recursive full cycle window alglonn (Soman, 2010)
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APPENDIX D

DOBLE Power System Simulator and its Configuration

Using TransWin Software

D.1 Dbole F6150 Power System Simulator

The F6150 is an instrument with the high power, flexibilitydasophisticated software
to run full simulation tests on relays and protection schenterovides everything re-
quired in a single, field-rugged, portable box. It can testgthing from a single, high-
burden electromechanical earth/ground fault relay to detapmodern, multi-function
numerical microprocessor protection schemes, withountex for additional instru-
ments. It can perform steady-state, dynamic-state, andignat simulation tests. The
F6150 can even be used for end-to-end protection schenseutgag Global Position-
ing System technology to synchronize remotely located B§1%\Iso the IEC61850
features in F6150 are KEMA TESTED. There are many softwarasadle to suit the
particular test requirements. In this work TranWin softevpackage is used to config-

ure the Doble instrument (PN500, 2007).

D.1.1 Configuration of Doble F6150 Using TransWin software pck-

age

A brief explanation of the procedure, followed to configune Doble instrument for
relay testing is presented in the following paragraphs,

1. Upon start up TransWin package prompts three options fh@menu as shown
in the figure. Transient Playback option must be selecteday the recorded
COMTRADE files.



Figure D.1: Main menu of the TransWin program

2. Open the proper *.cfg file which contains the required westeforms.

3. Establish connection between PC and the Doble F6150 gsitg) or Ethernet
conncetion (TransWin, 2011)

4. Choose the channels required to conduct the test by cietke enable play-
back box as shown in the figure D.2 . This software displaysrtimmum and
maximum values of the respective waveforms; this is an ingmbifeature en-
ables user to check whether the signal amplitude is witrenABS8556 input
range or not.
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Figure D.2: Output channels configuration menu

5. Configure the Doble F6150 sources as per the test requitsmging the menu
as shown in the figure D.3. It includes few standard configometet up avail-
able in the configuration menu. If any other configuratioreguired, then user
can choose custom configuration under the configuration raeduconfigure
according to the test requirements.

Figure D.3: Source configuration menu

6. Verify the test signal waveforms that will be played by siraulator, by clicking
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on theplot tab before playing the waveform. To play the waveforms i tiege
click the on the Run Test tab and choose the appropriateragptioder the menu
as shown in the figure D.4. The signal can be played once oincamisly as per
the test requirements. These signals will be available endbpective sources

for testing.

Figure D.4: Real time playback configuration menu

7. The real time signal playback can be suspended eitheidiyrg on the STOP
button or by sensing trip signal from the relay under testet.eethod is used
in this work.
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Work Experience

Post Affiliation Place Year
Electrical Engineer Sujaya Steel Shimoga, India 1996-1997
Industries
Junior Manager Jindal Vijayanagar Bellary, India 1999400
Steel Limited
Lecturer Government Bhadravathi, India  2000-2005
polytechnic college

Senior Grade Lecturer -do- -do- 2005-2010

Selection Grade Lecturer -do- -do- 2010-till date
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Responsibilities held

e Coordinator for MODROBS implementation under AICTE(Aldia Council for
Technical Education) scheme during 2003-2005.

e EDUSAT (satellite based distance learning) program coatdir during 2008-
2010.

Subjects Taught

e Generation, Protection and Switch Gear
e Embedded Systems

e Power Electronics

e C programming

Areas of Research Interest

e FACTS applications to power systems
e Power system protection

Society Memberships

e Member of ISTE (Indian Society For Technical Education)
e Student member of IEEE

Computer Proficiency

e Operating Systems: Windows of all flavors and Linux (Ubuntd &edora)

e Programming Languages: FORTRAN, C/C++ and JAVA

e Simulation packages and other tools: MATLAB/SIMULINK, ENDC/PSCAD,
PSIM, Code Composer Studio, Keil and LABVIEW.

Exposure to Microprocessors/Microcontrollers and DSP

e Microprocessors : Intel 8085, Intel 8086.
e Microcontrollers : Motorola M68HC11, Intel 8051.
e DSP : TMS320LF2407A and TMS320F28335.

Interest and Activities

e Reading
e Listening music
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