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Abstract

This thesis focuses on damping low-frequency power oscillations in renew-
able integrated uncertain power systems. The low-frequency power oscilla-
tions are associated with large interconnected power systems and can limit
the power transfer capacity in the tie-lines and can also lead to rotor-angle
instability. However, designing an inter-area oscillation damping controller
is a complicated problem as it involves challenges such as modeling of large
order renewable integrated power systems, variable operating conditions,
network latencies in remote feedback signals, and actuation of control sig-
nals. In this aspect, the research work is divided into subtopics, with each
focusing on these building blocks in a closed-loop control system.

The large order model of a renewable integrated power grid is addressed
by proposing a new model order reduction methodology. In addition, mea-
sures are provided for ascertaining the validity of the obtained reduced-
order model under uncertainties. These results are obtained using the sin-
gular perturbation theory.

The variable operating conditions and complicated modeling are addressed
by proposing adaptive damping controllers with input-output structure. Mul-
tiple adaptive controller designs are proposed, namely Model Reference Adap-
tive Control- Proportional Integral, Self-Tuning Control, Model-Free Adap-
tive Control, and Robust Model Reference Adaptive Controller.

The network latencies in the feedback signal are analyzed, and their impact
on the performance of the adaptive controller is discussed. A new delay
compensator is proposed, which has the advantage of compensating wide
ranges of random delays. In addition, a new package drop compensator is
proposed based on dynamic linearization.

The actuation of the damping control signals is analyzed by modulating the
powers from the PV based power plant and by excitation system in the syn-
chronous generator. It is observed that the PV based power plant can ef-
fectively produce damping control action, and a robust-adaptive control is
used for achieving bounded actuation effort.

Rigorous case studies were carried out with the proposed methodologies
and observed that significant advantages are achieved, especially under un-
certainties.



E2IRdEd

g i RgueeT TSt Uehldhd AfATHAATeT & Urar feed # oft thierd el urar sAifeheeieid
! AT FA W Hfgd 81wt it Ura sfEeheeeid TeR § et fastel! yonferdt # Hisia
Bt & 31X erd-atgHt H farTelt diaeoT e ot TN e Tehd & 311X Aex- Tt stferar ot dar
X Tehd ¢ gleilieh Ueh 3ici-at siifEreeneia i feises ot festiea e v Sifeet qoan
& Hifh 3T 93 A & RUae Tehigha fastelt JouTfer HiS[d &1d &1 3oh R HigfenT 3R
URadar gfeare fRfadt dar gid €1 a1 & greT $igdeh Hohdl | "cddh faaear iR fsor
Hahdl o fohaT=ag= St gHIfaaT Tl 81 29 Uge] H, ifa® orf il Iu-fawdi # fawnfera foma
T &, S s vonel & vdes fawal w eam Figa e w2l

Ut Tehigha UTer g o1 wgl Atee SiTet 81T 2| 9gl Afge JHTeT i BIel &id & foly Teh U
Tigd 31 Nea™ qareien ol UdTd Rl 1T &1 5Tk 37T, ATHTATarsti § Sier-sife s
& AT AT w6 g 3ura va foran 21 3 it fEer wqafast fgia &

JUANT ik UTed fomarm T 8

URad=ta uftarea ffaat o sifea wisfern & daifera e o folg 3Ye-33eye Sa-n o |ry
eifted fd=ent &l Uama foraT 7T ¢ | i & &g sreTied e fewime uwaiad &, oI &l
g g JTSTited I - MURL SR, WA alf-T [dsieh, Aigd- Wi sTeiiteed e,
3R e Hisd Hisd hd 3Telfted (Hdsieh |

hiedeh e O Aeadh [aaadl ol [JeuuT fohar 14T §, 3R 3Teiited fHEsieh o Ueefq W 396
THTd R =i ol STt & | Teh =41 faela arfaqfderat gearfad foran man 8, f9rad &g Uer & dcadh
factear <t erfargfc ot <RITaT T €1 39k T, ST I -aRgeRA & HATUR TR Teh 441
Gohat gfu erfagfderat uatfad foma war 21

Td=Tor Gehdl o TohaT=aae o folT Fierk UTer Wie 3R g STt & UadTaes e &l
JUANT foarm T 81 I <81 T & fob el UTal Wi & Iugerd ol Thierd &t Urar S Eheetieid
Sl GETT STT el | AT TlohaUT TATH &l YT il oh [oTU Teh G AIS HisH (hrd JTeTed
= o1 I foharT T & |

TEATAA UGl o TTe R ol Heaa fohQ 71T 3 @ 7T fob Hgeaqul AT UTed U &, e
TSadretl & dad|




Contents

Certificate

Acknowledgements

Abstract

QR

Contents

List of Figures

List of Tables

Abbreviations

Symbols

1 Introduction

1.1
1.2

1.3
1.4

Background and Motivation . . . . .. .. ... ...........
Low-Frequency Oscillations Problem . . ... ...........
1.2.1 Power System Stability . . . .. ... .............
1.2.2 Small Signal Stability . . . ... ... .............
1.2.2.1 Physics Perspective . ... ... .. .. ......
1.2.2.2 Mathematical Perspective . ............
Oscillation Damping Controller . . . . ... ... ... .......
Closed-Loop Blocksin WADC . . ...................
1.4.1 Modeling of Renewable Integrated Power Grid . . . . . .
1.4.1.1 Literature Review on Modeling Aspect . .. ..
Modeling of Power System: . . .. ..........

A%

ii

1ii

iv

xi
XV
xvii

xxi



Contents Vi

Model Order Reduction of IBR’s State-Space Model: 12

Model Free Approach for Power System:. . . . .. 13

1.4.1.2 Research Motivation. . ............... 14

Modeling of Inverter Dominated Grid: . . ... .. 14

Model Free Approach for Power System:. . . . .. 14

142 Controller. . ... ... ... .. . ... ... .. 15

1.4.2.1 Literaturereview. ... .. ... .. ... ..... 17

1.4.2.2 Research Motivation. . .. ............. 18

14.3 Feedback ........ ... .. . ... . . .. 19

1.4.3.1 Literaturereview. ... .. ... .. ... ..... 20

Time Delay Compensation: . ............. 20

Package-Drop Compensation: . . . . ... ... ... 21

1.4.3.2 Research Motivation. . . .............. 21

Time Delay Compensation: . ............. 21

Package-Drop Compensation: . . . . ... ... ... 22

144 Actuator . . ... ... .. it 22

1.4.4.1 Literaturereview. . . ... ... . ... ... ... 23

1.4.4.2 Research Motivation. . ............... 24

1.5 Research Objectives . . . . ... ... ... . . . ... 24

1.6 Summary of ResearchWork . . . ... ................ 25

1.6.1 Robust Model Order Reduction. . . ... .......... 25

1.6.2 Adaptive Wide Area Damping Controller . ... ... .. 26

1.6.3 Variable Delay and Package Drop Compensation . . . . . 27

1.6.4 PV based Power Oscillation Damping . . . ... ...... 28

1.7 OutcomeoftheResearch........................ 28

1.8 OutlineoftheThesis . ............... ... ....... 29

1.8.1 Chapter 1: Introduction . ................... 29

1.8.2 Chapter 2: Robust Model Order Reduction. . . . ... .. 29

1.8.3 Chapter 3: Adaptive Wide Area Damping Controller .. 30
1.8.4 Chapter 4: Variable Delay and Package Drop Compen-

sation . . .. ... 30

1.8.5 Chapter 5: PV based Power Oscillation Damping . . . . . 30

1.8.6 Chapter 6: Conclusion and Future Scope . . ... ... .. 30

2 Robust Model Order Reduction 31

2.1 Introduction . ......... ... ... 31

2.2 Model Order Reduction of an Interconnected IBMG System .. 33

2.2.1 System Description of an IBMG. . ... ........... 34

2.2.2 Timescale Separations and SPS Form of IBMG . .. ... 36

2.2.3 IBMG Model Order Reduction . ............... 40

2.2.4 Mapping Between Reduced-Order Models of IBMGs . . . 41



Contents vii

2.2.5 Discrepancy between Reduced-Order and Full-Order IBMG

Models under Uncertainties. . . . .. ... ......... 44

2.3 SPS and its Quantitative Analysis. . . . ... .. .. ... ..... 46

2.3.1 Descriptionof SPS. . . ... .. ... ... . o L. 46

2.3.2 Contraction and Partial Contraction. . . . ......... 48

2.3.3 Convergence Analysisof SPS . . ... ............ 49
2.3.4 Convergence Analysis of SPS Under Modeling Uncertain-

tes . . . e 53

2.34.1 Uncertainties in z— subsystem . ......... 53

2.3.4.2 Uncertainties in the z—subsystem ... ... .. 56

2.3.5 AlLinearSystemCase. .. ... ... ..., 59

2.4 Convergence Analysis in the IBMG System . . . .. ... ... .. 60

2.4.1 Uncertain CasesinIBMG ................... 60

2.4.1.1 Case 1: Uncertainty in SPP Parameters . . . .. 60

2.4.1.2 Case 2: Robustness to Modeling Uncertainty . . 63

Modeling Uncertainties in z—dynamics. . . . . . . 63

Modeling Uncertainty in x—dynamics . .. .. .. 64

2.4.2 Different Perturbation Conditions . . . .. ......... 64

2.4.3 Different Loading Conditions . . . ... ........... 66

244 Reduced Order IBMG Model in Interconnected Scenario 67

2.5 SUMMATY . . v v v vt et e e e e e e e e e e e e e e e e e e e 70

3 Adaptive Wide Area Damping Controller 73

3.1 Introduction . ......... ... ... 73

3.2 Inter-area Oscillation . . . ... . ... .. ... .. ........ 75

3.3 WADC Input and Output Signal Selection . . . .. ... ...... 76

3.4 Adaptive Wide Area Damping Control ............... 77

341 STCTheory . ...... ... ..., 77

3.4.2 STC Applicationas WADC . ... ............... 79

3.4.3 Synthesisof MRAC-PI...................... 82

344 Adaptive-PID . .. ... ... .. ... e 88

3.5 Resultsanddiscussion . ........................ 89

3.5.1 Case: Comparison of Adaptive Control Techniques ... 89

3.5.2 Case: Verification of Controller Adaptive Property . ... 93

3.5.2.1 a) Variable operating conditions/points . . . .. 93

3.5.2.2 Db) Variable network topology . .......... 95

Scenario I: Testing under network change in the
renewable integrated IEEE 11 bus, 4 ma-

chine testsystem. . ............ 96
Scenario II: Testing under network change to IEEE
39 bus, 10 machine test system. . . . . . 96

3.5.3 Case: Effect of delay in feedback . . . ... ......... 99



Contents viii

3.6 SUMMATY . . . . . o ittt e e e e e e e e e e e e e e e e e e 100
4 Variable Delay and Package Drop Compensation 103
4.1 Introduction . . ... .... ... ... 103
4.2 MFA-WADC for RES integrated Power System . . ......... 105
4.2.1 Dynamic Linearization. . ... ... ... ... ....... 106
4.2.2 PPDEstimation ................ ... . ..... 107
423 MFA-WADC . . . . . e e e e e 108
4.2.4 Effect of Delay and Package Drop on MFA-WADC. . . .. 109
4241 EffectofDelay..................... 110

4.24.2 Effectof PackageDrop ............... 110

4.3 Compensations of the Wide Area Signal .. ............ 111
4.3.1 NetworkLatency ........................ 111
4.3.2 Proposed A-PoDC . ........... .. ... .. ..... 112
4.3.2.1 Compensation: Variation Around the Mean .. 112

4.3.2.2 Compensation: Large deviation of Mean . ... 114

4.3.3 ProposedDL-PPD ............ .. ... .. ..... 116

44 Resultsand Discussion . .. ...................... 119
4.4.1 Case 1: Variable operating conditions. . . . .. ... ... 119
4.4.2 Case 2: Variable Time-delay in Communication Channel 124
Scenariol: .. ... ... .. ... o 124

Scenario 2: . . ... ... L e 125

Scenario3: ... ... ... ... . . 126

44.3 Case3:PackageDrop............. ... ...... 128
DDCasel:.......... ... .. ... ..., 131

DDCase2:. ... ... i 132

4.5 SuMmMary . . . . .o v it e e e e e e e 134
5 PV based Power Oscillation Damping 137
5.1 Introduction ... ...... ... ... ... 137
5.2 Analysis on PV plant displacing synchronous generator . ... 139
521 POD . ... e 140

5.3 Robust-MRACforPOD . ........................ 141
5.3.1 Generalized Power System Model for WADC . ... ... 142
5.3.2 Design Framework for R-MRAC . .............. 144
5.3.2.1 Defining Controller Structure . .......... 144

5.3.2.2 AdaptationLaws . .................. 146

5.3.2.3 Modification of AdaptationLaws . ... ... .. 148
Robustness against Uncertainties . ... ... ... 148

Robustness against Disturbance . .......... 149

5.3.3 Design of Reference Model . ................. 150

5.4 SimulationandResults . . ... ... ... .. ... ... .. .... 151



Contents ix

5.4.1 Power modulation and excitation control comparison . 152

5.4.2 R-MRAC Comparison with MRAC-PT . . .. ......... 154

5.4.3 Effectiveness of R-MRAC in variable operating conditions156

5.5 SUMMATY . . . o o it e e e e e e e e e e e e e e e e e e 158

6 Conclusions and Future Work 161
6.1 SummaryoftheWork ......................... 161
6.2 Scope of FutureResearch ....................... 166

A Robust Model Order Reduction 167
A.1 Elements of the IBMG State Matrix . ................ 167
A.2 Elements of MMGs Dynamics (2.8) .. ............... 169
A.3 Nominal Values of IBMG Parameters . .. .. ........... 170
A4 Proofof Lemma 2.3: . . . . . o i i e e e 171

B Variable Delay and Package Drop Compensation 173
B.1 ProofofLemma4.2 .. .. .. .. .. .. 173
B.2 Proof of Theorem 4.3 . ... .. ... . . . . ... ue.i... 175

C PV based Power Oscillation Damping 177
C.1 Proof of Bounded Input Bounded Output Stability ... ... .. 177
Bibliography 179
List of Publications 213

Bio-Data 215






List of Figures

1.1

1.2
1.3
14
1.5
1.6
1.7
1.8

2.1
2.2

2.3

2.4

2.5

The Western Inter-connection power system event of 10th Au-
gust 1996 a) Original system oscillation in COI, b) Simulated re-
sponse of the event, ¢c) Damping of oscillation by PSS, d) West-
ern Interconnection system’s eigenvalues under undamped and
damped conditions. . ... ... ... . Lo oo

IEEE Classification of power system stability. . ..........
closed-loop of a controlled system . . ................
closed-loop of a controlled system . . ... .............
Modeling classifications. . . . . ... ... ... ... ........
Controller classifications. . .. ....................
Issues in the feedback signals and their compensations.
Different types of WADC actuators. . ................
Schematic diagram of an interconnected IBMG system.
Eigenvalue plot for the IBMG#1 a) Eigenvalue of IBMG#1 show-
ing multiple time scales b) Eigenvalue in the range of —10° to

—20 ¢) Eigenvalue in the range of —3000 to —1000 and d) Eigen-
value in therange of —120t00. . . .. ... ... ... ... ....

Algorithm for model order reduction in multi-time scale sys-
TEIML. . . e e e e e e
Reduced order and corresponding full order system state tra-
jectories for a) AP b) AQ ¢) A¢ and d) A¢ for all inverters.

a) States trajectories error between full-order and reduced-
order models b) percentage relative error between the states
after+ > 3msec. . . . e e e e e e e

Xi

10
16
19
23

35

37

39

41



List of Figures xii
2.6 Effect of uncertainty in the L, parameter of IBMG on the dis-
crepancy between the reduced-order model obtained using SP

based reduction and the full-order system. . ........... 45

2.7 Effect of uncertainty in L, parameter of IBMG on the discrep-
ancy between the reduced-order model and the full-order sys-
tem a) Reduced-order model obtained using Hankel model re-

duction b) Reduced-order model obtained using Balanced stochas-

ticmodel truncation. . . ... ... .. ... . o oL
2.8 The plot of discrepancy showing that when the given condi-
tion (2.20) is satisfied, then convergence occurs a) for ¢ with
uncertainty in L. b) for ¢; with uncertainty in L;,.; c) for e
with uncertainty in L; and K,. d) for ¢, with uncertainty in C;
ANA Ky v o v e e e e e e e e e e e e e e

2.9 Discrepancy behavior for modeling uncertainty in z-dynamics
(A2) @) The bounds on the parameter C; decrease with uncer-
tainty A, = 10 X [¢21, ¢22] b) The new bound on parameter Cy
1IS0.0076F. . . . . o e

2.10 Discrepancy behavior for modeling uncertainty in x-dynamics
(A1)

2.11 Plot of the relative discrepancy between the reduced-order model

and nonlinear full-order IBMG system for different perturba-
tions from its initial condition. . . ... ... ... ... ......

2.12 Plot of the discrepancy between the reduced-order model and
full-order IBMG system for different operating conditions. . . .

2.13 Schematic diagram of the test interconnected system. ... ..

2.14 Real and reactive power states trajectories for the full-order
and the corresponding reduced-order model in the intercon-
nected system a) AP, for IBMG1 b) AP, for IBMG1 c) AP; for
IBMG1 d) AQ, for IBMG1 e) AQ, for IBMG1 f) AQ; for IBMG1
g) AP, for IBMG2 h) AP, for IBMG2 i) AQ, for IBMG2 j) AQ- for
IBMG2. . . e e e

3.1 Schematic diagram of STC. . . . . ... ... ... ..........
3.2 Schematic diagram of MRAC-PL. . .. ................
3.3 Renewable integrated IEEE 2-area test power system. . . . . . .
3.4 Speed deviation response with Adaptive WADCs. . . . . ... ..
3.5 Real-time tuning of System parameter estimation. . ... ...

3.6 Real-time tuning of STC gains tuning. . . ..............

46

65

91



List of Figures Xiil

3.7 Real-time tuning of MRAC-PI gains tuning. .. .......... 92
3.8 Real-time tuning of A-PID gains tuning. . ............. 92
3.9 Control effortsin MRAC-PIand STC. . . ... ............ 92
3.10 Spread of eigenvalues for different operating conditions.. . . . 94
3.11 MRAC-PI WADC in variable operating condition. . ... ... .. 95
3.12 STC WADC in variable operating condition. .. .......... 95
3.13 Adaptive control in a change of network topology due to line
OULAZE. . o v o ot et e e e e e e e e e 96
3.14 IEEE New England Testsystem . . .. ................ 97

3.15 Speed deviation response with adaptive WADC in New Eng-
land testsystem. . . .. ... .. ... ... e 98

3.16 Impact of delay in Adaptive WADC of a) 50 milliseconds, b) 100
milliseconds, ¢) 200 milliseconds. . .. ... ... ......... 99

4.1 Schematicdiagram of the proposed WADC scheme for renewable-
POWEr SYSTEeIM. . . . . . . o i i i it e e e e e e e e e e e e e e e 106

4.2 Schematic diagram of network latency. . . . . ... ... ..... 112

4.3 (a) PDF distribution with zero mean (b) Schematic representa-
tion of delay and Po-VCs in terms of vector diagram and their

weighted additions. . . . ... ... ... .. ... .. .. .. .. .. 114
4.4 PVintegrated New England Test system. . ... .......... 119
4.5 Speed deviation responsesforOP 1. ................. 120
4.6 Speed deviationresponsesforOP2. ... .............. 121
4.7 The PPD parameters online tuning for (a) WADC 1, (b) WADC

2,(00WADC 3. . . . . e 122
4.8 (a) Delay profile (b) Online beta tuning. . . . ... ......... 123

4.9 Speed deviation response under large deviations in time delay,
with and without delay compensators. . ... ........... 125



List of Figures Xiv

4.11 The non-delayed, delayed, ADC compensated, and A-PoDC com-

pensated signals (62 =0.01). . . . . . . i i . 127
4.12 Non-normal PDF and the corresponding area coverage . . . . . 128
4.13 The non-delayed, delayed, and ADC compensated signals for

non-normal delay variation.. . . . . ... .............. 129
4.14 The non-delayed, delayed, A-PoDC compensated signals for non-

normal delay variation. . ............... .. .. .. .. 130
4.15 Considered package drop patterns. . . . ... ........... 131
4.16 The package drop and compensated signals for DD Case 1. . . . 132
4.17 The speed deviation responses under DD Case 1. . . ... .. .. 133
4.18 The package drop and compensated signals for DD Case 2. . . . 134
4.19 The speed deviation responses under DD Case 2. ... ... .. 135
5.3 POD scheme in renewable integrated power system. ... ... 139

5.1 PV plant displacing synchronous generator a) Area 1 b) Area 2. 140

5.2 Speed deviation response for PV displacing SG. . . ... ... .. 140
5.4 Speed deviation with power modulation control and excita-
tioncontrol. . . . . ... .. 141
5.5 Renewable integrated IEEE 39 bus power system. ... ... .. 152
5.6 Power modulation signal from PVplants. ............. 152
5.7 Comparative response with excitation control and power mod-
ulation control. . ... .... . ... . o o 153
5.8 Comparative response with MRAC-PI and R-MRAC as POD. .. 154
5.9 Comparison of actuation signals between MRAC-PI and R-MRAC.
....................................... 155
5.10 Eigen value variation for different operating conditions. . . . . 157
5.11 Response in all OPs and power modulation control. . . ... .. 157
5.12 Adaptive gain tuningof pfor OP5. . . ... .. ... ... ..... 158

5.13 Adaptive gain tuning of 6 for OP5. . . . ... ... ... ...... 158



List of Tables

2.1
2.2

2.3

3.1
3.2
3.3

5.1

Al
A2
A3

PARAMETERS THAT DEFINESPP . . . . . . ... ... ... .... 38
UPPER BOUNDS OF PARAMETER UNCERTAINTY BEYOND WHICH
(2200 FAILSTOHOLD . . . . . . . e e e e e e e e e 61
UPPER BOUND OF PARAMETER UNCERTAINTY SUCH THAT THE
DISCREPANCY ISLESSTHAN 10% . . . ... .. o .. 63
DIFFERENT OPERATING POINT(OP). . . . . .. .. ... ... .. 94
MODE 1 FREQ. AND DAMPINGRATIO . . ... ........... 95
LEAST DAMPED ELECTROMECHANICAL MODES IN NEW ENG-
LAND SYSTEM . . .. .. ... . . 97
OPERATING CONDITIONS (OP) . ... ... ... ... ....... 156
Inverter Parameters Nominal value (7)) ... ... ... ..... 170
Network Parameters . ... . ... ... ... 170
Load Parameters .. . . . . . . o v v i i it e e e e e e 170

XV






Abbreviations

ADC Adaptive Delay Compensator

A-PID Adaptive Proportional Integral Derivative

A-PoDC Adaptive-Probabilistic Delay Compensator

ARMAX Auto Regressive Moving Average with exogenous inputs
ATDC Adaptive Time Delay Compensator

AVR Automatic Voltage Regulation

CoIl California Oregon Intertie

C-WADC Conventional-Wide Area Damping Control

CAISO California Independent System Operator

CARMA Continuous Time Auto-Regressive Moving Average

CDC Constant Delay Compensator
CIG Converter Interfaced Generator
DL Dynamic Linearization

DL-PPD Dynamic Linearization Pseudo Partial Derivative
EM ElectroMechanical

EPRI Electric Power Research Institute

ETMSP  Extended Transient Midterm Stability Program
FACTS Flexible Alternating Current Transmission System

GPS Global Positioning System
GPC Generalized Predictive Controller
Gs Gnerators

GZPG Guizhou Power Grid
HVDC High Voltage Direct Current

Hz Hertz
IEEE Institute of Electrical and Electronics Engineers
IBR Inverter-Based Resource

Xvii



Abbreviations

xXviii

IBMG
IBDG
LTI
LMI
LQG
LQG
MOR
MRAC
MFA
MMG
MMG
MW
NARX
NAR
ocC
orP
PDC
PSS
PPD
PMU
POD
PV

PI
Po-C
Po-VC
PPC
RES
RLS
R-MRAC
Ro-COF
SP
SPP
SPS
STC
SCADA

Inverter-Based MicroGrid
Inverter-Based Distributed Generator
Linear Time Invariant

Linear Matrix Inequality

Linear Quadratic Gaussian

Linear Quadratic Regulator

Model Order Reduction

Model Reference Adaptive Control
Model Free Adaptive
Multi-MicroGrid

Multi-MicroGrid

Mega-Watt

Nonlinear Auto-Regressive with exogenous inputs
Nonlinear Autoregressive
Operating Case

Operating Point

Phasor Data Concentrator

Power System Stabilizer

Pseudo Partial Derivative

Phasor Measurement Units

Power Oscillation Damping

Photo Voltaic

Proportional Integral
Probabilistic-Compensator

Vertex Probabilistic-Compensator
Power Plant Controller
Renewable Energy Sources
Recursive Least Square

Robust MRAC

Rate of Change of Frequency
Singular Perturbation

Singular Perturbation Parameter
Singularly Perturbed System

Self Tuning Control

Supervisory Control and Data Acquisition



Abbreviations
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SG
TCSC
USP
UKF
UTC
VDC
WAMS
WADC
WECC

Synchronous Generators
Thyristor-Controlled Series Compensation
Unified Smith Predictor

Unscented Kalman Filter

Coordinated Universal Time

Vertex Delay Compensator

Wide Area Measurement System
Wide-Area Damping Control

Western Electricity Coordinating Council






Symbols

@)

Singular Perturbation Parameter
p-WADC  Mu Synthesis WADC

# number

A perturbed term (Can represent perturbed linear system or uncertainty)
— moving towards

= implies that

w angular frequency

N for all

3 there exists at least one
|()] first norm

()] second norm

R* Positive real number
R™™ Matrix of size n x m

€ belongs to

~ is similar to

~ is approximately

sgn is sign of

xXXi





