DISTRIBUTED AGENT-BASED
ARCHITECTURE FOR SMART GRID

ANALYSIS AND OPERATION

KRITIKA SAXENA

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2018



© Indian Institute of Technology Delhi (1ITD), New Delhi, 2018



DISTRIBUTED AGENT-BASED
ARCHITECTURE FOR SMART GRID

ANALYSIS AND OPERATION

by
KRITIKA SAXENA

Department of Electrical Engineering

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2018



To my parents and husband for their unconditional love and support.



Certificate

This is to certify that the dissertation entitled ‘Distributed Agent-Based Architec-
ture for Smart Grid Analysis and Operation’, being submitted by Mrs. Kritika
Saxena for the award of the degree of Doctor of Philosophy is a record of bonafide
research work carried out by her in the Department of Electrical Engineering at Indian

Institute of Technology Delhi, New Delhi.

Mrs. Kritika Saxena has worked under my supervision and has fulfilled the require-
ments for the submission of this dissertation, which to our knowledge has reached the
requisite standard. The results obtained here have not been submitted to any other

University or Institute for the award of any degree.

Dr. A. R. Abhyankar

Associate Professor

Department of Electrical Engineering
Indian Institute of Technology Delhi

Hauz Khas, New Delhi 110016, India

Date: October 15, 2018



Acknowledgements

First and foremost, I would like to express my sincere gratitude to my supervisor, Dr.
A. R. Abhyankar for being a constant source of positive inspiration and motivation
throughout my Ph.D. I am thankful to him for imparting his knowledge in power
system as well as life-lessons during our discussions. I truly admire his positivity and
jolly nature in the professional environment which I always wish to learn. I am highly
indebted and grateful to him for being cooperative in my difficult times, without which
I could not have managed my professional and personal life. I consider it as a privilege
to be associated with him and hope that I have lived up to the expectations of his
begin student. I could not have imagined a better supervisor and mentor than him for
my Ph.D.

I am grateful to the members of my dissertation committee, Prof. B. K. Panigrahi,
Dr. N. Senroy and Dr. Ashu Verma for their detailed reviews and suggestions during
the progress of my research work. Their comments have been helpful in making this
research worthwhile.

I am also thankful to my supervisor for giving me an exciting opportunity to work
on an INDO-DUTCH collaborative project: ADREM (Adaptive clustering for Decen-
tralized Resilient Energy and Management). This has been a great experience for me
regarding learning, collaborating and travelling. I would like to thank all the project
partners: Prof. S. N. Singh (IIT Kanpur), Prof. F. M. Brazier (TU Delft), Prof. Han
La Potre (CWI Amsterdam), Dr. Martijn Warnier (TU Delft), Michael Kaisers (CWI
Amsterdam), Selma Causevic (TU Delft) and Satish Sharma (CWI Amsterdam) for

their inputs and thorough discussions which have definitely improved my knowledge



viii

and understanding of the subject. I am grateful to DST and IRD (IIT Delhi) for
providing the financial support towards the project activities and my Ph.D.

I would like to thank all my colleagues in power system simulation lab- Snigdha
Behera, Deep Kiran, Deepak Reddy, Kush Khanna, Sirin Dutta Chaudhary, Mudassir
Maniar, Saleem Mir, Sayari Das, Ayesha Firdaus, Rajiv Jha, Shivraman, Shruti Ranjan,
Megha Gupta, Shaziya Rasheed and Tabia Ahmed for a healthy work environment. I
am also grateful to my friends from other departments, Khyati Chopra, Sayani Das
and Anu Kadyan for making my stay at IIT Delhi wonderful and memorable.

I am grateful to my parents Mrs. Beena Saxena and Mr. Sanjeev Saxena, for
believing and supporting me in every phase of my life. Had it not been for their
innumerable sacrifices in life, I wouldn’t have reached this stage. I owe this Ph.D. to
them as it is the outcome of their patience and love towards me.

I would like to thank the love of my life, Ankit Rai who has constantly motivated,
supported and inspired me to achieve my dreams. Without him and his cooperation,
this Ph.D. would not have been possible.

[ am thankful to my siblings Kanika and Dipanshu for their affection and motivation.
I am also indebted to my mother in law, Mrs. Reeta Rai and father in law, Mr. D. K.

S. Rai who have always supported and loved me.

October 15, 2018

Place: New Delhi Kritika Saxena



Abstract

The thesis proposes to introduce a paradigm shift from centralized to distributed op-
eration and control of a smart grid. This shift is apparent due to computational
complexities, communication saturation and fault-tolerant architecture. The concept
of a smart grid has already gained much attention in past decade for designing a new
age robust, self-sufficient, self-organized and resilient grid. It integrates Cyber-Physical
System (CPS) and communication models to design and facilitate various grid opera-
tion and control. Traditional centralized approaches prove insufficient to operate the
grid which is highly dynamic as evident from the literature survey. This has instigated
research on developing decentralized /distributed models using CPSs. Multi-Agent Sys-
tem (MAS) is a category of CPS which is highly efficient in designing and implementing
distributed systems. Thus, the thesis will discuss about the agent technology and its
associated features. And finally the designing of MAS based architectures for smart
grid operation and control have been dealt with.

A wide range of articles have suggested different methodologies and architectures
for implementing MAS technologies in power system. However, the lack of common
architecture for similar grid objective will make its implementation challenging on
account of gird sustainability and future upgrade. The thesis will introduce two MAS
based architectures on account of their uniformity all grid applications and advantages
to validate their practical implementation.

Post-adoption of the distributed architectures, simulation and analysis tools for
power system operation needs to be redesigned for distributed computations. The

foremost fundamental tool to analyze a power system is the power flow method. The



thesis proposes three different frameworks concerning: (1) Single-phase power flow
solution of distribution system; (2) Three-phase power flow solution distribution system;
and (3) Single-phase power flow solution of the transmission system. These frameworks
are developed to handle truly distributed computations. BA (Bus Agent) is designed
to implement distributed power flow computations. They utilize local information and
coordination with neighboring BAs to get local or partial power flow solution of their
representative bus.

The designed distributed power flow tool is further utilized to develop a method-
ology for self-organizing distribution grid. Self-organizing here refers to the grid’s
capability to detect events and configure/organize the grid on its own to reduce sys-
tem losses and restore load under emergency. This framework is easily extended with
the above power flow framework by addition of new behaviors in BAs because of its
extensible nature.

Another important analysis tool is state estimation for wide area monitoring sys-
tems which provides a snapshot of the system. Most of the distributed state estimation
scheme partition a big system into smaller operating areas which further have a central
operator. The thesis proposes state of the art distributed state estimation architec-
ture which disregards any type of centrality in the system and assist node-to-node
computations. The state estimation problem is formulated as distributed constraint
satisfaction problem. BAs communicate asynchronously to minimize measurement er-
ror of local constraints to estimate the state of their representative bus. The proposed
architecture is compared with the centralized methodology to establish its accuracy,
time performance and fault-tolerance.

The thesis also introduces distributed market architecture to facilitate bilateral trad-
ing among small prosumer and consumer entities. The architecture provides a platform
for DER (Distributed Energy Resources) based entities to sell energy to the local con-
sumers and empower them. The agent-based market frameworks in reported articles

use simple negotiation model which does not address the uncertainty of generation and



xi

consumption profiles of entities and regulatory settlement aspects of markets. In the
proposed distributed market architecture, a novel negotiation strategy is designed for
the seller-buyer bilateral transaction to include energy imbalance aspect. The strategy
also aims for the seller to maximize its profit and buyer to minimize its payment under
energy imbalance constraints. The case studies will showcase the benefits of the pro-
posed negotiation strategy where the buyer and seller report increase in their economic

benefits.



RNTAH Hahd A TR Fellelel 3R Teh TATE TS o AT & Ueh TiciATT fore der
A T GEATT AT §| TG TGoATd HFCGLRAeTol ST, HAN e HR arerelr
e ATEehell o HROUTEASE | Teh TATE T3S T HTELROT T [Tl Teh &2rh H Tg el
U & T 78 37 A, HcHAINR, HTcH-HTS 3R ool T8 f3arse s & fov
ShIT TeT feam 1T 8| g faffieet a1 Tareret 3R =T 1 f3eme=t 3 giaen & faw
arsa-#ifae gomel (ddew) R FaR Alser # THihd FdT &1 IARE Farghd
zSeanior 31 it Tanferd st o forv 3rqaica arfad g1 § it ATfecd Jd&ToT & TISC §9
O 3rcafere fcelier &1 e AT 1 35T e [Fheaiehd / fFaaRd Alser fdwfaa
T TR QAT FT Ferar AT §1 Fedl-Uole faTed (vavey) @iy T v Jofy § S
fadRe faeeat =1 3errse 3R Friifrad e & 3cafte Heue & | 58 TR, N veie
SleANTaThT 3R SEehT Ha eI Graem3it & S 7 T Har| AR 37 H T s 3ToRere
3R 0T % fore vavey 3manRa 3nfeear Bersa sarm AT gl

Gl T Ueh TaEel 4Tl o fsTell egaedr # vAvTy Wit i o] et & fow
faffie=t ge@rfaa 3R areqehar w1 gsira feam g | gTelifsh, TaTT [ 3ecea & fov arae
ARETeholl hl el H TS TERAT 3R IS oh 313l oh HRUT SHHT i leadel Yl lciqoT
g1 SITeeTT | A & FATAAT F YR W & TATTH MR 3nfdhearax uer Hm, aaft
f31s 3T AR 3e7eh SATARTR Sl det i AT it o BRI |

fadRa anfehed=, fEaeie 3R Jray fAwed 3ot #I fagewor fav fadRkd
YA & O A TS Tehar STTeiT 3Taedeh & | ToTell sae T T faRelyur adet o fol T
HEH AgcaquT Alfeleh 3uehioT fasTell yarg fafer & | Miaw deferd oot 3rerar-37e7er a7 &1
GEATT g (1) Taa0T GUTTel! & Tehel TROT fasTell UdTg FATETE; (2) cied TROT forsTell Jarg
AT TIAROT JOTTelT; 31X (3) SRR [BEcH & Udhel IXUT TSotell TdTg AT
arEad # [FaRd & i e & AT 3 o fJsfad fev av §) fiv (59 veie)
TR Torstell 9aTg FUTAI3M ol oI1e] ¥t o felv fSatrseT foharm 9ram 81 9 3ret wfafafer
IH & TATAT IT H1TAF TISTT UaTg FATET YT et o ol ISIaY ST o AT T AT
AT 3N HHTT T 3T A B |




f3eteet fohu a1t faaRd faegd Jarg 3TOT 1 31T 3TcH-3RsTe faavor fis & faw
Teh geufa fasfid ekt o forw 39ieT foham SITdT &1 €9-31M3STeT T gcsAT31t l Il
e 3R FAECH TR AT T A oA 3N IMATARIS & gl oIS TgTel el o v fIs
I HITeWHIR / STATEL e hT STHAT T HE T3l AT & | $H ST I STTH H 391 SIgR
7Y Yl & HRUT AT STGER & HTARFd IRIFT [degd Jarg e & a1y 3mami 4
T AT R |

Teh 31T HecdqUT faLeINOT SYSIOT sA19eh &1 TAIRTEAT JUTTeral & Tl T 317AT &
S OFeH &I Uk TAURIE el T &1 AfUHRr AaRd T At Dt B
JTIRFET &Y3T 3 Ueh ST YTl T AT Il & T 36T Ueh FgI T AR g g |
R el TAAR T 7T AT ATETholl i AT T TecTa il & it [aees & fanelt
T eI ST HEIAT I ASRITETS Xl & N AlS-T-HAIS HTYEAH T HETIAT Fcll & |
T AT TAEAT fAAR ST T THEAT & T H IR A ST & | hweg 37961
T Ter S ohr FEUTC T 3TATE ofaTTel o ToTT TUTHT STEM3it &Y #7197 Y e el oh
fore 3 AT $9 9 Hare i § | TEd1iad 3nfeeaar I sGH Géerdr, 8T 9= 3
Tl FEAMNeTdT TATTAT et & fIT el Teual & T Jefedl HI AT & |

NfEE BIe 39sFar 3R 3qeFar Gt & i gfavalr saar 6 gier & fov
TR SToTR arecenelr i1 92T Td § | 3fdhearey TATHT STINTFATHT I Foll St HR
3¢ TAFd §o11e1 & ToIT I83R (AT Far Fary=) 3menRd sosar & fow ve 7
geTeT LT ¢ | RUTe fohw 310 ol & vole 3manRd STeR o 3 8l aTdT Hise T 39ATaT
gYar & o foF dNifeat 3R 3usner Mrwrser 1 AT 3R S9RT F s [uea
TG I3 hT AT T HEIRI TET Ll & | FEATAT TR SR Aeehell #, Sl
3Tl Tge] T ATTHST Fel o ToIT TAshell- TR Sfaueh deiesT & [T teh 3u=arg
ATl QT IR 1 978 B | TOTeN T T o1y sl bt Sraft 3rcelet STeT3il o gl 3rde
ST T A el & TAT T 18T 3R TR I HARAH FeA & AT o g1
TCETST TEATTA ATl I0THIT o olTH TG TR dl S1gT WIER 3R Ashdr T RAIE 3ot
3TTeeh ofTey # g e giaf|




Contents

Certificate

Acknowledgement

Abstract

List of Figures

List of Tables

1 Introduction

1.1 Literature Survey . . . . . . . . ...

1.2

1.1.1
1.1.2
1.1.3
1.14
1.1.5

Condition Monitoring . . . . . . . . ... .. ... ...
Diagnosis . . . . . . ..o
Distributed Control . . . . . . .. ... .. ...
Modelling and Simulation . . . . . .. .. ... ... ... ...

Protection . . . . . . ..

Motivation for present work . . . . . . .. .. ... ... ..

1.2.1
1.2.2
1.2.3
1.24

Architecture . . . . . . ..o
Distribution System Analysis and Control . . . . . ... .. ..
Wide Area Monitoring System . . . . . . . . ... ... ... ..

Distribution System Markets . . . . . . . . .. ... ... ...

1.3 Research Objectives . . . . . . . . .. .. ... ..

vii

ix

xix

xxiii

el =)



xiv Contents
1.4 Thesis Outline . . . . . . . . . .. .. 14

2 Agent-Based Distributed Architectures for Smart Grid 17
2.1 Multi Agents System . . . . . ... 17
2.1.1 Definition . . . . .. ..o 17

2.1.2 Benefits . . . ..o 19

2.1.3 Tools . . . . . . 19

2.1.4 Architecture . . . . ... 23

2.1.5 Agent Internal Architecture . . . . .. ... .. ... ... ... 24

2.2 Proposed Agent-based Distributed Architectures . . . . . . . . ... .. 26
2.2.1 Architecture 1. . . . . . . .. 26

2.2.2 Architecture 2 . . . . ... 29

2.3 Performance Evaluation . . . . .. .. ... ... .. ... ... 31

3 Distributed Power Flow Frameworks 33
3.1 Framework 1 . . . . . .. . 34
3.1.1 Bus Agent Characteristics . . . . . . ... .. ... ... .... 35

3.1.2 Bus Agent Behavior . . . ... ... 0000 37

3.1.3 Design Concept . . . . . . . . .. .. 43

3.1.4 Simulation . . . . .. ..o 44

3.2 Framework 2 . . . ... 55
3.2.1 Bus Agent Characteristics . . . . . . . .. .. ... ... .... 56

3.2.2 Bus Agent Behavior . . . ... ... o000 57

3.2.3 Simulation . . . . ... Lo 61

3.3 Framework 3 . . . .. .. 66
3.3.1 DC Power Flow Model . . . . . . ... ... ... .. ...... 66

3.3.2 Bus Agent Characteristics . . . . . . ... .. ... ... .... 68

3.3.3 Bus Agent Behavior . . . ... ... 00000 69

3.3.4 Simulation . . . . .. .. 72



Contents XV

3.4

SUMMATY . . . o o o ot e e e 75

4 Distributed Architecture for Self-Organizing Emerging Distribution

Systems 77
4.1 Concept Framework . . . . . . . . ... 78
4.1.1 Multi-Agent System Setup . . . . . . .. ... 78
4.1.2 Automation . . . . . . ... 80
4.2 Bus Agent Design . . . . . . ... 81
4.2.1 BA Characteristics . . . . . . . . . .. ... 81
4.2.2 Bus Agent Behaviors . . . ... ... 0oL 82
4.3 MAS Performance . . . . . . . ... 92
4.3.1 Network performance . . . . . . . ... ... ... ... ... .. 92
4.3.2 Fault tolerant architecture . . . . . . .. .. ... .. ... ... 94
4.4 Case Studies . . . . . . .. 95
441 CaseStudy 1 . . . . . ... 95
442 CaseStudy 2 . . . . . . .. 100
4.4.3 MAS performance . . . . . .. ... 101
4.5 SUMMAry . . . . . 103

5 Distributed State Estimation as Constraint Satisfaction Problem 105

5.1
5.2
2.3

5.4
2.5

Generalized State Estimation . . . . . . .. ... .. ... ... .. 106
Distributed Architecture Formulation . . . . . . . ... ... ... ... 108
Solution Methodology . . . . . . . . .. ... ... 110
5.3.1 Distributed Constraint Satisfaction Problem . . . . . .. .. .. 110
5.3.2 DCSP State Estimation . . . . . ... ... ... ... ... .. 111
Mustrative Example . . . . . . ... ... oo 117
Simulation . . . . . . .. 120
5.5.1 IEEE 14 Bus: DC State Estimation . . . . . . .. ... ... .. 121

5.5.2 IEEE 14 Bus: AC State Estimation . . . . . . . . . . . ... .. 126



xVvi Contents

5.5.3 IEEE 118 Bus: AC State Estimation . . . . . . . . ... .. .. 128

5.6 Summary ... ... 131

6 Agent-Based Bilateral Transactive Market for DERs Considering Im-

balances 133
6.1 Background . . . .. ... 133
6.2 Proposed framework . . . . .. ... 136
6.2.1 Market participants . . . . . ... ..o 136

6.2.2 Trading arrangements . . . . . . .. ... 137

6.2.3 Significance of profiles . . . . . . ... 139

6.3 Market mechanism/negotiation . . . . ... ... L 141
6.3.1 Buyer Agent . . . . .. ... 142

6.3.2 Seller Agent . . . . . . ... 144

6.3.3 Settlement . . . . . . ..o 148

6.3.4 Design Feasibility . . . . . .. .. ..o 148

6.4 Case Studies . . . . . . . .. 150
6.4.1 CaseStudy 1 . . . .. .. . ... 150

6.4.2 CaseStudy 2 . . . .. .. .. 156

6.4.3 CaseStudy 3 . . .. .. . .. 157

6.5 Summary . . ... 159

7 Conclusions and Future Scope 161
7.1 Conclusion . . . . . . . . 163
7.2 Scope for Future work . . . .. ..o 165
References 167
A System Data 187
Al TEEE 14 bussystem . . . . . . ... . 187

A.2 TEEE 15 Bus Radial System . . . . ... .. ... ... ... ...... 190



Contents xvii
A3 TEEE 30 Bus System . . . . .. ... ... . 192
A.4 TEEE 33 Bus Radial System . . . .. ... ... ... ... ....... 193
A5 TEEE 34 Node Test Feeder . . . . . . . .. ... ... ... . ...... 196
A.6 TEEE 69 Bus Radial System . . . .. ... ... ... ... ....... 199
A7 TEEE 118 Bus System . . . . . . . . .. ... 204

List of Publications 223

Bio-Data

225



List of Figures

1.1

2.1
2.2
2.3
24

3.1
3.2

3.3

3.4
3.5
3.6
3.7
3.8
3.9

Architecture organization (a) Centralized (b) Decentralized and (c) Dis-

JADE platform . . . . . ...
Agent internal architecture . . . . . . . . ... ... ... ...
Proposed Architecture 1 . . . . . . . . ... .. ...

Proposed Architecture 2 . . . . . . .. ... ...

Single agent architecture for the proposed framework . . . . .. .. ..
Agent communication sequence for all behaviors on a test system. I:
Backward Sweep Behavior. II: Forward Sweep Behavior. III: Break
Point Behavior . . . . . .. ..
Agent communication sequence in Scenario Generation Behavior for a
test system . . ... Lo
[EEE 15 Bus Radial Distribution System . . . . . . . .. ... ... ..
Sniffer agent output for first iteration of forward backward sweep
Message count v/s elapsed time graph for all Scenarios for Case Study 1
69 bus radial distribution system . . . . . ... ..o
Message count v/s elapsed time graph for Case Study 2 . . . . . . . ..

[EEE 34 node test feeder system . . . . . ... ... ... ... ...

3.10 Sniffer agent output for IEEE 34 node test feeder . . . . . . ... ...

3.11 Communication flow for Gauss Elimination Behavior on test system . .

51



XX

List of Figures

3.12 Communication flow for Backward Substitution Behavior on test system 71
3.13 IEEE 30 bus system . . . . . . ... oo 73

3.14 Sniffer agent output under the designed behaviors . . . . . .. ... .. 74

4.1 Schematic overview of the agent-based distributed architecture for self-

organizing distribution grid . . . . ... .. o000 78
4.2 Bus Agent internal architecture with behavioral interlinking . . . . . . 79
4.3 Test system . . . . . . . 82
4.4 Communication flow under Find Switch Behavior . . . . . ... .. .. 83
4.5 Communication flow exchange under Found Switch behavior . . . . . . 84
4.6 Communication flow under Set Scenario Behavior . . . . . . .. .. .. 88

4.7 Communication flow under Backward Sweep and Forward Sweep Behavior 90

4.8 Communication flow under Reset Scenario Behavior . . . . . . . .. .. 91
4.9 Behavioral workflow under distributed Self-organizing grid . . . . . . . 93
4.10 Communication exchange with neighboring host for agent replication . 94
4.11 Inter-agent communication before and after link failures . . . . . . . .. 95

4.12 33 bus distribution system with position of tie line and sectionalizing
switches . . . . . L 96
4.13 Time varying normalized demand pattern for different consumer segments 98
4.14 BAs’ self-organizing patterns for case study 1 (a) SW3-SW3’ operated;
(b) SW3-SW3’, SW4-SW4’ operated; (¢) SW3-SW3’, SW1-SW1’ oper-

ated; and (d) SW3-SW3’, SW4-SW4’, SW1-SW1’ operated . . . . . .. 99
4.15 NS2 model for 33 bus distribution system . . . . . . . .. ... ... .. 101
4.16 Inter agent communication sequences for BA; failure . . . . . . .. .. 103
5.1 Distributed architecture for state estimation problem . . . .. .. . .. 109

5.2 Communication exchange for proposed distributed state estimation ar-
chitecture . . . . . . . . .. 118

5.3 Communication exchange in case of agent failure . . . . . . . . ... .. 120



List of Figures xxi

5.4
3.5
2.6
2.7
2.8
2.9

5.10
5.11

5.12
5.13

6.1
6.2

6.3

6.4

6.5
6.6

IEEE 14 Bus system . . . . . . . .. ... 121
Convergence characteristics of Bus 3 and Bus 8 for all cases . . . . . . 122
Comparison of Measurement errors . . . . . . . .. . ... ... .... 123
Computation Cycles of agents for all cases . . . . . . .. .. ... ... 125
Comparison of connected BAs and no. of cycles . . . .. ... .. ... 125

Percentage error between centralized and distributed state estimation
IEEE 14 bus . . . . . . . .. 126
Agent computation cycles in Case 2 and 3 for IEEE 14 bus system . . . 127

Percentage error between centralized and distributed state estimation

for IEEE 118 Bus System . . . . . . . . .. .. 128
Convergence characteristics for (a) Case 3 and (b) Case 2 . . . . . . .. 129
Comparison of connected BAs and no. of cycles . . . . ... ... ... 130
Timeline for market operations . . . . . . . .. .. ... ... ... .. 138

(a) Seller profile (b) Buyer profile (c¢) Seller schedule with imbalance
purchase . . . . . .. 140
Proposed market structure considering two seller and two buyer agents
communication mapping . . . . . . . . ..o 141
Communication mapping in Scenario 1 between all seller agents and L
1 buyer agent using sniffer agent tool . . . . . . .. ... ... 152
Communication mapping in Scenario 1 between S1 and all buyer agents 154
Communication mapping in Scenario 1 between all seller agents and L

1 buyer agent using sniffer agent tool . . . . . . ... 000 158



List of Tables

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

3.9
3.10
3.11

4.1
4.2
4.3
4.4
4.5

5.1
5.2

Bus Agent input information vector for base case . . . . . ... .. .. 46
Scenario information for Bus Agent . . . . . ... ... 47
BA output for distributed power flow solution: Scenario 1 . . . . . .. 47
BA output for distributed power flow solution: Scenario 2 . . . . . .. 48
BA output for distributed power flow solution: Scenario 3 . . . .. .. 48
BA output for distributed power flow solution: Scenario 4 . . . . . .. 50

BA output for distributed power flow solution of IEEE 69 Bus distribu-
tion system . . . ... oL 52

Comparative performance analysis between centralized and distributed

paradigm . . . ... 55
BA Input parameters for IEEE 34 node tester . . . . . . ... ... .. 63
BA output (in pu.) for IEEE 34 node tester . . . ... ... ... ... 65
Voltage angle at all Bus Agents (BA) . . . . ... ... ... ...... 75
BA input parameters . . . . . . ... L 97
Event description with resultant agent self-organization . . . . . . . .. 100
Scenario selection for distribution system faults . . . . . . ... .. .. 101
Average processing and networking time (in ms) for all behaviors . . . . 102
Time delays for agent and link failure . . . . . . .. .. ... ... ... 102
Estimated states (DC) for IEEE 14 bus system . . . . . ... ... .. 124

Time performance . . . . . . . . . .. .. 126



xXxXiv List of Tables

5.3 Time performance IEEE 118 system . . . . . . . . .. .. .. ... ... 130
5.4 Computation cycles with failure at BA 110 . . . . . . ... ... .. .. 131
6.1 Buyer Agent parameters for Scenario 1 . . . . . . . ... ... 150
6.2 Seller Agent parameter for Scenario 1 . . . . . . . . .. ... ... ... 151
6.3 Buyer Agent parameters for Scenario 2 . . . .. .. ... 151
6.4 Seller Agent parameters for Scenario 2 . . . . . .. ... ... ... .. 151
6.5 Bilateral trading outcome for Scenario 1 . . . . . . ... ... ... .. 153
6.6 Bilateral contract outcome for Scenario 2 . . . . . ... ... 155
6.7 Seller schedules and revenue for Scenario1 . . . . . .. ... ... ... 155
6.8 Seller schedules and revenue for Scenario 2 . . . . . ... .. ... ... 156
6.9 Buyer imbalances and imbalance price for Case 2 . . . . . . . ... .. 157
6.10 Seller net schedule and imbalances for Case 2 . . . . . . . ... .. .. 157
6.11 Bilateral trade outcome for different limits on negotiation rounds. . . . 159
A.1 Bus data and line data of IEEE 14 . . . . . . . . .. .. ... ... .. 187
A.2 Measurement data of IEEE 14 bus system . . . . . .. ... ... ... 188
A.3 Bus data of [EEE 15 bus system . . . . . .. ... ... ... ... ... 190
A.4 Line data of IEEE 15 bus system . . . . . . ... ... .. ... .... 191
A.5 Line data of IEEE 30 bus system . . . . . ... ... ... ....... 192
A.6 Bus Data of IEEE 30 bus system . . . . ... ... ... . ....... 193
A.7 Bus data of IEEE 33 bussystem . . . . . ... ... 0oL 193
A.8 Line data of IEEE 33 bus system . . . . ... ... ... . ....... 194
A.9 Bus data of IEEE 34 node test feeder . . . . . . ... ... 196
A.10 Line data of IEEE 34 node test feeder . . . . . . .. .. ... ... ... 197
A.11 Line data of IEEE 69 bus system . . . . .. ... ... .. ....... 199
A.12 Bus data of IEEE 69 bus system . . . . . ... ... ... L. 202
A.13 Measurement data of IEEE 118 bus system . . . . . . . ... ... ... 204

A.14 Bus data and line data of IEEE 118 bus system . . . . . . ... .. .. 215



	KRITIKA SAXENA.pdf
	Certificate
	Acknowledgement
	Abstract
	Contents
	List of Figures
	List of Tables
	1 Introduction
	1.1 Literature Survey
	1.1.1 Condition Monitoring
	1.1.2 Diagnosis
	1.1.3 Distributed Control
	1.1.4 Modelling and Simulation
	1.1.5 Protection

	1.2 Motivation for present work
	1.2.1 Architecture
	1.2.2 Distribution System Analysis and Control
	1.2.3 Wide Area Monitoring System
	1.2.4 Distribution System Markets

	1.3 Research Objectives
	1.4 Thesis Outline

	2 Agent-Based Distributed Architectures for Smart Grid
	2.1 Multi Agents System
	2.1.1 Definition
	2.1.2 Benefits
	2.1.3 Tools
	2.1.4 Architecture
	2.1.5 Agent Internal Architecture

	2.2 Proposed Agent-based Distributed Architectures
	2.2.1 Architecture 1
	2.2.2 Architecture 2

	2.3 Performance Evaluation

	3 Distributed Power Flow Frameworks
	3.1 Framework 1
	3.1.1 Bus Agent Characteristics
	3.1.2 Bus Agent Behavior
	3.1.3 Design Concept
	3.1.4 Simulation

	3.2 Framework 2
	3.2.1 Bus Agent Characteristics
	3.2.2 Bus Agent Behavior
	3.2.3 Simulation

	3.3 Framework 3
	3.3.1 DC Power Flow Model
	3.3.2 Bus Agent Characteristics
	3.3.3 Bus Agent Behavior
	3.3.4 Simulation

	3.4 Summary

	4 Distributed Architecture for Self-Organizing Emerging Distribution Systems
	4.1 Concept Framework
	4.1.1 Multi-Agent System Setup
	4.1.2 Automation

	4.2 Bus Agent Design
	4.2.1 BA Characteristics
	4.2.2 Bus Agent Behaviors

	4.3 MAS Performance
	4.3.1 Network performance
	4.3.2 Fault tolerant architecture

	4.4 Case Studies
	4.4.1 Case Study 1
	4.4.2 Case Study 2
	4.4.3 MAS performance

	4.5 Summary

	5 Distributed State Estimation as Constraint Satisfaction Problem
	5.1 Generalized State Estimation
	5.2 Distributed Architecture Formulation
	5.3 Solution Methodology
	5.3.1 Distributed Constraint Satisfaction Problem
	5.3.2 DCSP State Estimation

	5.4 Illustrative Example
	5.5 Simulation
	5.5.1 IEEE 14 Bus: DC State Estimation
	5.5.2 IEEE 14 Bus: AC State Estimation
	5.5.3 IEEE 118 Bus: AC State Estimation

	5.6 Summary

	6 Agent-Based Bilateral Transactive Market for DERs Considering Imbalances
	6.1 Background
	6.2 Proposed framework
	6.2.1 Market participants
	6.2.2 Trading arrangements
	6.2.3 Significance of profiles

	6.3 Market mechanism/negotiation
	6.3.1 Buyer Agent
	6.3.2 Seller Agent
	6.3.3 Settlement
	6.3.4 Design Feasibility

	6.4 Case Studies
	6.4.1 Case Study 1
	6.4.2 Case Study 2
	6.4.3 Case Study 3

	6.5 Summary

	7 Conclusions and Future Scope
	7.1 Conclusion
	7.2 Scope for Future work

	References
	A System Data
	A.1 IEEE 14 bus system
	A.2 IEEE 15 Bus Radial System
	A.3 IEEE 30 Bus System
	A.4 IEEE 33 Bus Radial System
	A.5 IEEE 34 Node Test Feeder
	A.6 IEEE 69 Bus Radial System
	A.7 IEEE 118 Bus System

	List of Publications
	Bio-Data




