A GAME THEORETIC FRAMEWORK FOR
LOSS, DEVIATION COST AND PROFIT
SHARING OF DISTRIBUTION ENTITIES

SATISH SHARMA

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
NEW DELHI - 110016

October, 2017


HTTP://EE.IITD.ERNET.IN/
HTTP://WWW.IITD.AC.IN

© Indian Institute of Technology Delhi (IITD), New Delhi, 2017



A GAME THEORETIC FRAMEWORK FOR
LOSS, DEVIATION COST AND PROFIT
SHARING OF DISTRIBUTION ENTITIES

by
Satish Sharma

Department of Electrical Engineering

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi

October, 2017


http://ee.iitd.ernet.in/
http://www.iitd.ac.in

CERTIFICATE

This is to certify that the thesis titled, “A Game Theoretic Framework for Loss, De-
viation Cost and Profit Sharing of Distribution Entities”, submitted by Mr. Satish
Sharma for the award of the degree of Doctor of Philosophy, is a record of bonafide
research work carried out by him in the Department of Electrical Engineering of Indian

Institute of Technology Delhi, New Delhi, India.

Mr. Satish Sharma has worked under my guidance and supervision and has fulfilled
the requirements for the submission of this thesis, which to mu knowledge, has reached
the requisite standard. The work done as part of this thesis has 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.


http://ee.iitd.ernet.in/
http://www.iitd.ac.in
http://ee.iitd.ernet.in/
http://www.iitd.ac.in

Abstract

Thesis Title: A Game Theoretic Framework for Loss, Deviation Cost and Profit
Sharing of Distribution Entities

Author: Satish Sharma

This thesis addresses the issues of allocation of profit and cost associated with energy
services to the various power system participants of the distribution network (DN).
Deregulation of electric power industry has introduced competition between the par-
ticipants and they are provided with the appropriate economic signals by the power
market outcome. Responding to these price signals, they are expected to compete to
make profit over different power market services. Hence, the research work has the
intention of establishing suitable mechanisms for framing and implementation of the
allocation practices for profit, cost and network losses to the participants and put for-

ward the improvements for consideration.

The profit and cost involved with the transfer of the electric power depend on the actions
taken by various participants of the power system, which is equivalent to a coalitional
game of the power system participants with profit or cost as an outcome of the game.
For allocation purpose, game theory based solutions are considered inherently fair and
robust. Hence, the allocation problems are formulated as cooperative games and solved
using Shapley value (SV). Different methods are proposed in this thesis based on the

SV to allocate the profit, cost and network losses in DNs.

The integration of distributed generation (DG) is increasing at various level of DN due
to the open access policies introduced in various regulations. Also, the eagerness and

incentives for green energy resources encourages renewable power generation such as
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wind and solar at local distribution level. These energy resources are installed with
a large installed capacity in many countries. But, the uncertainty and variability of
these resources are very high and pose challenges to power system operations. The
wind farms located at different network locations can reduce the variability by forming
coalitions and combining their wind power production and can participate as whole
in different short term markets. Additionally, the wind power producers (WPPs) also
face the risk associated with the uncertain market prices. Hence, the market strategy of
WPPs is to work in coalition to bid economically into different short term market and
maximize their profit with less profit variability. The coalition will only be feasible if
the combined profit is greater or equal to the sum of individual profits with lesser risk

associated with it.

The proposed research work provides the method to allocate this surplus profit. Various
methods have been proposed in the literature that provide profit sharing mechanisms,
but neglect the contribution of the participants in the risk reduction of the coalition.
The risk based profit sharing method is proposed in the thesis using weighted Shapley
value (WSV). The weight for each participant is defined based on the risk associated
with it. If the risk value of the participant is more, the WSV share in the surplus profit
will be less as compared to the conventional Shapley value (CSV) solution. Hence, the
participants with the risk hedging ability will get rewarded by getting more share in the

surplus profit.

The framework for coalitional operation of WPP and energy storage system (ESS) is
developed over different short term power markets. The risk value is being calculated
using Conditional Value-at-Risk (CVaR). The developed problem is a mixed-integer
nonlinear programming problem by nature. In this thesis, the proposed problem is
evolved as an equivalent linear programming problem with some assumptions to gain

simplicity, robustness, and computational efficiency.
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The renewable resources with limited power capacity can also bid through the Distribu-
tion Companies (Discoms) along with other DGs. Discom bids into the day-ahead (DA)
market to serve the DA schedules of its loads put together along with the schedules of
the DGs. At real-time (RT), the loads/DGs may deviate from their schedules and this
deviation has to be settled at RT price. Any deviation by the loads and DGs will also
change the total network losses. Hence, the Discom faces a deviation cost at RT price
due to deviation in DA schedules and network losses. This cost allocation problem has
been formulated as a cooperative game and SV is used to allocate this deviation cost to

the responsible participants which are deviating from their schedules.

Additionally, the DN losses should also be allocated to the participants of the network.
The DNs are inherently different from the transmission networks due to the passive na-
ture of network and unidirectional power flows. They are less complicated in nature due
to radial or weakly mesh topology with large number of loads of all varieties. Recetly,
large number of DGs have been integrated into the DNs, and hence, the power flow
in the DNs has changed into bidirectional and it becomes active in nature. Hence, the
loss allocation (LLA) method should take care of the location and the role of individual

participants in the distribution losses.

The network losses are the coalitional outcome of the network participants due to their
energy transactions, hence the LA problem has been modelled as a cooperative game
and solved using SV. However, the SV solution has a limitation of the burden of com-
putational time and memory requirement which increase exponentially with the number
of participants. Hence, it is very difficult to allocate the losses for large systems. There-
fore, two variants of SV have been proposed to solve this LA problem. First, SV has
been solved in a sequence over the radial DN and alongside the losses have been allo-
cated to the participants from root node to end nodes. Second, an analytical formula for
SV has been derived using DN properties without any assumption for both radial and

weakly meshed DNs. Both methods are time efficient and provide fair results.
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The losses allocated using above proposed methods are the same as obtained from the
CSV method which satisfies the axioms of fairness. The important virtue of the pro-
posed methods is that both reduce the memory and computation burden without com-
promising the efficiency, fairness and total recovery in the allocation of network losses.
The methods also give due respect to DG power injections and assigns appropriate

losses to them.

In a nutshell, the thesis attempts to address various issues and provide solutions to the
settlement of different services associated with energy transaction by the participants of
the distribution sector. First, the problem of risk-based profit maximization and profit
allocation is addressed for the participants in the distribution sector, who are willing to
form the coalitions to maximize their profits. The profit allocation is risk constrained
due to uncertainty associated with participants from the energy prices over different
trading platforms and power schedules of participants. Additionally, the deviation cost
allocation scheme is suggested for a Discom, which faces the additional cost due to
the deviations in power schedules of its participants at RT. Finally, two LA schemes
are presented for distribution systems for fair and optimal allocation of network power

losses to its participants based on the network uses.

Vi



L3108

Ig NfEE ARoT dAcash (Bve) & Afdes faegd eea gfasniaat o s qanit & o9 oy 3R
AT o 3Tdcel & HLl B Hld Xl &1 faegd St et & Fg=or & yfasmaat & dra giceaet
Y& &I IS § AR 3¢ TosTell aeiR & IROMA & HTAR 3T 3eh Hehel Telel foham a7 &1 51 Hedl
& "ehdll & AT H, 3¢ 351G ¢ o & HeRT-3160T el SToR Q@13 & ARl HAT Hohd 81 AT,
M wA A YIAARAT H oo, eI 3R Acad TRAW & fAv e gihansit & fauior 3k
Fleads & U 3ugerd oF T odel & 3er § 3R aR & fov gur &1 3w qeran [ g

faega afed & EAIcROT & Ty F3 o1 IR AT fSoTell cgaedr & e gfdenfoat eanrr i a1
Fraf W AR AT &, S 6 WT & IROUMA F & FH AH AT ARIT dT IR [ {EeH ggHiaar &
IBSTYA AT & ST 8Idr gl e 38T & fov, 7 Bga 3maRa gaArn Tarsfas &7 & fFsaer
AR AT AT ST &1 ST, 3ace T FATAT HGPRT Weil & §F H IR HT Sl & 3R Shapley
value (THdY) T 3TN Feh §ol Pl g1 T F o1, AW 3R FAcash Jhdlel HI Idfed el &
foav wgdl © 3meRa @ MR & /e et 1 geaT B

%@mﬁaﬁﬁﬁar@rm@qﬁr@mﬁﬁﬁﬁ%wﬁaﬁam@sﬁ)mﬁrmwm
W@ gl 38& 37adT, gRA Foll §Ee= & AU 3 3R Wicae e Iawor Fa8 W gad 31 ak
S 3ETT Foll UGl T WcAlied R &1 37 Foll TIATAT Hl F$ ST H UH 37 TAAT &77TT &
oY FIfe R IR R Afh, 3 wereEl B FfAREAdr 3R aRadANear sga st § 3R fSoreh
SGEAT & Hleld & AT Fofaat o1 aear sl g1 Ao dcash Tue W Ryd gaa oAt o
ST A IR 37 TdeT Foll 3cuieed & Aol & IRATTNedr & F & Thd & 3R 379
AT Ul ITSIRT H G 19T of Fehd &1 3 AR, gaet Fell Icuresd (Ssegdid)) o srfafRera
SIOR & HAA § o3 SAIEH &1 GHAT ad g1 FHT, Ssegdidl &1 ek W0ETT 3 &7 @
3TeUTelle dTeiR H 3T & F el &Ney & AU Toa8d & FIH FLdl § 3R F7 oy gRadereierar
% HTY 3T o171 HTARAH A §| ToaU hael T3l TG g IS Tl o7 $Hb WY S HA
SEH arer SafFaerd qAG & e a1 360 70T §

TEAITAd 3TE HE S AT ST & ITAied el B AP el Al &l Aiged & faffew
TR T gEdarg fRAT AT § ST ST AT A HT SHITAT YeTd T &, Afhed IdaeT & SAf@H
FAT & gfasnfat & Idereer & 398 R argl HTRA Shapley value (W)WWTWQW



SHTEH TR o187 AIST Fel & G & TEdd g1 Gl aMer & T $R 58 @1y o3 Sifas
& MUN 9 IRHATN fohar a3 &1 I AelieR &1 Sh@H Ao 38 § IRIRS el Feg (divwd)
AT T Jolalt & AT o1 H Ssoguadl 1 fEd HA gl gafaT, Afaled Sifes o e
arel Fgerelt gfsTfarat st AfARFT oty wred veh qEhd foham Seam|

seogqiidl 3R Foll HSRUT YoTell (STHVH) & Ioate Haleld & U grar Jreler-3re@r AE T qraY
ArheH W fawfd fFar mar g1 s dgeg & 9ed JAed-w-oi@d (HIAU3R) #1396 ae A7
&1 o W g1 Fenfdd wEEar ypfa gart v AfEE-qulie IR-3efa senfder @aem g1 sa e 4,
JEAIad FHAEIT FIe, ATl AR FFcGATel E&Tcll gIAe el & AT FT AIAB & Y Th
Wmmma:mﬁmag‘é%l

WA FolT &7 arer 38T T Y 3T e & ATy AT FulAdt (Bewm) & #Aeadw @
Jlell o9 Thdl g1 DG & HIIPHA & TTY-ATYT 3T oI & DA FHI-AIRol fr dar & fov Brae
dell DA SeiR & STeidy §1 aedids THT (3TRA)) U, &5 / 3o 39 FshaAr & fJafaa & aoa §
3R 38 e & IR Fod W aF hAr Sem =@ifgv] o5 3R St & garT #1g fFwee o Fo
Aecdd IR dTel T Feel I AT, ST FRIGAT 3 Acaw oJehdTel # faerelel & HROT F3ERrAT RS
Hed W U W 1 HHAT HIAT 81 Fg AP JHaeeT FAEAT Ueh Tghl Tel & & H IR HI
S & 3R THAY T yAeT 39 fAuee ot @ fSFAeR afasnfaar & smdfed e & farw foRar Srar
g S 3% FIFAT T Heh W] Bl

sas HfaRed, v arer off dead & gfasnl &1 amafed frar S wifev) dcas & @S gafa
3R FfAsrREersel gt Fell & FHROT S0 JHAST dAcad & Farenfds ® @ 3re0r §1 & WIer ar
dieFel AV ANl & FROT GFHfa 7 F1 e 8, et 957 dem 7 @sft freAt a1 s g1 sveh-anifay,
TS FE& 7 ISl F Sua H vhed R g, 3 st Sivd 7 el vare gfafeer i sga
¢ 3R IE IHfd # AT & STl &1 SATAV, Fehdle e (TAV) Tgia T TUTT I 1T IWAT AT
3R faeRor et & safddera gfaenfat Hr sffdr g =nfgel

Acdeh FJRA HTA Foll oleleal & HRUT Acdeh A & Hger gRUMA g, SAAT ToAv FHEAT HI
e W & 9 & JIR fFam arar § 3R vhdr 1 393067 e g fonar a7 &1 grlifeh, vadT gaTenT
A HEGAAT AT 3R TATT RIS & dIsT HT Teh WAT gl & S Fieiarat &1 dear & any
JS T §¢ ST gl W,a@wﬁﬁ%%uwﬁmmagaﬁﬁm%l sgfav, TaT



F  FUI FT Y&dT 3T TATAT H gl I & [0 JEdiad fFar =r §1 g99 ugdl, tgar & T
ST & FW Th 3efshd A §of fohar T § 3R gHS Ary-ary gfdenfadt & ¢ =i & #Aigy & 3id
e Jafed fanar am &1 gERT, THdl & U T faeelwulcss Breer Siue ol 13U A 3R
drerelt AV T 1w diva & faw fhel o arom & e fRar amar g1 Qe el @ FAd g § 3R
3t aRomH vere X §

IWFd wEdriad fafedt & 3o Y andfed afa dieadr [_fe @ greg & o B, S fAsustar &
Taadeat # dqse w1 gEarad ARt 1 Agcaqel aur ag § & @t dead we & mded #
ceTeT, TAsueTd 3R Fel agel & FHESAT U §ar Tfd 3R 06T & St # FHA wd E Al A
81 SIS IR Solre & ey A 3fd qeAe fqar 3R 37 3RId Jedre dere foha

ey A, Naw Afdes gei @ go w3 AeRor 89 & gfdenfagt garr st e 4 o3 afde=
a3t & AT & AT Yelel Hlel &l T HAl ¢ TGH Tgel, SITGH IR HATh Hr JTeehcd
FHEAT 3R ey e 1 fAeror & A gfaenfaat & fav gafaa fear srar 8, S s gars @
HUHIA A & AU Todue o & fav IR 1 gfaenfat & fafdee caraie caewEt 3R fosrel
& HIAhAT T Sl HT DA T TAARET & Y I3 AAREAA & HROT o187 Tdea SHEH AT
¢l 8% JfaRerd, [aaes arerd srdea Qs &1 geira BEFAA & fav fhar o g, 5 & 3md w
39a gfaenft & ool siea & Juaa & sRor 3fARed arEa & grFar aar g1 3 &, Jeas
3UAET & HUR W $HS & Uil & dcad el T & Feuer 3R ejmaad e &
T faazor gomell & fow v o et g&qa &1 Sl &1




ACKNOWLEDGEMENTS

First and foremost, I would like to express my sincere gratitude to my supervisor Dr.
A.R. Abhyankar for the continuous support for my Ph.D study and related research,
for his patience and motivation. His guidance helped me during the entire time of the
research and writing of this thesis. His enthusiasm, encouragement, and faith in me
throughout have been extremely helpful. He was always available for my questions and
generously gave his time. I could not have imagined having a better advisor and mentor

for my Ph.D study.

I would also like to thank the members of my dissertation committee: Prof. PR. Bijwe,
Dr. B.K. Panigrahi, and Prof. T.S. Bhatti, not only for their insightful comments and
encouragement, but also for the thought provoking questions which incited me to widen
my research from various perspectives. 1 am also thankful to Prof. Bhim Singh, Prof.
Sukumar Mishra and Dr. N. Senroy for their suggestions and encouragement during my

stay at IIT Delhi.

I wish to express my sincere thanks to my M. Tech. supervisor, Dr. Rohit Bhakar for
enlightening me with the first glance of research and provided precious support, and my
PhD senior, Dr. Abheejeet Mahopatra for helping me during the initial part of my PhD.
My stay at IIT Delhi was made memorable by my colleagues and friends I met here.
In particular, I would like to thank Somesh Bhattacharya, Deep Kiran and Hiren Zala
for the stimulating discussions, for the sleepless nights we had worked together before

deadlines, and for all the fun we have had in the last five years.

I thank all my fellow colleagues from the Power System Simulation Lab for a healthy

work environment.

Last but not the least, I would like to thank my parents and family for supporting me

spiritually throughout writing this thesis and my life in general. I am greatly thankful to

vii



my beloved and supportive wife, Annu who is always by my side when times I needed

her most and did more than her share around the house as I set in the lab.

Date: October, 2017

Place: New Delhi Satish Sharma

viii



Contents

Abstract
Acknowledgements
List of Figures

List of Tables

List of Abbreviations
Nomenclature

1 Introduction
1.1 Motivation for present work . . . . . ... ... oL oo
1.1.1  Coordinated Operation of Wind producer and Energy storage . .
1.1.2  Deviation cost allocation . . . . . ... ... ..........
1.1.3 Lossallocation . . . ... ....................
1.2 Research Objectives . . . . . . . . . . . . v vt v it it i it e

1.3 Outlineofthe Thesis . . . . . . . . . . . . . . . . . .

2 Strategic Coordination of Wind Producers and Energy Storage Systems
2.1 Problem Formulation for Strategic Coordination . . . . . . .. ... ..
2.1.1 RiskModeling . ... ... ... .. ... ... . . ...
2.2 Risk based Profit Allocation . . . .. ... ... ... .........

2.2.1 Solution Methodology . . . . ... .. ... ... .......

iX

iii

vii

xiii

XV

xvii

Xix

11
11
12
12
13
14



Weighted Shapley Value (WSV) . . . . ... ... ... .... 29

Weight Computation . . . . . .. ... .. ... ........ 31

23 CaseStudy . . . . . . . e 33
24 Summary . . o. .. e e e e e e e e e e 40
Deviation Cost Allocation 43
3.1 Deviation Cost: Preamble . . . . . .. ... .. ... ... ... .... 44
3.2 Deviation Costof Discom . . . . . . ... ... ... ... ... ..., 45
3.3 Solution Methodology . . . . ... .. ... .. .. ... ... ... 50
3.3.1 Deviation Cost Allocation using Shapley Value . . . .. .. .. 50

34 CaseStudy . .. .. . ... 52
3.5 Summary ... e e e e e 64
Network Power Loss Allocation 67
4.1 Loss Allocation using Cooperative Game Theory . . . . ... ... .. 71
4.1.1 Conventional Shapley Value . . .. ... ... ......... 72

4.1.2 Aumann-Shapley Value . .. .. ... ... ... ....... 73

4.2 Sequential Shapley Value Approach . . .. ... ... ......... 75
4.2.1 Solution Methodology . . . . ... ... ... ......... 76

422 AllocationtoDGs . . ... ... ... ... ... ... 81

4.2.3 Generalized Algorithm of Proposed SSV Method . . . . . . .. 85

4.3  Analytical Shapley Value Approach . . . . .. ... ... ....... 87
4.3.1 Solution Methodology . . . . .. ... ... ... ....... 89

43.2 Calculationof IBWand IBY . . ... ... ... ... .. .. 96

4.3.3 Algorithm for BIBC and BCBI Formulation . . . . .. ... .. 98

4.3.4 Economic Coherent and Isonomic Solution . . . . .. ... .. 99

44 CaseStudy . . . . . . . i e e 100
4.4.1 Sequential Shapley Value . . . . . ... ... ... ....... 100



I7-bussystem. . . . . . . . oL
24-bus System . . .. ..o e e e e e
69-bus System . . . ...
4.4.2 Analytical Shapley Value . . . . .. ... ... .........
3-bus System . . ... e
I7-bus System . . . . . ... e

45 Summary ... .. e e e e e e e e e e e e

5 Conclusions
5.1 Contributions fromthethesis . . . . . . . . . . . . .. ... ... ...

5.2 Future Scopeofwork . . . . ... ... .. o L.

A Cooperative Game Theory: Background
A.l1 Shapley Value . . . . ... ... ... ..

B System Data
B.1 17-bus Distribution System . . . . . . .. ... .. ... ...,
B.2 24-bus Distribution System . . . . .. .. ... Lo L.
B.3 33-bus Distribution System . . . . . . ... ... ..o 0L

B.4 69-bus Distribution System . . . . .. .. ... Lo ...

Bibliography

List of Publications

Bio-data

xi

117
119
120

121
123

125
125
127
128
129

131

141

143



List of Figures

2.1

2.2

23
24
2.5

3.1
3.2
3.3
3.4

4.1
4.2
43
4.4
45
4.6

Probability distribution and risk values: (a) Profit distribution curve
(Case 1), (b) Profit distribution curve (Case 2), and (c) Loss distribu-
HONCUIVE . . . . o ottt et e e e e e e e e e e 32
Coordination results for a scenario: (a) Electricity prices at DA, ID
and balancing markets, (b) Wind power forecast and schedules, (c) ESS
charging/discharging and schedules and (d) Balancing power schedules
ofcoalition . . . .. ... ... L 34
Profit distribution over all scenarios for Wind and Wind-ESS coalition . 36
Wind-ESS case study: Efficient frontier . . . . .. ... ... ..... 37

Wind-ESS case study: Efficient frontier with different ESS conversion

efficiency . . . . . . . . . 38
Radial feeder supplyingtwoloads . . .. ... ... ... ....... 45
Flowchart for Shapley Value Allocation of Deviation Cost . . . . . . . 53
4-Bus Radial Distribution System . . . . . .. .. ... ... L. 54
17-Bus Radial Distribution System . . . . . .. .. ... ... ..... 56
A Sample 5-Bus Distribution Network . . . . . .. ... ... ..... 77
Line that feedingalLoadand DG . . . . . ... ... ... ....... 82
5-Bus Distribution Network withDGs . . . . . .. ... ... ... .. 83
Flowchart of proposed SSV loss allocation . . . . . ... ... ..... 87
A sample 6-bus weakly meshed distribution network . . . . . ... .. 89
Sample Distribution System with 24 Nodes . . . . ... ... ... .. 103

xiii



4.7 Radial Distribution System with 69 Nodes

4.8 3-bus Test System with one Weakly-mesh

4.9 17-bus Weakly-meshed Distribution System . . . . . .. ... ... ..

Xiv



List of Tables

2.1
2.2
23
24

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

Parameters of Wind Farm and Storage System . . . . . .. .. ... .. 34
Average wind power sold in different market floors MW) . . . . . . .. 38
Expected profit and CVaR of Wind-ESS coalition . . . . ... ... .. 39
Comparison of profit allocation using conventional and weighted SV . . 40
Deviation Cost Allocation for 4-bus System: Case 1 . . . . . .. .. .. 54
Deviation Cost Allocation for 4-bus System: Case 2 . . . . . .. .. .. 55
RT Deviation Scenarios in Loadsand DGs . . . . . . ... ... .... 57
Deviation Cost Allocated for ScenarioS1 . . . . ... ... ... ... 57
Deviation Cost Allocated for ScenarioS2 . . . . . ... ... ..... 58
Deviation Cost Allocated for ScenarioS3 . . . . . ... ... ..... 59
Different Cases for Aggregate Invarient Solution . . . .. .. ... .. 61
Deviation Cost Allocated for 33-bus System . . . . ... ... ... .. 62
Computational Time for Different Cases . . . . . . ... ... .. ... 64
Comparsion of LA Methods for Distribution Systems . . . . . . .. .. 68
Loss Allocationto Loadand DG . . . . . ... ... ... ....... 82
Loss Allocation Results for 17-bus System . . . . . ... ... ... .. 101
Loss Allocation using SV and SSV for 24-Bus System . . . . ... .. 103
Loss Allocation using SSV for 69-Bus System . . . . . . ... ... .. 104
Number of Coalitionsand Time . . . . . . ... ... ... ...... 107
Loss Allocations of 3-bus System . . . . . ... ... ......... 108
Loss Allocations for Scenario 1 . . . . . . ... .. .. ... ...... 110



4.9

4.10
4.11
4.12
4.13

B.1
B.2
B.3
B.4
B.5
B.6
B.7
B.8

Loss Allocations for Scenario 2. . . . . . ... .. .. ... ...... 111
Loss Allocations for Scenario3 . . . . . . ... .. ... ... ..... 112
Loss Allocations for Scenario4 . . . . .. ... ... ... ....... 112
Loss Allocations for Scenario 5 . . . . . . .. ... ... ... ... .. 113
Computational Time with Different Test Systems . . . . . ... .. .. 114
Line Data of 17-bus Radial Distribution System . . . . . ... ... .. 125
Line Data of 17-bus Weakly Meshed Distribution System . . . . . . . . 125
Load and DG Data of 17-bus Distribution System . . . . ... ... .. 126
Line Data of 24-bus Radial Distribution System . . . . . ... ... .. 127
Load and DG Data of 24-bus Distribution System . . . . . .. ... .. 127
Line and Load Data of 33-bus Distribution System . . . . .. ... .. 128
Line Data of 69-bus Radial Distribution System . . . . . ... ... .. 129
Load and DG Data of 69-bus Distribution System . . . . . .. ... .. 130

XVi



List of Abbreviations

ABL
AST
ASV
BCBI
BCBV
BCDM
BIBC
CSv
CVvaR
DA
DG
Discom
DLC
DLF
DN
ESS
Genco
ID
INR
ISO
KCL
KVL

Assigned Branch Losses
Aumann Shapley with Tracing
Analytical Shapley Value
Branch Current to Bus Injection
Branch Current to Bus Voltage
Branch Current Allocation Method
Bus Injection to Branch Current
Conventional Shapley Value
Conditional Value at Risk
Day-Ahead

Distributed Generation
Distribution company

Direct Loss Coefficients
Distribution Load Flow
Distribution Network

Energy Storage System
Generation company

Intra Day

INdian Rupee

Independent System Operator
Kirchhoff’s Current Law
Kirchhoff’s Voltage Law

Xvii



LA Loss Allocation

LMP Locational Marginal Price
MLC Marginal Loss Coefficients
MPEC  Mathematical Programs with Equilibrium Constraints
RT Real-Time

SBL Self Branch Losses

SSV Sequential Shapley Value

SV Shapley Value

Transco Transmission company

TSO Transmission System Operator
Ul Unscheduled Interchange

VaR Value at Risk

WPP Wind Power Producer

WSV Weighted Shapley Value

Xviii



Nomenclature

new

BN
BIBC
BCBI
BCBV
¢

C
C(APR)
C(APy)

CVaRdist;
EV;

E{P}

By

Current in branch j

Real component of current in branch j

Imaginary component of current in branch j

Vector of all branch currents for coalition N

Vector of currents for coalition /N in new branches which make radial
network into meshed network

Element of branch current vector BV

Bus incident to branch current matrix

Branch current to bus incident matrix

Branch current to bus voltage matrix

Deviation cost allocated to player ¢

Total deviation cost of Discom

Deviation cost due to deviation in DA schedule of player ¢
Deviation cost due to change in losses from DA in distribution net-
work

Normalized distance of CVaR from expected value for player ¢
Expected value of profit/loss distribution for player ¢

Expected profit

Energy level of ESS for scenario w at time ¢

Maximum energy level of ESS

Minimum energy level of ESS

Index of players

Xix



wD
Pw,t

SD
Pw,t

wI
Pw,t

PDI

w,t

Imbalance cost occurred in RT balancing market for scenario w at time
t

Current injection by player ¢

Real component of current injection by player ¢

Real component of current injection by player ¢

Vector of current injections for coalition N

Number of branches in distribution network

Number of payers

Finite set of n players; or grand coalition

Number of time intervals

Number of scenarios

Finite set of real current component of players

Finite set of imaginary current component of players

DA power schedule of WPP in DA market for scenario w at time ¢
DA power schedule of ESS in DA market for scenario w at time ¢

ID power schedule of WPP in ID market for scenario w at time ¢
Total power schedule of WPP in DA and ID markets for scenario w at
time ¢

Rated integration capacity of WPP

Wind power forecast for scenario w at time ¢

Balancing power supplied/consumed by ESS for RT balancing market
for scenario w at time ¢

Total power supplied/consumed by ESS at the time of actual power
delivery for scenario w at time ¢

Maximum charge/discharge capacity of ESS

Balancing power supplied/consumed from the system for RT balanc-

ing market for scenario w at time ¢

XX



Ch
Pw,t

Dis
Pw7t

PBP

w,t

BN
Pw7t

ppA

ppA
PRT

DA
b

T

RT
Py

T

REES N

SRT

SDA

Sr(1;)

Charging power consumed by ESS for scenario w at time ¢
Discharging power supplied by ESS for scenario w at time ¢

Positive balancing power consumed from the system for scenario w at
time ¢

Negative balancing power supplied to the system for scenario w at
time ¢

DA active power schedule of player ¢ in distribution network

Active power loss due to DA schedules of players in distribution net-
work

Active power loss due to RT injections by players in distribution net-
work

Active power drawn in DA from reference bus by Discom in distribu-
tion network

Active power drawn in RT from reference bus by Discom in distribu-
tion network

RT deviation in active power at reference bus from DA schedule of
Discom

Active power loss in branch j

DA reactive power schedule of player : in distribution network
Resistance of any branch

Resistance in branch j

Set of branch resistances

Subset of grand coalition N

RT power injection by player ¢ in distribution network

DA power schedule of player 7 in distribution network

Power loss function of any branch in terms of current injections of

players

XX



Subset of grand coalition N

Time interval index

Binary variable used for charge/discharge operation of ESS
Unanimity basis for coalition S

Binary variable used for positive/negative balancing power
Characteristic or worth of coalition S

Vector of branch impedances

Element of vector Z

Scenarios index

Probability of scenario w

DA market price for scenario w at time ¢

ID market price for scenario w at time ¢

Down side regulation price in balancing market for scenario w at time

t

Up side regulation price in balancing market for scenario w at time ¢

Wind power deviation from its schedule in RT for scenario w at time ¢

Discharge efficiency of ESS

Charge efficiency of ESS

Per unit confidence level

Set of current flowing out from node

Risk aversion factor

Aucxiliary variable used to compute the CVaR

Aucxiliary variable for scenario w used to compute the CVaR
Empty set or null coalition

Weighted Shapley value of player ¢

Positive weight vector of participants

Positive weight associated with player ¢

Xxii



A,(S) Harsanyi dividend at coalition S

oi(v) Shapley value of player i

AT RT electricity price

AP, RT deviation from DA active power schedule of player ¢

AQ; RT deviation from DA reactive power schedule of player ¢

APy Change in active power losses from DA power losses due to RT devi-

ations in distribution network
APp,; Allocation of change in active power losses from DA power losses due
to RT deviations to player ¢

Ty,

(3

Unitary participation of current injection /; in losses

xxiii



	Satish Sharma.pdf
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Nomenclature
	Introduction
	Motivation for present work
	Coordinated Operation of Wind producer and Energy storage
	Deviation cost allocation
	Loss allocation

	Research Objectives
	Outline of the Thesis

	Strategic Coordination of Wind Producers and Energy Storage Systems
	Problem Formulation for Strategic Coordination
	Risk Modeling

	Risk based Profit Allocation
	Solution Methodology
	Weighted Shapley Value (WSV)
	Weight Computation


	Case Study
	Summary

	Deviation Cost Allocation
	Deviation Cost: Preamble
	Deviation Cost of Discom
	Solution Methodology
	Deviation Cost Allocation using Shapley Value

	Case Study
	Summary

	Network Power Loss Allocation
	Loss Allocation using Cooperative Game Theory
	Conventional Shapley Value
	Aumann-Shapley Value

	Sequential Shapley Value Approach
	Solution Methodology
	Allocation to DGs
	Generalized Algorithm of Proposed SSV Method

	Analytical Shapley Value Approach
	Solution Methodology
	Calculation of IB{ i } and IBN
	Algorithm for BIBC and BCBI Formulation
	Economic Coherent and Isonomic Solution

	Case Study
	Sequential Shapley Value
	17-bus system
	24-bus System
	69-bus System

	Analytical Shapley Value
	3-bus System
	17-bus System


	Summary

	Conclusions
	Contributions from the thesis
	Future Scope of work

	Cooperative Game Theory: Background
	Shapley Value

	System Data
	17-bus Distribution System
	24-bus Distribution System
	33-bus Distribution System
	69-bus Distribution System

	Bibliography
	List of Publications
	Bio-data
	Satish Sharma.pdf
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Nomenclature
	Introduction
	Motivation for present work
	Coordinated Operation of Wind producer and Energy storage
	Deviation cost allocation
	Loss allocation

	Research Objectives
	Outline of the Thesis

	Strategic Coordination of Wind Producers and Energy Storage Systems
	Problem Formulation for Strategic Coordination
	Risk Modeling

	Risk based Profit Allocation
	Solution Methodology
	Weighted Shapley Value (WSV)
	Weight Computation


	Case Study
	Summary

	Deviation Cost Allocation
	Deviation Cost: Preamble
	Deviation Cost of Discom
	Solution Methodology
	Deviation Cost Allocation using Shapley Value

	Case Study
	Summary

	Network Power Loss Allocation
	Loss Allocation using Cooperative Game Theory
	Conventional Shapley Value
	Aumann-Shapley Value

	Sequential Shapley Value Approach
	Solution Methodology
	Allocation to DGs
	Generalized Algorithm of Proposed SSV Method

	Analytical Shapley Value Approach
	Solution Methodology
	Calculation of IB{ i } and IBN
	Algorithm for BIBC and BCBI Formulation
	Economic Coherent and Isonomic Solution

	Case Study
	Sequential Shapley Value
	17-bus system
	24-bus System
	69-bus System

	Analytical Shapley Value
	3-bus System
	17-bus System


	Summary

	Conclusions
	Contributions from the thesis
	Future Scope of work

	Cooperative Game Theory: Background
	Shapley Value

	System Data
	17-bus Distribution System
	24-bus Distribution System
	33-bus Distribution System
	69-bus Distribution System

	Bibliography
	List of Publications
	Bio-data

	Satish Sharma.pdf
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Nomenclature
	Introduction
	Motivation for present work
	Coordinated Operation of Wind producer and Energy storage
	Deviation cost allocation
	Loss allocation

	Research Objectives
	Outline of the Thesis

	Strategic Coordination of Wind Producers and Energy Storage Systems
	Problem Formulation for Strategic Coordination
	Risk Modeling

	Risk based Profit Allocation
	Solution Methodology
	Weighted Shapley Value (WSV)
	Weight Computation


	Case Study
	Summary

	Deviation Cost Allocation
	Deviation Cost: Preamble
	Deviation Cost of Discom
	Solution Methodology
	Deviation Cost Allocation using Shapley Value

	Case Study
	Summary

	Network Power Loss Allocation
	Loss Allocation using Cooperative Game Theory
	Conventional Shapley Value
	Aumann-Shapley Value

	Sequential Shapley Value Approach
	Solution Methodology
	Allocation to DGs
	Generalized Algorithm of Proposed SSV Method

	Analytical Shapley Value Approach
	Solution Methodology
	Calculation of IB{ i } and IBN
	Algorithm for BIBC and BCBI Formulation
	Economic Coherent and Isonomic Solution

	Case Study
	Sequential Shapley Value
	17-bus system
	24-bus System
	69-bus System

	Analytical Shapley Value
	3-bus System
	17-bus System


	Summary

	Conclusions
	Contributions from the thesis
	Future Scope of work

	Cooperative Game Theory: Background
	Shapley Value

	System Data
	17-bus Distribution System
	24-bus Distribution System
	33-bus Distribution System
	69-bus Distribution System

	Bibliography
	List of Publications
	Bio-data

	Satish Sharma.pdf
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Nomenclature
	Introduction
	Motivation for present work
	Coordinated Operation of Wind producer and Energy storage
	Deviation cost allocation
	Loss allocation

	Research Objectives
	Outline of the Thesis

	Strategic Coordination of Wind Producers and Energy Storage Systems
	Problem Formulation for Strategic Coordination
	Risk Modeling

	Risk based Profit Allocation
	Solution Methodology
	Weighted Shapley Value (WSV)
	Weight Computation


	Case Study
	Summary

	Deviation Cost Allocation
	Deviation Cost: Preamble
	Deviation Cost of Discom
	Solution Methodology
	Deviation Cost Allocation using Shapley Value

	Case Study
	Summary

	Network Power Loss Allocation
	Loss Allocation using Cooperative Game Theory
	Conventional Shapley Value
	Aumann-Shapley Value

	Sequential Shapley Value Approach
	Solution Methodology
	Allocation to DGs
	Generalized Algorithm of Proposed SSV Method

	Analytical Shapley Value Approach
	Solution Methodology
	Calculation of IB{ i } and IBN
	Algorithm for BIBC and BCBI Formulation
	Economic Coherent and Isonomic Solution

	Case Study
	Sequential Shapley Value
	17-bus system
	24-bus System
	69-bus System

	Analytical Shapley Value
	3-bus System
	17-bus System


	Summary

	Conclusions
	Contributions from the thesis
	Future Scope of work

	Cooperative Game Theory: Background
	Shapley Value

	System Data
	17-bus Distribution System
	24-bus Distribution System
	33-bus Distribution System
	69-bus Distribution System

	Bibliography
	List of Publications
	Bio-data

	Satish Sharma.pdf
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Nomenclature
	Introduction
	Motivation for present work
	Coordinated Operation of Wind producer and Energy storage
	Deviation cost allocation
	Loss allocation

	Research Objectives
	Outline of the Thesis

	Strategic Coordination of Wind Producers and Energy Storage Systems
	Problem Formulation for Strategic Coordination
	Risk Modeling

	Risk based Profit Allocation
	Solution Methodology
	Weighted Shapley Value (WSV)
	Weight Computation


	Case Study
	Summary

	Deviation Cost Allocation
	Deviation Cost: Preamble
	Deviation Cost of Discom
	Solution Methodology
	Deviation Cost Allocation using Shapley Value

	Case Study
	Summary

	Network Power Loss Allocation
	Loss Allocation using Cooperative Game Theory
	Conventional Shapley Value
	Aumann-Shapley Value

	Sequential Shapley Value Approach
	Solution Methodology
	Allocation to DGs
	Generalized Algorithm of Proposed SSV Method

	Analytical Shapley Value Approach
	Solution Methodology
	Calculation of IB{ i } and IBN
	Algorithm for BIBC and BCBI Formulation
	Economic Coherent and Isonomic Solution

	Case Study
	Sequential Shapley Value
	17-bus system
	24-bus System
	69-bus System

	Analytical Shapley Value
	3-bus System
	17-bus System


	Summary

	Conclusions
	Contributions from the thesis
	Future Scope of work

	Cooperative Game Theory: Background
	Shapley Value

	System Data
	17-bus Distribution System
	24-bus Distribution System
	33-bus Distribution System
	69-bus Distribution System

	Bibliography
	List of Publications
	Bio-data





