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Abstract

The research work presented in this thesis discusses the importance of performing various
power system operations through coordination between transmission and distribution
system operators, with the fast developments in distributed energy resources (DERs).
The aim is to provide some improvements and accommodate new dimensions to the
power system operations and market clearing procedures. The need for carrying
out several day-to-day operations in a distributed manner with a little reciprocity of
information at the common bus of connection of transmission and distribution system
is emphasized in this thesis.

The integrated power system consists of transmission and distribution systems
that are physically coupled with each other. Generally, both the systems are studied,
controlled and managed by different entities such as TSO and DSO. For the study of one
system, the other is considered as an equivalent and thus misses out on modeling certain
finer aspects of another system. The current independently operating transmission and
distribution (T&D) management systems are incompetent to appropriately reflect the
effect of distribution system operating conditions at the transmission level. Therefore,
to effectively utilize the flair of an increasing share of DERs in the distribution systems,
there is an evolving need for coordination between TSO and DSO.

The direct approach to deal with this problem could be to perform the coordinated
operation in a centralized manner. But this may lead to (a) numerical instability issues
due to the diverse topological structures, R/X ratios, voltage and power levels of each

T&D system (b) huge communication and computational burden (c) privacy issues



while sharing the network data. Thus, the decomposition or distributed method with a
reduced communication burden is preferred for solving such problems in this thesis.

To achieve a global and optimal solution for the entire power system, coordinated
load flow (CLF) and coordinated optimal power flow (OPF) methods are proposed
in this thesis. Also, the viability of the proposed OPF framework is validated by
implementing it on the test system developed on real-time simulators (RTDS and
OPAL-RT).

Next, the impact of various factors like voltage-dependent loads, DG’s reactive power
capability, location of DGs, and network losses on the transmission voltage security is
extensively analyzed in this thesis. Also, to obtain the more realistic results for voltage
stability margin, continuation power flow (CPF) is performed in a coordinated fashion
including both T&D systems in this thesis.

Moreover, the coordination between TSO and DSOs is required to reflect the
potential of resources available in distribution system at the transmission level for
the socio-economic benefit of an entire power system. In this thesis, minimal data
exchange-based coordinated market operations (CMO) scheme for the day-ahead energy
market is proposed. Further, another market framework is proposed that provides
freedom to DERs to select among the local energy market or wholesale electricity market
where they prefer to offer their generation. This will allow DSO to select the more
economical way of allocating the resources utilizing the TSO-DSO coordination.

Further, to ensure the power system security in the light of intermittent RE-based
DG, this thesis proposes a methodology to carry out transmission contingency analysis
based on CLF. For reducing the computation time, the criteria for selecting sensitive
load buses are also suggested.

The proposed methodologies have been extensively tested on multiple test systems
and detailed discussions on case study results have been presented. The results substan-

tiate the significance of TSO-DSO coordination for various power system operations.
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Fraction of power offered by i** DG1 in WEM
Loading parameter

LMP of i*" bus

Voltage angle of i*" bus/node

Set of buses in distribution system

Power demand of a** DS from the grid

Load exponents

Resistance and reactance of line connecting buses i — j
Power injections at i*" bus

Power flows of line connecting buses i — j

Set of buses in transmission system

Voltage of i*" bus or node



xxiv Nomenclature

A Set of boundary buses connecting TS and DS
T Set of time slots in a day
Ci(.) Convex cost function of generating unit at i’ bus

DL, DGL Set of buses connected to Type A and Type B DS, respectively

N Set of buses in a'* DS

N9 Set of buses connected to generators in T'S
NP Set of number of DSs connected at BBs
Neba Set of buses with fixed loads in a** DS
Nt Set of buses with fixed loads in TS

NPEL NPGZ - GQet, of buses connected to Type 1 and Type 2 DGs, respectively

NTba Set of buses with flexible loads in a'* DS
N Set of buses with flexible loads in TS
U(.) Concave utility function of flexible load at " bus

Acronyms / Abbreviations

ADN Active Distribution Network

BB Boundary Bus

BP Bid Price

CA Contingency Analysis

CCPF Coordinated Continuation Power Flow

CLF Coordinated Load Flow



Nomenclature XXV

CMO Coordinated Market Operations
CPF Continuation Power Flow

CS Contingency Selection

DER Distributed Energy Resource
DG Distributed Generation

DMS Distribution Management System
DS Distribution System

DSO Distribution System Operator
EMS Energy Management System
HGD Heterogeneous Decomposition
KKT Karush-Kuhn-Tucker

LEM Local Energy Market

LM Load Modelling

LMP Locational Marginal Price

M-COPF Modified Coordinated Optimal Power Flow

OPF Optimal Power Flow

PI Performance Index

PTDF Power Transfer Distribution Factor
RE Renewable Energy

RES Renewable Energy Sources



Nomenclature

XxXVvi

SW Social Welfare

T&D Transmission and Distribution

TCPF Transmission Continuation Power Flow

TCPF-LM Transmission Continuation Power Flow with Load Modeling
TS Transmission System

TSO Transmission System Operator

VSM Voltage Stability Margin

WEM Wholesale Electricity Market



