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ABSTRACT

The increase in power transactions, consequent open access created by deregulation and restructuring has
resulted into network operation challenges including determination as well as enhancement of available transfer
capability (ATC), and congestion management among others. In this study, repeated alternating current power
flow (RACPF) approach was implemented for determination of ATC. ATCs for inter-area line outage and
generator outage contingency conditions were obtained and analyzed. Analyses of most severe line outage
contingencies resulting from evaluation of different performance index (PI) ranking methods were carried out
for severe line outage contingency identification. A comprehensive review of FACTS controllers with their
various background, topological structures, deployment techniques and cutting-edge applications was carried
out for network performance enhancement. In addition, different placement methods were investigated for
optimal performance evaluation of FACTS devices. Following this, comparative performance of static var
compensator (SVC) and thyristor-controlled series compensator (TCSC) models for enhancement of ATC, bus
voltage profile improvement and real power loss minimization was investigated. In addition, particle swarm
optimization (PSO) and brain-storm optimization algorithms (BSOA) were engaged for optimum setting of
FACTS devices through multi-objective problem formulation and allocation purposes. Thereafter, sensitivity-
based technique involving incorporation of proposed FACTS device loss with the general loss equation for the
determination of optimum location with same objectives was developed and TCSC location was established
based on this sensitivity factors analyses, obtained from partial derivatives of the resultant loss equations with
respect to control parameters. Subsequently, investigation and analyses of capability of an optimized VSC-
HVDC transmission system in enhancing power network performance were conducted. Furthermore, this
optimized VSC-HVDC transmission system was applied for mitigation of bus voltage and line thermal limit
violation as a result of n-1-line outage contingency. All these investigations and analyses were implemented for
bilateral, simultaneous and multilateral transactions as characterized by network liberalization and IEEE 5 and

30 bus networks were used for implementation in MATLAB environment.

RACPF method found to be more accurate especially when compared with other methods with 11.574 MW
above and 29.014 MW below recorded ATC values. Voltage and real power Pl have also been proven to be
distinctly dissimilar in severe contingency identification. In placement method comparison however, disparities
in ATC enhancement ranges between 2% and 85% were achieved while real power loss minimization of up to
25% was obtained for different methods. Real power loss minimization of up to 0.06 MW and voltage
improvement of bus 21 to 30 were achieved with SVC, while ATC enhancement of up to 14% were recorded
for both devices. However, BSO behaved much like PSO throughout the achievements of other set objectives
but performed better in ATC enhancement with 27.12 MW and 5.24 MW increase above enhanced ATC values
achieved by the latter. The comparison of set objectives values relative to that obtained with PSO methods
depict suitability and advantages of BSOA technique. Sensitivity based placement technique resulted into ATC
enhancement of more than 60% well above the values obtained when TCSC was placed with thermal limit

method. In addition, a substantial bus voltage improvement and active power loss reduction were recorded with
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this placement method. With incorporation of a VSC-HVDC based transmission system into ac network
however, there was an improvement in power flow up to 15.66% corresponding to 46 MW for various
transactions, transmission line power loss minimization up to 0.38 MW and bus voltage profile deviation
minimization. Besides, automatic alleviation of violated thermal and voltage limits during contingency present
VSC-HVDC system as a solution for network performance optimization especially during various transactions
occasioned by unbundling power processes. Therefore, ATCs were properly enhanced, bus voltage profile
improved, and system real power loss minimized. Likewise, HVDC system enhanced network performance and

automatically alleviated violated thermal and voltage limits during contingency.
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CHAPTER ONE
INTRODUCTION

1.1 Background of the study

The evolution of power sector all over the world was monopolistic in nature due to economy of scale. The
electric power industry has over the years been handled by these large monopolistic utilities that had an overall
authority over all activities in generation, transmission and distribution of power within its domain of operation.
Based on definite policies and standards, they handle the overall planning and operations of the networks, with
sole aim of maintaining reliable and uninterrupted supply to the loads [1]. These utilities are the sole provider
of electricity in their domains and traditionally, operational structure appeared to be extremely stable. Hitherto,
two major ownership structure subsisted: vertically integrated privately owned and publicly owned, otherwise
referred to as state owned monopolies, such as in European and some developing countries of the world [2].
This structural tradition remains effectively in force without agitations for integration or separation of
component parts comprising generation, transmission, and distribution, or change of ownership and/or policies
governing critical decision variables affecting the operations [3].

In late 1970s however, with many different reasons that ranges from political to purely economical, which are
also dissimilar from regions to countries, many electric power networks and utility companies globally have
changed their mode of operation from vertically integrated structured to open market systems. This open market
structure is also referred to as deregulated, restructured and liberalized power sector in the context of this study.
Majorly, the quest for liberation of electricity industry emanated from poor performance and unwillingness for
additional capital investment on the part of government of Chile and other Latin American nations. The change
in attitudinal ideology against state ownership of utility infrastructures was responsible for liberalization in
United Kingdom, while dissatisfaction of nature of power sector monopolies coupled with dependence on
complex regulations and control policies prompted United States of America to adopt deregulation. In the case
of Eastern Europe, the need to embark on massive industrialization through private sector driven initiative,

coupled with change of government, resulted into embracement of deregulation of power network [4],[5].

Accordingly, Chile was the first to introduce restructuring into her electricity sector between 1978 to 1983 [6].
England adopted restructuring in 1989/90, United States, Argentina, Norway and Sweden in 1992, Bolivia and
Colombia in 1993, Australia in 1994, New Zealand in 1996, Panama, El Salvador, Guatemala, Nicaragua, and
Honduras and Costa Rica in 1997 [6],[7]. This wave of restructuring rapidly spread to other countries in Europe,
North America, South America, New Zealand, Australia, part of Asian and African countries. This stride also
induced other countries in Latin America and by extension the rest of the world to embrace restructuring [8].
Over this period, the pace of metamorphosis in electricity sector reform has increased tremendously with more
sophisticated approach in its implementation. Many countries ranging from large to small, from developed to

developing have embraced and adopted liberalization to their electricity sectors. This deregulation was
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precipitated in the industrialized countries by the pressure to reduce costs and hence tariffs, while

simultaneously increasing the competitiveness in the markets [9].

Generally, some of the factors that culminated into power sector reform have been categorized into: (a)
inefficient performance of state owned and operated electricity sector regarding high cost of operation, poor
expansion of electricity access to entire populace and unreliability of supply, (b) financial constraints on the
part of the state for required obligations including facilities expansion and maintenance, (c) unavoidable
pressure to focus on other pressing obligations and expenditures leading to removal of incentives in power
sectors and, (d) the desire for revenue generation through auctions of state assets in power sector [2],[10].
Although, the implementations of these reforms have some associated controversies initially and have not ended
into precise desired results, however, the trend in public policy has continued to gather accolade for power
sector liberalization. Besides, the rapid technological advancement in power network components and parts has
contributed immensely to the new structural adjustment of the industry. Nevertheless, the success of
deregulation depends on creation of competitive electricity market which will provide avenue for better
motivations for operational cost control and for encouragement of innovation in power supply chain

technologies [11].

This recent changes in the power system structure have led to much more complexity in its operation.
Deregulation resulted in reorganization of vertically integrated energy sector into a decentralized sector where
generation, transmission and distribution were not to be owned by a single entity but differently owned and
controlled by several entities [12]. The open access granted free access of existing transmission facilities to any
individual with appropriate license to inject/draw power at any point into/from the system. Hence, deregulation
of components structure of power system unavoidably introduces a change in planning and operational
procedures of transmission systems. Due to evanescence of erstwhile ancillary services domiciled in vertically
integrated structure, deliberate special arrangement is necessary for its replication in a restructured network.
Ancillary services which include; black start capability, spinning reserve, reactive power provision and voltage
support are indispensable for transmission network operations but are not readily accommodated in energy

tariffs thereby resulting into additional cost for sector operators [13].

The operation of power system networks become difficult for power evacuation and injection, due to this open
access. This is because, in a deregulated power system, both the power producers and the consumers make use
of the same transmission network for transactions purposes [14]. In this open market strategy, all the participants
are profits conscious and tend to purchase the energy from the cheapest source, hence this resulted into various
challenges. The development of power network to fulfil consumption demand resulted in an unplanned power
transaction which force transmission lines to operate in the region of their thermal limits. This usually results
into overloading of these corresponding lines, known as congestion which in turn leads to contingency, which
affects power system transmission network reliability [15]. This is because, in a pre-restructured network, most
power transactions existed between neighboring utilities and such will not be embarked upon unless jointly

agreed that system economy and security are guaranteed in the overall interests [16].
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1.2 Problem Statement

Power transmission network differs in form to other transportation systems where between source and
destination, there is freedom of choice amongst alternate paths, and such that storage of goods and services can
be adopted in place of an inhibited flow. In contrast, electric energy cannot be substantially stored and there is
limitation to the choice of transmission flow paths between energy source and sink among the clusters of power
network branches [16]. Transmission capacity is already compressed due to various factors, and this must now
meet the new demands created by deregulation. These demands consist of power flows for which transmission
systems were not designed, arising from both open access and sitting of new generation with little concern for
transmission requirements [17]. Largely, the incessant entry and exit of generators from the grid to satisfy
contractual terms which resulted from their inability to sustain a specified market share usually lead to network
limits violations. The presence of large number of market participants with conflicting interests is also
responsible for increase in unscheduled transactions with no historic operational data, while the proliferations
of small distributed generators usually of renewable origins are another source of problems for deregulated
network [4].

The process of power network operation with due consideration for limits bounds is very vital to network
security and reliability. One of the attributes of traditional network structure is the operation with sufficient
reserve margins. In a deregulated network, this operational safety margin has been compromised, leading to
high probability of power outage [16]. Blackouts that were experience in some countries in Northern America,
(United States and Canada, between year 2003 and 2004) and Europe are partly attributed to the restructuring
of the power industry [17],[18]. Notwithstanding, the current operating practices are based on reliability criteria
that were established in response to certain events in the 1960s [19]. An improved flow control will be of
immense benefits because of the restrictions in instantaneous network transmission transfer capability. These
limitations are mostly imposed by transmission line thermal limits, bus voltage limits and system stability limits
at any time. Unless something is done to reduce congestion or increase transmission capacity, there may be
possibility of more blackouts or other unwanted scenarios. Network manipulation must be done to adjust system
limitations to encompass normal and probable contingency cases such that uninterrupted power operation will

be sustained at all time. Hence, this study seeks as follows;

(@) The issue of transmission capability determination become a herculean task because of upsurge in
power transactions, consequent of open access. This study, therefore, investigate various methods of
transmission capacity determination and presents repeated alternating current power flow (RACPF)
based on implementation of full alternating current power flow equation on repeated power flow
approach of available transfer capability computation.

(b) The orthodox ways of building new generation stations and transmission infrastructures in a bid to
expand power transmission network capability are both technically and economically restricted.
Therefore, this study investigates and presents flexible alternating current transmission systems

(FACTS) as a solution for deregulated and restructured network transmission capacity enhancement.
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(c) More power flow is necessary for available transfer capability (ATC) improvement, but more power
flow is synonymous to power losses and it is inescapable to regulate network voltage within the limits
and simultaneously satisfy power balance equations. Therefore, efforts were made in this research
study to concurrently enhance ATC of a deregulated network and implement power loss control, with
due consideration for bus voltage deviation minimization as part of the objective.

(d) Deregulated network is characterized by numerous and mostly unplanned power transfer trading. This
forces transmission lines operation in the region of thermal capability, making overloading of some
heavily loaded paths unavoidable, which will lead to congestion and eventual contingency of such
lines. Therefore, because of inadvertent occurrence of network contingency, consequent of highlighted
issues, the problem of n-1-line outage contingency mitigation for a deregulated and restructured power

systems is also achieved and presented in this study.

1.3 Motivation for the Research

The wave of power network deregulation and restructuring is blowing intensely, leading to accruing in
challenges for network operators whose determination hitherto, is to ensure economy of power operation with
utmost consideration for maintenance of system security limits. The traditional way of physical network
expansion is facing a lot of sethack due to issues such as right-of-way, environmental and high cost of power
facilities. Meanwhile, the recent advancement in power electronics devices have made tremendous
contributions to the urgency for network capacity enhancement, constrained with sustainability and reliability
improvement, with due consideration for minimization of cost, through injection of supplementary
controllability and flexibility of operation. This improvement has created a renewed interest in FACTS
applications. Therefore, FACTS devices are becoming intrinsic parts of network systems, especially for power
network performance improvement among many other applications. This study investigates and implements

enhancement of network performance, with FACTS devices, in a deregulated and restructured power system.

1.4 Key Research Questions

(&) How can the transmission capability be appropriately assessed in a deregulated and restructured power
network?

(b) How can the transmission capability be appropriately enhanced in a deregulated and restructured
power network?

(c) How can the bus voltage profile of a deregulated and restructured network be improved?

(d) How can the power loss of a deregulated and restructured network be controlled?

(e) How can the power flow of a deregulated and restructured power network be improved?

(f) How can the contingency be appropriately mitigated in a deregulated and restructured power network?

1.5 Aim and Objectives of the Research

The aim and objectives of this study are as follows;

1.5.1 Aim of the Research
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The primary aim of this study is to enhance electrical power performance of a deregulated and restructured
power system through investigation and determination of network performance and provision of an effective
flexible alternating current transmission systems (FACTS) devices for improvement of transfer capability,
minimization of bus voltage profile deviation, control of system power losses and mitigation of network

contingency.

1.5.2  Obijectives of the Research

The objectives of this study are as stated below;

@) determination of transmission capability of power network in a deregulated and restructured
environment;

(b) evaluation of best approach for identification of the most severe n-1 outage contingency using
performance index methodology;

(c) investigation of operational comparison of two different FACTS (TCSC and SVC) devices for network
performance improvement.

(d) investigation of effectiveness of different FACTS devices placement approaches for network
performance improvement of a deregulated and restructured power network;

(e) presentation of sensitivity-based analysis for optimal placement of FACTS devices for network
performance enhancement of a deregulated and restructured power network.

Furthermore, the objectives of this study are also to provide an affirmative answers to the research questions

raised in subsection 1.4 above.

1.6 Limitation of the Research
This research is limited to investigation of transfer capability determination and its enhancement with SVC and

TCSC devices. It also investigated network bus voltage profile and power loss of a deregulated and restructure
power network during transfer capability determination as well as its enhancement. Besides, it implemented
contingency mitigation with VSC-HVDC transmission system, in addition to network performance
enhancement with this device. All these were carried out for various power transactions at steady state and n-1
network element outage contingency conditions and did not implement symmetrical and asymmetrical faults
on test networks. This study did not focus on cost related issues regarding FACTS device installation and
operation.

1.7 Research Methodology and Design
This study involves deregulated and restructured power network performance enhancement with FACTS

devices. In order to achieve these, the following are the major steps followed.

@ Detailed study of existing literatures on transmission capability determination was carried out.
(b) Thorough study of severe line outage contingency evaluation was also conducted.
(c) Arising from (a) above, available transfer capability (ATC) was determined and implemented using

IEEE RT system.
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(d) Arising from (b) above, an effective means of the most severe line outage contingency identification,
through contingency evaluation studies was aslo presented using IEEE RT system.

(e) Studies were conducted on applications of flexible alternating current transmission systems (FACTS).

()] Brief presentations of simple models of three types of FACTS namely, TCSC, SVC and VSC-HVDC
transmission systems were carried out.

(9) Implementation of TCSC and SVC for ATC enhancement of deregulated network was carried out.

(h) Investigations of FACTS device placement approaches for ATC enhancement, bus voltage deviation

minimization and power loss control of a deregulated network were carried out.

(i) A sensitivity-based analysis approach, derived from (h) above, was presented for FACTS placement
purposes.
) The approach in (i) above was implemented for network performance improvement including power

flow enhancement and contingency mitigation of a deregulated and restructured power network.

(k) The results obtained in the above various steps were presented, analysed and validated.

1.8 Significance of the Research

One of the consequences of electrical power deregulation and restructuring is the resultant competitive electrical
power transactions. This results into a herculean task for power system operators in order to maintain a secured
and economic power trading amidst system constraints and other bounded operating conditions. Enhancement
of ATC becomes imperative in a bid to handle the upsurge in power trading because sufficient and adequate
ATC are necessary for both competitive and economic power transactions. Therefore, this study presents a
unique and innovative approach for ATC enhancement, bus voltage deviation minimization and power loss
reduction concurrently, through application of optimized FACTS devices based on sensitivity analysis method.
Besides, network performance enhancement as well as contingency mitigation of a deregulated and restructured
power system was achieved through optimized VSC-HVDC transmission system incorporated into an ac
network.

1.9 Contribution of the current study to knowledge

Initially, repeated alternating current power flow (RACPF) method, based on implementation of full ac power
flow equation on repeated power flow approach of ATC determination, was successfully implemented in
determining the ATC of a deregulated and restructured system in this study. The accuracy of RACPF method
was established when compared with the results of previous work in the literature. Various network operating
conditions ranging from normal, contingency, bilateral and multilateral transactions were investigated with this
method. ATC has been established to decrease with increase in power transactions. It has also been established
that least ATC occurs with contingency occurrence of multilateral transaction. With these investigations, the

importance of ATC to market participants in a deregulated power system has been substantiated.

Evaluation of performance index (P1) methodology as a tool for contingency evaluation was done with a view
to presenting the most suitable method in deploying PI for contingency problems. The investigation conducted

has demonstrated the behavioral attributes exhibited by different approaches of PI. It is therefore established in
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this study that the disturbance which resulted into lines overload did not necessarily cause bus voltage limits
violations. Subsequently, voltage and real power indices should be treated differently in order to obtain a
separate but meaningful contingency rankings using PI, because the duo have been proven to be distinctly

dissimilar.

Applications of FACTS devices for enhancement of ATC for engaged bilateral, simultaneous and multilateral
transactions were implemented in this study. The performance comparison of TCSC and SVC were also carried
out, during enhancements exercise. TCSC maintained bus voltage magnitude for bilateral and simultaneous
transactions but with slight voltage droop during multilateral trading. In contrast, SVC slightly improved bus
voltage profile for all the transactions. The introduction of SVC contributed to total system real power loss
minimization for all the transactions while that of TCSC had no significant minimization for bilateral and
simultaneous dealings but rather increased total real power loss for multilateral transaction. Therefore, for
transfer capability enhancement with voltage improvement and real power loss minimization in focus, SVC is

more relevant.

Review of FACTS devices which revealed that optimal location and parameter settings are sine-qua-non to
device performance was implemented in this study. Therefore, comparison among various analytical placement
techniques were carried out to present the best. Subsequently, a universal method for FACTS optimal placement
was developed based on total real power loss minimization approach, through amalgamation of FACTS device
loss with the total system loss with the objectives of ATC enhancement, voltage profile improvement and active
power loss minimization. TCSC was also modeled analytically just like SSSC for purpose of implementation
of this method.

An optimization technique known as brain storm optimization (BSO) algorithm was proposed for optimum
setting of FACTS devices for multi-objective problem involving ATC enhancement, bus voltage profile
deviation minimization and real power loss regulation. BSO performance in comparison with particle swarm
optimization (PSO) during the achievement of set objectives was presented here which suggested an advantage
of former over the latter. It has therefore been verified that BSO algorithm is effective in solving FACTS

allocation multi-objective optimization problems.

Investigation of VSC-HVDC transmission system embedded into ac network was also presented in this study.
With the incorporation of VSC-HVDC transmission system in an ac network, an improvement in system
performance has been recorded, therefore, HVDC based VSC transmission systems have the capacity to support
and enhance system behavior especially during power transactions to achieve system reliability and security of

a restructured network.

In the same manner, contingency control capability of VSC-HVDC system integrated into an ac network was
investigated in this study. Here also, sensitivity-based approach was applied for placement purposes. The

objective of using sensitivity analysis based on controlled parameters of VSC was discerned through
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consideration for the impacts of shunt devices on network loss characteristics. However, an n-1 transmission
line outage contingency was created based on the most severe ranked outage line. The incorporation of VSC-
HVDC system in-between ac buses in a network minimized bus voltage profile deviation for steady state and
restored violated bus voltage limits during contingencies. Power flow were enhanced during steady state and
thermal limit violation occasioned by contingencies were adequately controlled. During bilateral, simultaneous
and multilateral transactions however, the presence of this HVDC in the ac network not only damped the
impactful effects of power transfers on network dynamics but also control both voltage and thermal limit
violations as a result of associated contingencies. Therefore, VSC-HVDC system incorporated into ac network
has the capacity to influence system dynamics and it stands a solution to problems of contingency especially in

a deregulated and restructured power network.

1.10 Organization of the Thesis

The subsequent parts of this study are as organized as follows.

Chapter One: Introduction

Chapter one gives the background to the research, highlights the problem statements presents research
motivation, and pinpoints key research questions. It also discusses aim and objectives of the research, defines
the research limitation, talks about the significance of the research, describes methodology of the research, and

presents the thesis structure.

Chapter Two: Literature Review

This chapter discusses the concepts of power network deregulation and restructuring. It presents the review of
various methods for available transfer capability determination and reviews various approaches for
implementation of performance index methodology for identification of most severe line contingency. It
presents comprehensive review of flexible alternating current transmission systems (FACTS), as relating to
their generation, types, configurations and connection types. Various deployment techniques and cutting-edge
applications of FACTS controllers as related to this research are also described in this chapter. The concepts of
high voltage direct current based on voltage source converter (VSC-HVDC) are also discussed with brief review

of its applications. This review work in this context has published in a peer-review journal.

Chapter Three: Research Methodology

This chapter presents the two methodologies used in available transfer capability determination. Repeated
alternating current power flow (RACPF) and alternating current power transfer distribution factor (ACPTDF)
are herein discussed. Performance index methodology for evaluation of the most severe line outage contingency
is also presented here. Modelling of three types of FACTS devices namely, static var compensator (SVC),
thyristor controlled series compensator (TCSC) and VSC-HVDC transmission system are presented in this
chapter. Besides, the analytical modelling of TCSC for its adaptations for application of sensitivity-based
method of optimization is also highlighted. Particle swarm optimization and Brain storm optimization

algorithms used for optimization of TCSC device are also presented in this section. The implementation of
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sensitivity-based approaches for placement of TCSC and VSC-HVDC devices as derived in this research are

equally presented.

Chapter Four: Network ATC Determination and Contingency Evaluation

Available transfer capability of a deregulated and restructured network is presented here, using RACPF method.
Evaluation of severity of line outage contingency is conducted in this chapter for clarification of misapplications
of performance index (P1) methodology in identification of most severe outage contingency. Prior to this time,
researchers have been applying the method indiscriminately using real power PI, voltage PI, reactive power PlI,
combination of any two of them and combination of all of them. Two published IEEE conference proceedings

emanated from the results of this chapter.

Chapter Five: Facts Devices Enhancement of Available Transfer Capability

This chapter presents the enhancement of available transfer capability of a deregulated and restructured power
network with two different types of FACTS. In the first section of this chapter, efforts were made to compare
performance of SVC and TCSC for objectives of ATC enhancement, bus voltage profile deviation minimization
and power loss control. In the second section of same chapter, different approaches for TCSC device placement
were compared for the same objectives. The approaches considered are total real power loss, real power
performance index, real power loss sensitivity with respect to line reactance, power transfer distribution factor
(PTDF), line thermal limitation, available transfer capability (ATC) value, and least bus voltage magnitude.
The contents of this chapter have been published. Two published IEEE conference proceedings emanated from

the work presented in this chapter.

Chapter Six: Optimization of thyristor control series compensator with Brain Storm Optimization
Algorithm (BSOA)

In chapter six, BSOA is engaged for the optimum setting of TCSC devices for enhancement of ATC of a
deregulated electrical power system network. ATC enhancement, bus voltage deviation minimization and real
power loss regulation are formulated into multi-objective problems for FACTS allocation purposes. ATC values
are obtained for both normal and n-1-line outage contingency cases and these values are enhanced for different
bilateral and multilateral power transactions. Obtained enhanced ATC values for different transactions during
normal evaluation cases are then compared with enhanced ATC values obtained with Particle Swarm
Optimization (PSO) set TCSC technique under same trading. The findings in this chapter has been accepted for

publication in peer-review journal at the time of this thesis preparation.

Chapter Seven: Sensitivity Based Approach for Thyristor Control Series Compensator Optimization

In this chapter, a sensitivity based technique is developed for optimization of TCSC location in power network
system. Here, FACTS device loss was incorporated with the general loss equation for the determination of
optimum location for device placement in a deregulated power networks, with objectives of ATC enhancement,
bus voltage profile improvement and loss reduction. A detailed mathematical model in terms of circuit system

parameters is presented based on FACTS loss amalgamation approach. Like previous chapter, TCSC is
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considered for simulation and analysis because of its capability to control active power among other parameters.
The TCSC location is established based on analysis of sensitivity factors obtained from partial derivatives of
the resultant loss equations (including FACTS) with respect to control parameters. ATC values are obtained
using alternating current power transfer distribution factor (ACPTDF) method and with TCSC in place, these
values are enhanced for different bilateral and simltaneous power transactions. The content of this chapter has

been published in peer review journal.

Chapter Eight: Network Performance Enhancement with High Voltage Direct Current Transmission
Systems

This chapter presents the results of an investigation and analyses of the capability of voltage source converter
(VSC) based high voltage direct current (HVDC) transmission system in enhancing power network
performance. A sensitivity-based technique of optimal location as presented in chapter seven was applied for
incorporation of VSC-HVDC transmission system in this chapter. This placement is achieved with recourse to
magnitude of injected voltage and control angle variables of the device through its active participation in total
system loss derivatives. Performances of VSC-HVDC based transmission system during different power
transfers resulting from bilateral and simultaneous transactions were observed. Bus voltage deviation
minimization and power loss control involved in these various transactions are presented and analysed. The
outcome of the research presented in this chapter is under consideration for publication at the time of

compilation of this thesis.

Chapter Nine: Contingency Mitigation with High Voltage Direct Current Transmission System

This chapter presents the investigation of high voltage direct current (HVDC) based on voltage source converter
(VSC) for power network contingency mitigation purposes. An optimized VSC-HVDC transmission system is
applied for mitigation of bus voltage and line thermal limit violation as a result of n-1-line outage contingency
occurrence during bilateral, simultaneous and multilateral transactions. Line contingency evaluation through
real power performance index (RPPI) as earlier presented in chapter four was adopted for severe contingency
identification purposes. Also as presented in chapter seven and as adopted in chapter eight, optimization of
VSC-HVDC system was achieved through statically developed sensitivity-based analysis of VSC control
parameters, while its performance for both steady state and contingency conditions are verified on IEEE

standard network. The work presented in this chapter has been published in a Q1 peer review journal.

Chapter Ten: Summary, Conclusion, Recommendations and Future Research

The summaries of the findings of this research work are presented in this chapter of the thesis. The chapter also
presents the conclusions that were drawn consequent these findings. Therefore, recommendations were made,
and future research directions were also suggested in this chapter. Lastly, the succeeding Appendices contain

IEEE bus systems and network data records as used in the study.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

This chapter undertakes the review of the literatures in relation to the concepts of this research study. It briefly
discusses the ideas of electric power sector deregulation and restructuring. This power sector liberalization has
changed the dynamics of network operation in relation to power system reliability, stability and security.
Consequently, it has resulted into network operational challenges, which for the purpose of this study, are
narrowed and restricted to available transfer capability (ATC) problems and contingency management.
Therefore, the review of previous work on these issues are carried out in this section. Prior to the discussion on
contingency mitigation, a review of performance index methodology of contingency evaluation is presented for
identification of the most severe contingency line outage. Having recognized flexible alternating current
transmission systems (FACTS) as an integral part of future power network operations especially for ATC
enhancement and contingency mitigation application, a comprehensive review of FACTS devices is also
conducted in this section. Reviews on applications of FACTS involving power flow control, contingency
mitigation, voltage and power loss control are carried out. Besides, for power network to cope with upsurge in
power demand consequent of deregulation however, the review of existing methods of ATC enhancement is

also presented.

2.2.  Power system network deregulation and restructuring
The evolution of power system all over the world was through monopolistic vertical integration with either

highly regulated policies or ownership credited to the states. Here, all the functional components of power
supply involving generation, transmission, distribution and other ancillary services are embedded within the
jurisdiction of these electric utility companies [20]. However, with wide varying performance of these highly
controlled monopolies across different countries, these companies have the de facto enfranchisements on all the
activities regarding energy trading for residential, commercial as well as industrial consumers in the region of

their geographical network coverage [1].

Thereafter, lately in 1980s, the experts in power sector including policy makers and members of academia
unanimously agreed that energy production process should be undertaken through competitive and structured
markets. It was foreseen that functionally separation into independent functional units of market structures
erstwhile and traditionally undertaken by vertically integrated companies will create room for competitiveness,
effectiveness and sustainability in energy markets [1],[10],[21],. However, due to these economic and efficiency
reasons, the vertically integrated utilities are being deregulated globally [1]. As introduced and stated in chapter
one, Chile was the first country to apply restructuring to her power sector between year 1978 and 1983 [22].
England adopted restructuring in 1989, United States in 1992 and this rapidly spread to other countries in
Europe, North America, South America, New Zealand, Australia, part of Asian and African countries. This

pace also encouraged other countries in Latin America and by extension the rest of the world to embrace
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restructuring [8]. Fig. 2.1 [23] presents a simple pictorial view of both the vertically operated network and
deregulated power networks. As shown in the figure, many components of the traditional power architecture
have been structurally replaced and new functional unit incorporated in the transformation process. Generation,
transmission and distribution units metamorphosized into generation companies (GENCOs), transmission
companies (TRANSCOs) and distribution companies (DISCOs), with introduction of independent system

operators (ISOs) and independent power producers (IPPs).

The occurrence of deregulation has transformed the practice of power transfer processes and has grossly
increased power transfer between two areas. Therefore, there is a renewed interest and a regenerated attention
in power industry, as a result of this new alteration in structural operations of power networks. Consequently,
the operation of power network becomes difficult because of unhindered access brought about by deregulation
[3].

Vertically Deregulated
Operated Network |

Generation

Transmission 3 ™ TransCo . » 1SO
i | | AARY)

A J Y

V3 Real
Energy
,,,,,,,,, »| Services
Companies

Distribution

an

ISO -Independent
System Operator

| ‘ Information
<—> Information ——» Energy flow
[ » Money flow | <> Money flow

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2. 1: Structure of vertically operated network and restructured power system

2.3 Review into ATC determination
Transmission of a very large quantum of power over a very long distance is a sine qua non for its reliability,

security and economy of scale [24]. Nevertheless, there is limit to the maximum power that can be transferred
over transmission lines due to thermal limit, voltage magnitude bounds, and security constraints [14]. In a
deregulated and restructured environment, all power transactions take place over the same transmission network
and due to economic reasons, market participants compete among themselves to purchase power from remote
generators with the lowest generation costs [25]. When numerous power transactions are ongoing in market
like this, and because of unplanned power transfer trading, there is tendency that transmission lines will be

operated in the restrictions of their thermal capabilities. Therefore, overloading of some heavily loaded paths
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will lead to congestion and eventual contingency of such lines [15]. Hence, for the market players in a
deregulated market, values of ATC are cardinal pointer in making decisions. ATC perfectly depicts the
transmission network's physical and system status as well as limits [25]. ATC of a deregulated network is an
indication of transferrable quantity of power from one region to another in a network, with consideration for
constraints [6]. Values of ATC are very crucial for transmission companies in indicating available transmission
paths, by furnishing the generation and distribution companies the same information for power transaction

purposes.

In determination of ATC, ac power flow method which was developed in MATLAB software environment was
used for estimation of ATC in [6], where IEEE 30 bus network was adopted for investigation. In their study,
the authors examined transfer capability of the test network under various loadings and different lines as well
as generator outage conditions. A technique that employed optimization and Newton Raphson (NR) load flow
called pattern search optimization based on NR power flow technique was used in [12]. Here, the power flow
equations were formulated into maximization problem with both equality and inequality constraints. In the
implementation of ATC of IEEE 24 bus network, an assumed value of capacity benefit margin (CBM) was
adopted while transmission reliability margin (TRM) was not considered in estimation. This is also a challenge
for accuracy of ATC values presented and besides, this method is complex as it involves a lot of objective
functions to be minimized. Three methods comprising network response, network flow and linear sensitivity
were used for ATC computation in [24]. The author implemented the determination of ATC for Bangladesh
power system based on formulation of three mentioned network models in their work. Notwithstanding, these
methods considered thermal constraints only, which is not sufficient for network stability. Linear programming
based optimal power flow (OPF) for determination of ATC and ac power transfer distribution factor (ACPTDF)
for determination of marginal costs for multi area system were implemented in [14]. These were implemented
through multi-area sectionalization of the test system at both normal and contingency cases. Although, authors
argued in their work that OPF made use of all possible regulating factors to reduce operational cost and reveal
financial information significantly, however, this approach also involves problem formulation and linearization

which make the method a complex one.

Direct current power transfer distribution factor (DCPTDF) method which is based on dc load flow for ATC
estimation was used in [25]. In this work, ATC of IEEE 6 bus system was verified under normal and single
element outage contingency cases. This method is quick to apply because of the assumptions involved in its
formation preparation and calculations. Notwithstanding, the assumptions in equation formulation in this
method have compromised the integrity of the results obtained. DCPTDF, ACPTDF and repeated power flow
(RPF) methods were used for the calculation of ATC in [26]. Authors implemented their work on two types of
network with different bilateral transactions. Based on the comparative results of both IEEE 6 and 14 bus
systems, authors were able to further establish that DCPTDF is inaccurate and that though, ACPTDF gives
better accurate result, it is more complex to implement. The results obtained for few transactions conducted
indicate the accuracy of RPF over all other methods. DCPTDF, OPF, continuation power flow (CPF) and RPF
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methods of deterministic load flow were used in [27] and [28]. In their works, authors in [27] implemented the
investigation on IEEE standard test systems through sectionalization of the test systems into three, in order to
obtain inter-area-ATC of the system while authors in the latter utilized Indian 246 system for their studies. The
authors concluded with the fact that DCPTDF is fast but inaccurate, OPF incorporates a lot of complex

constraints and that CPF cannot be used in real-time.

Linear sensitivity based DCPTDF was implemented in [29], where the estimated rate of change of line flow to
that of generation in the network is computed from dc load flow. A comparative estimate using ACPTDF
approach was implemented simultaneously in the same article. However, just as experienced in the previous
work, ACPTDF method is complex, while DCPTDF is also inaccurate because of the dc load flow equations
employed. Artificial neural networks (ANN) based method was used to evaluate ATC in [30]. This method can
be used in real time but it involves many layers, requires data generation training, data normalization and testing,
thereby making it complex to implement. Performance comparison between three heuristic algorithms namely
GA, PSO, FA and generalized algebraic modelling system software (GAMS) were investigated for ATC
determination in recent work implemented by the authors in [31]. Efforts were made to compare the
performance of GAMS implemented through optimal power flow approach and ATC values obtained using
other heuristic algorithms through same method. The former method resulted in better ATC values than the
latter for normal case while no significant disparities observed for the two methods during contingency
conditions. These heuristic algorithms and GAMS were used for solving optimal power flow problems of IEEE
24 bus reliability network with ATC determination in focus. However, this process involves a lot of

parameterization, computations and coding which resulted in complexity of application of this approach.

Therefore, RPF which was found to be more accurate for ATC determination was later adopted and modified
into repeated alternating current power flow (RACPF) through the implementation of full ac power flow using
NR power approach for the first sets of ATC determination exercise in this study. Having established the
accuracy through RACPF approach, ACPTDF method was later implemented for ATC determination and

enhancement in the succeeding chapters.

2.4 Performance index (PI)

Evaluation of network reliability becomes major interest of power system transmission planners and operators
because system reliability is the critical guarantor of steady power supply [32]. This is because, the occurrence
of unscheduled and multiple trading due to liberalization will lead to overloading of some heavily loaded
transmission paths which will aggravate the situation of congested network member and lead to eventual
contingency of such component as earlier highlighted [15]. Contingency evaluation, which is synonymous to
evaluation of network reliability intends to verify network’s reliability standards especially in the event of
inadvertent but urgent outages. Up till now, an n-1 criteria which necessitates that system endures an outage of
singular network component member is in vogue and is being widely deployed in power operations [33].
However, as reported in the previous paragraphs, it was observed that some authors implemented an n-1 outage

contingency but rather indiscriminately, without proper identification of the most severe contingent element.
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Identifying severe critical line for implementation of n-1 line outage contingency becomes an issue because of
network behaviors and responses especially when deploying performance index (Pl) methodology among

others.

One of the contingency ranking methods in use is performance index (PI). PI deals with the deviation of the
system variables from their rated values. This makes it suitable for relative contingency evaluation because
contingencies are ranked in line with response of Pl to the change initiated by same contingencies. As a build
up to similar work earlier carried out by Puttgen in University of Florida in 1976, Ejebe and Wollenberg in late
70's developed this approach for ranking and selection of contingency [34]. In their work, an algorithm was
presented for classifying contingency in order of hierarchy, using active power and voltage with consideration
for generators reactive power limits. However, power systems behaviours based on the specified contingency
rank were not evaluated by the authors. Many authors have since adopted this approach in different ways for
contingency ranking. The use of voltage Pl was employed for contingency ranking of power network in the
work implemented in [35]. Here, authors emphasized the need to optimize weighting factors to eliminate poor

ranking effects.

Voltage fused with reactive power Pl was applied for contingency screening and ranking in another work
conducted in [36]. This was to ensure reactive power limit control as well as the voltage limit control of the
network. The investigation which was implemented using fast decoupled load flow equations presented 249
possible outage contingency conditions for tested IEEE 14 bus system through and n-1 and n-2 network
elements outage evaluations. However, these authors did not consider the effects of line power flow limits in
their various rankings and besides, the post contingency evaluation of network system based on the rankings
was not investigated. In the contingency ranking carried out in [37], real power Pl was used for ranking and
subsequent placement of interline power flow controller (IPFC) in a bid to investigate the performance of IPFC
on network system. This method did not consider the effects of both voltage limits as well as reactive power
control on the network system, having limited the evaluation to severity based on thermal effects alone. The
network response to incorporation of IPFC was studied as compared uncompensated system vis-a-vis bus
voltage profile and power flow in the same work. Similarly, real power Pl was used for ranking in another work
implemented in [38], where authors used the ranking for the placement of thyristor controlled phase angle
regulator (TCPAR) in order to study its effects on power flow. This method, however, did not consider the

effects of voltage magnitude bounds and reactive power enforcement on the network.

Sekhar and Mohanty [39] implemented contingency ranking of simple network system using real power and
voltage Pl methods. Authors evaluated the overall severe ranking, used in severity selection, through summation
of the resultant indexes from the two approach, but without consideration for reactive power influence. This
approach formed the basis for the contingency ranking in another work by authors in [40]. However, in their
presentations, IEEE 5 and 6 bus networks were used for the analyses which was realized through full ac power
flow equations. Ethiopian electric power system vulnerabilities were presented in [41], having identified the

contingencies based on real power and voltage Pl rankings but without reactive power control consideration.
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Authors in [34] and [41] independently considered both the real power and voltage PI values in their ranking.
However, Pl computations method adopted differs in that authors in [41] did not consider the influence of
generators reactive power limits on the bus voltages in their implemented work unlike the authors in [34]. It
was therefore gathered from applications of Pl methodology as reviewed that its diverse approach of
implementation required further investigation for succinct clarifications to prevent mis application and for
reliance as well as reliability of the concluding judgement on the subject matter. This issue was therefore dealt
with in a clear manner as reported in chapter four of this thesis in order to unravel mystery behind PI

methodology application especially for severe contingency raking purposes.

2.5  Flexible alternating current transmission systems (FACTS)

Flexible alternating current transmission systems (FACTS) deployments and applications are on the increase in
modern day power network systems because of their advantages over conventional ways of power network
physical expansion. FACTS devices have potency to enhance ATC, reduce power loses and stabilise network
systems [42]. The need to enhance ATC was borne out of upsurge in power transactions consequent of open
access created by deregulation and restructuring. According to [43], adequate ATC is required for an economic
power transaction while its sufficiency is needed for a competitive electricity trading. Therefore, a
comprehensive review of FACTS controllers with their various applications is carried out in this subsection.
FACTS background alongside different techniques of deployments, leading to various applications and
performance of these devices, hitherto organized structurally based on target objectives are also explored,
presented and discussed. Summarily, this subsection provides an overview of the background, topological

structures, deployment techniques and cutting-edge utilization of FACTS controllers.

25.1  The need for FACTS utilization

The quest for green and emission free energy has led to rapid development of renewable energy sources
globally. This pursuit is partly due to concern for depletion of fossil energy fuels and largely to debilitating and
detrimental impacts of these conventional energy sources on the environment. Incorporation of renewable
energy into the grid in form of distributed energy resources are being facilitated by the ongoing power sector
deregulation and restructuring [1],[20],[44]. As parts of its attendant benefits however, issues of system
stability, security and reliability among others are the major challenges of power system network operation in
a restructured power system [45]. This is because, there is a reduction in reactive power backing, hitherto being
provided by the generation subsystem consequent of eradication of incentives for provision of this functional
potentialities [43]. Therefore, sustainability of system security in the wake of growth power transfers,

consequent of open access becomes increasingly herculean task [46].

Implementation of FACTS controllers for the management of both power transmission and distribution systems
is evolving because of the limitations imposed by conventional methods of network expansions [47]. Economic
and technical factors involving high cost of procurement of power network materials, environmental

consideration, right-of-way, stringent regulations and other issues are some of these major restrictions regarding
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physical network structure expansion [48],[49],[50]. In order to surmount these restrictions, FACTS is therefore

intrinsically becoming parts of modern-day power system networks.

252 FACTS description

FACTS devices are applied for improvement of network performance of a deregulated and restructured network
in this study; therefore, this section briefly discuss its concepts. FACTS can be defined as alternating current
transmission systems that combines power electronic enabled regulators to heighten power transfer capability
and its control [50]. The concept of FACTS was introduced to technical environment in 1984 when Hingorani
invented the first series connected controller which was demonstrated by Siemens in California [51]. Although,
static var compensator (SVC) for control of voltage which was commercialized by General Electric in 1974 and
by Westinghouse in Minnesota in 1975 had been first established in Nebraska [51],[52], FACTS ingenuity was
to enhance transmission line power transfer capability and for appropriate power flow control [43]. The
capability of FACTS to control current, voltage, impedance (series and shunt), phase angle (current and voltage)

and various damping frequency oscillations unfolded ways for these diverse opportunities [51].

2.5.2.1 Classifications of FACTS

FACTS are classified into four groups in this study depending on their evolution, the technological

characteristics and control modalities into first, second, third and fourth generations [53].

() First generation

FACTS in this group are described as thyristor based devices that used thyristor coupled with gate controlled
firing system, typically silicon control rectifier (SCR). These devices have limited applicability in the range of
power electronics, and they act like element whose impedance is controllable [54]. Devices in this group include
SVC, thyristor controlled static compensator (TCSC), convertible static compensator (CSC) and thyristor
control phase angle reactor (TCPAR) [55],[56].

(b) Second generation

Devices in this group make use of power electronics with turn off ability e.g gate turn off (GTQ), insulate gate
bipolar transistor (IGBT), integrated gate commutated thyristor (IGCT) etc. These devices based on converters
are typically current/voltage sources [56]. In other words, the incorporation of later developed semiconductors
with both ignition as well as extinction controllability in these devices differentiates them from the first
generation types. Their advantage over first generation include size, speed, quantum of harmonic generation,
flexibility, reactance ratings, capacitor size among others [43]. Another major difference between these two
FACTS generations are reactive power generation and active power exchange with connected system. The
device in this category include static synchronous compensator (STATCOM), static synchronous series
compensator (SSSC) and unified power flow controller (UPFC) among others, derived from SVC, CSC and
TCPST respectively [55], [57],[58].
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(c) Third generation

The development of independent capability control of multiple network parameters consequent of advanced
technological concepts led to the FACTS in this generation. FACTS devices in this group include but not limited
to interline power flow controller (IPFC), generalized unified power flow controller (GUPFC), and hybrid
power flow controller (HPFC) [56], [59].

(d) Fourth generation

This is the generation of distributed FACTS (D-FACTS) where the problems arising from GTO thyristors such
as forced commutation, uncontrollable switching losses and modulation, resulted into development and
practical applications of FACTS into distribution section of the network, hence the name D-FACTS [60]. Some
common types of FACTS in this group are distributed STATCOM (D-STATCOM), distributed static series
compensator (DSSCs), distributed thyristor controlled series compensator (D-TCSC), etc. [61],[62],[63].

2.5.2.2 Categories of FACTS

Based on connection, FACTS controllers are categorized into four groups, namely Series, Shunt, Series-Series

and Series-Shunt controllers [51],[55],[64],[65],[66]. These categories are explained below.

(@) Series controllers
These controllers are connected in series with the power line and thereby injecting voltage in series with the

line as a result of reactive power they supplied or consumed. They include TCSC, SSSC, etc.

(b) Shunt controllers
They also consume or supply reactive power as they are shunt connected, thereby injecting current, at the point

of connection into the system. STATCOM and SVC are examples of these controllers.

(c) Combined series-series controllers
These controllers balance real and reactive power through the connection of the inherent dc terminals. They
could either be coordinated controlled separate series controllers or unified controllers. Examples are IPFC,

thyristor controlled voltage reactor (TCVR), thyristor controlled voltage limiter (TCVL) etc.

(d) Combined shunt-series controllers

Controllers in this group could be coordinated controlled separate shunt and series controllers or unified
controllers. Current and voltage injection through shunt and series part of the controllers make active power
exchange possible through power linkage. These controllers include thyristor controlled phase shifting
transformer (TCPST), UPFC.

Table 2.1 summaries the classifications and categories of FACTS for a clearer presentation, while basic
structures of some of these controllers are depicted in Fig. 2.2 [48],[51],[55] — [63].

Page | 18



Table 2. 1:  Summary of classifications and categories of FACTS controllers

FACTS Series Shunt Series-Series Shunt-Series

First Generation TCSC, CSC, SVC, SVS, TCPST
TSSC, SVG/A, TCR, (TCPAR), IPC,
TCSR, TSC, TCBR, TCVR
TSSR, TCVL, TSR

Second Generation SSSC STATCOM, SSG, UPFC

SMES, BESS

Third Generation IPFC, GIPFC  GUPFC, HPFC

Fourth Generation D-TCSC, D-STATCOM D-IPFC D-GUPFC,
D-SSC D-HPFC

25.3  FACTS devices incorporation and placement techniques

In order to enhance the target network system performance and for optimum economic advantages, optimal
location and parameter settings of FACTS devices are of utmost importance. A survey of various existing
placement techniques summaries the methodologies into four groups namely; Analytical, Optimization,

Acrtificial Intelligence and Hybrid Artificial Intelligence [67].

2.5.3.1 Analytical technique

This technique is also referred to as conventional, sensitivity and numerical method. This technique is
computational efficient but in the event of non-inclusion of nonlinearity of power flow equation in the model,
it may impacts on the accuracy of the outcome result [68]. This method lacks the capability to simultaneously
handle both the optimal position and parameter settings of FACTS devices, but efficient in resolving either of
the two independently [69]. Various analytical methods include modal analysis, index analysis, eigen-value
based, eigen-vector analysis, residue based, sensitivity-based method, loss index etc [55],[70],[71],[72].[73],
[74].

2.5.3.2 Optimization technique

This method is known for efficient convergence attributes although, there is an issue with the management of
optimization constrained problems [75]. In this category are NR optimal power flow algorithm, linear, penalty
successive linear, nonlinear, mixed integer nonlinear, dual, stochastic dual, dynamic, and sequential quadratic
programming, ordinal optimization, exhaustive search algorithm, interior-point method, OPF based method,
biogeography based method, gradient search and continuation power flow among others [55],[76],[77].[78],
[791,[80].

2.5.3.3 Artificial intelligence technique

This method is also referred to as heuristic or meta-heuristic approach and is about the commonest in usage of
all the methodology in recent times [69]. Techniques in this category are stochastic and optimization algorithms
that are based on population with efficient capability in handling multi-objective, multimodal and constrained
discrete problems [63],[81]. Meta-heuristic algorithms are described as generic and search method capable of

solving, combinational, complex and challenging problems [82]. In this group are; Fuzzy logic (including FCN,
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CWEFR), genetic algorithm (GA), non dominating sorting genetic algorithm two (NDSGA-II), artificial neural
network (ANN), general regression ANN (GRANN), plant growth simulation algorithm (PGSA), body immune
algorithm (BIA), particle swarm optimization (PSO), modified PSO, discrete PSO, phasor discrete PSO, whale
optimization (WOA) ant colony search (ACS), artificial bee colony (ABC), and modified ABC among others
[63],[70].[79].[83].[84].[85].[86].[87].[88]
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Figure 2. 2: Basic Structures of (a) STATCOM, (b) TCPST/TCPAR, (c) OUPFC, (d) TCBR, (e) UPFC,
(f) SSSC, (g) TCVR, (h) IPFC, (i) TCSR/TSSR, (j) TCVL, (k) TCSC, (I) SVC
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2.5.3.4 Hybrid artificial intelligence technique

This basically involve mixing any two or more of the above methods in the device location and parameter
settings. Analytical and optimization or analytical and artificial intelligence techniques could be used together
in FACTS placement. This usually results into fast and efficient computational period [89],[90],[91],[92].
However, the definitions and characteristics including detailed descriptions, importance, advantage,
disadvantages as well as various applications of these various techniques are contained in the literatures
[82],[93],[94],[95].[96],[97].[86],[98],[99],[100],[101],[102],[103].

2.5.4  Benefits of applications of FACTS controllers to power networks

FACTS devices play important roles in various power applications ranging from active and reactive power flow
control, voltage regulation, improvement of power quality, harmonic mitigation, real and reactive power loss
control, transient and steady stability improvement, oscillation damping, dynamic stability among others
[104],[105]. This segment presents the review of diverse benefits and applications of FACTS controllers as
related to this work. These benefits are as highlighted while FACTS applications to power flow control,
contingency mitigation, voltage control and power loss regulations, multi objective application of FACTS
involving more than one of these highlighted sub-headings as well as ATC enhancement, formed bulk of the

discussions because these are the main focuses of this research thesis.

2.5.4.1 Power flow control

This study undertakes power flow enhancement capability of FACTS in the latter chapters of this study, hence
the need to present various previous works in this area. Power flow control capability of FACTS devices was
implemented in [106] where GIPFC was engaged. In their work, authors implemented voltage source converter
based on 48-pulse neutralized harmonic gate turn off converter (GTO) for the device synthesis. Authors
demonstrated the capability of GIPFC to control real power flow simultaneously on more than one transmission
lines without adverse effects on the adjacent line as compared UPFC whose line power control is limited in this
capacity. Three devices including SVC, STATCOM, and UPFC were used for power flow control in another
work implemented by [107]. In this work, three different location namely sending, receiving and middle of the
designed transmission line were the choice for the device location in the investigation. It was observed from
the analysis that the devices performed better at the middle of the line for the compensated line and besides, the
results indicated that power flow control of the compensated networks was better than that of the

uncompensated ones where SVC took the lead in term of performance.

Authors in [108] presented the performance of the coordinated utilization of SVC and TCSC for management
of power flow of IEEE 14 bus network. The device was incorporated based on network loss and least bus
terminal voltage at base case, while PSO was used for devices parameter settings. Network performance based
on the presence of each device was investigated independently for power flow control. However, the climax of
the investigation was achieved through coordination of the two devices for network response during faults

occurrence. The analysis revealed good response to three-phase to ground fault through proper coordination of
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SVC and TCSC devices. The network loadability improvement through FACTS, formed the basis of the
investigation conducted in [109]. With this objective in focus, formulation of three devices namely TCSC,
TCPST and STATCOM was based on the best device, best location, and the best device setting. All these were
implemented to study the appropriate budget which will result in optimal device application. It was observed
in their study that increase in budget will increase the device size, which will in turn lead to increase in the
system loadability. It was concluded that nonlinear relationship exists between the budget and system
loadability because at a point beyond the equilibrium, an increase in budget will no longer lead to increase in
network loadability. In another work by Dash et al., Ant Lion-Moth and Flame-Salp Swarm hybrid
metaheuristic optimization algorithm was used for optimization of TCSC, UPFC and SVC devices to improve
network system loadability [110]. The use of optimization algorithm was to save cost through optimal location
of the devices which were implemented singularly and combinatorial on IEEE 6 and 30 bus systems. It was
observed that Salp swarm algorithm performance was more beneficial compared others through network
loadability recorded when engaged. A sensitivity optimal placement approach based on the relationship
between changes in load reduction and changes in series control variables of UPFC was implemented through
optimal load flow formulation [111]. An investigation conducted on 14 and 30 bus IEEE networks through this
formulation and optimization procedure resulted into achievement of the desired objective of load curtailment

minimization.

2.5.4.2 Contingency management

The review of works in the area of contingency management is of utmost value to this research work because,
efforts were made in the latter chapters of this research work to mitigate network contingency using FACTS
devices. Placement of TCSC and STATCOM were demonstrated in [112] for power flow control and voltage
regulation, especially to relieve congestion. This was demonstrated on IEEE 14 bus system in MATLAB
software environment. The location of TCSC was achieved through loss sensitivity obtained by derivatives of
reactive power loss with respect to line reactance while that of STATCOM was achieved by minimum loss
consideration at base case, and concurrent observation of voltage limit violation, with moderate cost evaluation.
The result presents power flow redistribution for the compensated network and this implies the possibility for
congestion relieve in case it occurs. In their work, authors in [48] formulated placement approach based on
sensitivity for achievement of transmission line overloading reduction using UPFC, OUPFC and IPFC devices.
Although, an example with network demonstration of an overloading removal was not presented, however,

authors established that optimal placement of FACTS devices will surely relieve network congestion.

Network contingency was alleviated with SVC in another work implemented in [113]. Authors formulated
optimal power flow for network system, while artificial bee colony (ABC) optimization algorithm was used for
SVC parameter setting. The occurrence of bus voltage violations resulting from contingency was mitigated with
presence of SVC. TCSC, SVC and UPFC were incorporated into the network with meta-heuristic algorithm for
the purpose of congestion minimization while considering power loss and operational cost reduction at same

time [52]. The investigation conducted through optimal power flow was implemented with gravitational search
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optimization algorithm for device placement. This algorithm whose performance was compared with genetic
algorithm, differential evolution, and particle swarm optimization algorithms when implemented on IEEE 30
and 57 bus resulted into better results for the target objectives of congestion management, loss reduction and

eventual operational cost reduction.

2.5.4.3 Voltage control and power loss reduction

In this section, the review into capability of FACTS for voltage profile control as well as network power loss
reduction is undertaking. The performance of dynamic voltage restorer (DVR) and D-STATCOM were
investigated on network system, for voltage sag mitigation purposes [114]. These devices which were modelled
through Thevenin’s approach were equally incorporated into IEEE 33 bus test system using system average
root mean square frequency index (SARFI) method for performance comparison between the two of them. It
was substantiated that D-STATCOM performed better than DVR in the area of global voltage sag mitigation.
TCSC and UPFC were also used for voltage control in [47] with incorporation of wind turbine generator
(WTG), place on bus 9 of tested IEEE 14 bus system. This was to simulate deregulated power network, which
allows for accommodation of distributed generators. The optimization method was achieved through step by
step variation of the control parameters of UPFC and TCSC in which the location that resulted into
maximization of social welfare and that of the target objective becomes optimal location. The investigation for
various conditions ranging from network without WTG, with WTG, with WTG and FACTS in each case
conducted revealed that network voltage deviation minimized with WTG, and further minimized with WTG
and FACTS presence in the network. IEEE 118 bus system also resulted into similar scenario as occurred for
IEEE 14 bus test system, such that in each test case, the objective which was bus voltage profile improvement

was achieved.

Acrtificial bee colony (ABC) was applied for setting of SVC device which was implemented through OPF
method in [113] for system bus voltage profile improvement. The investigation conducted on IEEE 30 bus
system for normal and contingency conditions presents an improved in bus voltage profiles during this exercise.
D-FACTS was used for power loss minimization of IEEE 118 bus test system with the incorporation of D-SSC
using loss sensitivity approach with respect to changes in line impedance in [61]. Authors were able to
implement £ 20% of line reactance for different 15 transmission lines of the tested network. The incorporation
of D-SSC resulted into loss reduction in the study. Enhancement of bus voltage profile, as well as real and
reactive power loss control were achieved with the incorporation of SVC, with its firing angle modeled
mathematically in [66]. The location of this device was based on base case least bus voltage for optimal
performance. Authors conducted the investigation through injection of different values of reactance to the
connected network. Although, authors failed to indicate the optimal values of SVC for better performance, the
implementation of the investigation conducted on IEEE 9 and 30 buses resulted into improvement in bus voltage
profile and power loss control of the test networks as demonstrated in the study. Bus voltage profile were
verified with different injected reactive power ranging from £ 5 to + 45 MVAR consequent of incorporated
SVC.
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These same subjects of bus voltage deviation minimization and power loss control were also investigated in
[115]. Adaptive multi-objective parallel seeker optimization algorithm was used for optimal setting of TCSC
device implemented through optimal power flow process. The capability of this device for achievement of set
objectives was demonstrated on various IEEE networks systems comprises 9, 30, 57 and 118 buses. A
remarkable loss reduction and voltage minimization were achieved in this study compare to similar studies of
same criteria. In another work contained in [116], the presence of renewable energy resources was analysed
while considering TCSC and SVC for voltage regulation and power loss control on IEEE 5 bus system. Both
wind and solar energy resources which were modelled through Weibull and Beta distribution functions
respectively and were applied to the test system at buses 4 and 5 respectively. The investigation was also
conducted for line 2 — 4 outage contingency case, with SVC at bus three, and TCSC on line 3 — 4 in each case.
It was observed in these studies that for both normal and contingency conditions, the voltage deviation was
improved with renewables and further improved with SVC and similarly, power loss was minimized with
renewable and further reduced with incorporation of TCSC device. Active power loss minimization, and
voltage improvement were achieved with the incorporation of TCSC, SVC and UPFC into IEEE 30 bus network
in the work presented by [117] with the observation that loss control led to reduction and operational cost.
Differential evolution and genetic algorithms were applied for optimal placement of these FACTS while the
network reactive power loading was varied from base case to 200% rating. This study investigated simultaneous
application of TCSC and SVC with UPFC and this resulted into better performance as against only UPFC
deployment. Summarily, the investigation resulted into system loss reduction and voltage profile improvement
of the test system.

2.5.4.4 Multiple objective applications of FACTS

In some cases, FACTS were applied for multi-objective purposes involving combination of any or all of voltage
improvement, power loss reduction, power flow improvement, cost minimization and so on. In this section, the
review of closely related work, containing multiple of the target objectives in relation to this research thesis is
carried out. Modelling and simulations of 11 kV network system which was incorporated with SVC,
STATCOM, TCSC, SSSC and UPFC with a view to enhancing network performance resulted into power
improvement, bus voltage profile enhancement and system stability improvement in [118]. The investigation
was conducted with capacitance of each FACTS varied between 50 uF and 100 uF having stated that their
performance depends on their capacitance levels. In their analysis, it was observed that STATCOM injected
more real power than SVC while the reverse was the case for reactive power injection. Injection of real power
of TCSC outweighed that of SVC while its reactive power injection surpasses that of SSSC and STATCOM.
In this investigation under same reactance (same capacitance) therefore, UPFC performed better than all other
devices in achieving set objectives. STATCOM and TCSC were the devices used to improve bus voltage profile,
reduce power loss of the tested IEEE 14 bus system and enhance steady state stability limit of the network
[119]. In their work, optimal locations of FACTS devices were achieved with voltage collapse proximity index,
and through line stability index for each of them. The realization of improved bus voltage and reduced power

loss resulted into steady state stability of the test network in the exercise. In short review conducted in [120],
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applications of UPFC for oscillation damping, voltage stability enhancement and power flow control were
reported, where the efficacy of this device was emphasized. This device was also compared with others like
TCSC, SVC and STATCOM in the same study.

In another work by [86], the incorporation of UPFC and IPFC into IEEE 30 bus system was achieved using
hybrid particle swarm optimization and gravitational search algorithms. The analysis was conducted using NR
power flow approach and the resultant network power flow, power loss and bus voltage analysis revealed loss
reduction and voltage stability improvement of the test system. Bus voltage deviation minimization, power loss
reduction and power flow control were the objectives for incorporation of D-TCSC device into both IEEE 14
and 118 bus networks in [63]. In their work, authors formulated the D-TCSC into multi-objective problems
involving those earlier stated, where the reactance of the device was used as the decision vector, having placed
the device in all possible branches with the exceptions of lines containing transformer regulating elements.
Thereafter, with the help of enhanced leader particle swarm optimization (ELPSO) algorithm, which was
compared with conventional PSO, genetic, gravitational search, galaxy-based search, invasive weed
optimization, asexual reproduction optimization, threshold acceptance, pattern search and non-linear
programming algorithms, the device parameters were achieved. In all these optimization algorithms, ELPSO
performed better in achieving the set objectives of bus voltage deviation minimization, power loss reduction

and system overload control.

Transmission loss minimization, voltage profile improvement and voltage stability enhancement were achieved
with STATCOM device, which was placed with artificial intelligence method of chemical reaction optimization
(CRO) as presented in the work of Dutta et al. [121]. Although, the emphasis on the part of authors was on the
suitability of CRO for optimal placement of the device, notwithstanding, the obtained results through
implementation of this research approach on IEEE 30 and 57 networks substantiated the achievement of the set
objectives. In [122], TCSC which was optimally set with PSO was used to reduce network transmission loss,
reduce installation cost and minimized bus voltage profile deviations. Here, these target network parameters
were formulated into multi-objective functions for NR power flow execution and this was implemented on
IEEE 14 and 30 bus networks and Indian 75 bus system. The comparative analysis of both uncompensated and
compensated network presented the achievement of voltage profile deviation minimization, power loss
reduction and installation cost reduction of the test networks. In order to achieve radial system load balancing
and power loss reduction, a novel grey wolf optimizer algorithm was implemented for solving installation and
reconfiguration problems of D-STATCOM device, whose candidate location had earlier been suggested by
index vector approach [123]. The device effectiveness based on the employed approaches was tested on three
radial networks involving 33, 66 and real time 31 bus systems and the outcome recorded significant power loss

control.

Bus voltage profile improvement, reduction in installation cost as well as real and reactive power loss reduction

were the target of authors in [97] before placement of TCSC in the network system using TLBO artificial
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intelligence technique. Just like in their previous work, the performance of TCSC was implemented on IEEE
14 and 30 bus networks and Indian 75 bus system. Here also, with well-defined equality and inequality
constraints, these objectives were formulated into multi-objective functions for the device to handle. TLBO was
compared with PSO, and ABC algorithms for performance verification and it was apparent that TLBO
outperformed PSO and ABC. In another work involving separate placement of TCSC, SVC, UPFC and
concurrent placement of TCSC and SVC, conducted by [94], three objectives involving cost, system line
loading and load voltage deviation were proposed for achievement. In this study, PSO, improved weighted
parameters PSO (WIPSO) and biogeography optimization (BBO) were utilized for device parameter settings.
Analyses were conducted on IEEE buses 14 and 30 and the performances of devices set BBO were found to be
better than other used algorithms. With cost of installation in focus, authors also established that combination

of TCSC and SVC achieved better results as compared with autonomous UPFC.

2.5.4.5 Available transfer capability enhancement

This study focuses largely on ATC enhancement of a restructured network, hence efforts into analyses of
previous work under this subheading is very beneficial to this study. The first sets of enhancement review
conducted here are predominantly single objective in nature, meaning that only ATC enhancement formed the
focus of the works presented here. Impacts of TCSC on ATC enhancement was implemented in [124] with the
device optimal placement achieved based on utmost performance of the device reference to the location. In their
study, authors investigated the impacts of renewable energy sources on the network ATC, having considered
wind and hydro power plant as the two renewable sources. Different scenarios were considered for ATC
determination with network comprises wind and hydro power independently and with introduction of TCSC in
each case. It was concluded that network ATC improved with renewable presence while the introduction of
TCSC further enhanced ATC values.

Artificial intelligent algorithms comprises real genetic and hybrid real genetic algorithms were applied to TCSC
placement in another work presented by Rashidinejad et al. [125], where the result of ATC enhancement of
IEEE 9 and 30 bus systems revealed some improvement with presence of the device. Interline power flow
controller (IPFC) was the device used for ATC improvement presented in [126], where the device location was
achieved with recourse to transmission line limiting element. PSO was employed for device setting and
ACPTDF approach was applied for determination of transfer capability of IEEE standard 30 bus network.
Although, authors presented the individual transfer capability vis-a-vis network value of an uncompensated
network, a critical look at these values indicate an improvement in overall system ATC. In ATC enhancement
work through static synchronous series compensator SSSC device as presented in [127], line with highest loss
values, obtained with respect to system loss equation was the location of the device. However, optimal setting
of the device was done via firefly optimization algorithm, while the improvement in ATC was obtained through

optimal power flow of the test system. The result of their study presents some improvement in ATC values.

In a similar work presented in [128] by the same authors, but with STATCOM device in this other work, the

effects of variation of both shunt voltage and voltage angle of the device were verified on the ATC of the test
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system. Authors were able to conclude that linear variation exists between control voltage magnitude of
STATCOM device and ATC, while the relationship between the device control angle and ATC are non-linear.
In their reported research, one can infer that, though, ATC values were improved with STATCOM
incorporation, however, the impacts of device control angle variation on ATC enhancement was more
significant when compared with that of device voltage magnitude. Efforts were also made in [129] to improve
ATC of a designed system using SSSC through redistribution of system loading. The system load redistribution
was achieved through soft signal technology of distribution system referred to as multi-agent in the study. It
was concluded that proper coordination of SSSC through the multi-agent as described led to improvement in
network ATC. With all the efforts in these previous works, only ATC was the focus of these researches. The
network responses to other parameters during the incorporation of FACTS device were not investigated. The

next paragraph presents the achievement of ATC improvement with other network parameter enhancement.

OPF based analytical method was used for evaluation of ATC with multiple transactions using STATCOM,
SSSC and UPFC devices [130]. Efforts were also made by these authors in their study to implement contingency
conditions, with verification of ATC values under these conditions. This study indicates that ATCs were
improved with different FACTS controllers and that occurrence of contingency impacted the ATCs values.
Authors concluded that UPFC performance during ATC enhancement outweighs other deployed devices. Total
transfer capability enhancement was achieved with TCSC, TCPS, UPFC and SVC in another work carried out
in [131], where placement of these devices were achieved through hybrid PSO algorithm. It was observed in
their work also that transfer capability of the network was improved with FACTS devices. TCSC and SVC are
the devices used for ATC enhancement in [132], with optimal setting of devices implemented through real code
genetic algorithm in conjunction with voltage dominant for SVC and thermal dominant for TCSC device.
Authors were able to conclude through the investigation of ATC enhancement only that TCSC performed better
than SVC. IPFC and GUPFC were used to enhanced ATC in another work conducted by A. Kumar and J.
Kumar in [133]. Here, ATC of IEEE 24 bus system was obtained using OPF approach, while different line
outages were also implemented during network performance enhancement. Different power transactions were
implemented and the comparison between the two devices revealed that the location of the device is symbolical

to its performance as no conclusion could be drawn from the presented results.

The placement of TCSC was achieved with due consideration for line thermal limits while SVC was
incorporated with consideration for least bus voltage at base case [99]. The settings of these devices were
achieved with cat swarm optimization algorithm. Continuation power flow was the approach used for
implementation of ATC alongside its enhancement, through TCSC and SVC devices. In their work, ATCs of
IEEE 14 bus test network which was divided into different areas based on different voltage level were obtained
with incorporation of theses device independently. Line outage contingency which was identified through real
power performance index was implemented in the study at the same time. Here, ATCs were improved with
minimum values occurred during contingency and with this achievement, TCSC was observed to have
performed better than SVC. In these researches, multi-FACTS devices were used but with single objective of

ATC enhancement, just like in the case of single FACT device earlier discussed.
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Various works involving multi objectives are reviewed in this paragraph. The work carried out by authors in
[134] involved ATC enhancement and system loss minimization, using STATCOM, SSSC and UPFC, which
were modelled based on current injection approach. An OPF method was used for implementation, placements
were realized based on incorporation that resulted into minimal system loss, while the device setting were
achieved with firefly algorithm. This study showcased UPFC as the best device in this context among others.
This performance can be premised on the fact that UPFC is a combination of STATCOM and SSSC. In [135],
authors engaged TCSC for ATC enhancement, bus voltage deviation minimization and installation cost
reduction. The device setting was achieved using differential and modified differential evolution algorithms,
while RPF approach was used for ATC computation. It was inferred from the work that while ATC improved
and bus voltage deviation reduced, at optimal device cost, modified differential algorithm presents a better

optimization algorithm for complex problem of this kind.

In [136], real parameter generic algorithm (RGA) was also engaged for optimal setting of both SVC and TCSC
devices for ATC improvement. The ATC which was determined using continuation power flow was conducted
on 24 bus system for both normal and contingency conditions. TCSC was observed to perform better than SVC
for this ATC improvement objective. Hybridization of evolutionary algorithm (EA), tabu search algorithm (TS)
and PSO was implemented by authors in [137] for settings of TCSC, SVC, UPFC and thyristor controlled phase
shifter (TCPS). The integration of EA and TS using PSO as the main algorithm was applied for enhancement
of total transfer capability of power network. The methodology applied was through optimal power flow to
achieve the set objective. When applied to 24, 30 and 118 IEEE networks, the hybrid algorithm resulted into
better result compare individual evolutionary, tabu search and particle swarm optimization algorithms in this
study.

Most of the survey on the previous ATC enhancement works hardly undertake ATC improvement alongside
power loss control. The survey majorly revealed either ATC enhancement only or alongside voltage profile
improvement especially where shunt type FACTS devices were deployed. As earlier stated, the need to enhance
network ATC was born out of necessity to cater for upsurge in network demand because adequate ATC is
required for economic power transaction while its sufficiency is needed for a competitive electricity trading.
Notwithstanding ATC improvement is synonymous to network power flow enhancement and it is inescapable
to regulate the network voltage within the limits and concurrently satisfy power balance equations. Besides,
more losses usually accompany more power flow which is necessary for ATC improvement. Therefore, efforts
were made in this research study to enhance ATC of a deregulated network and at the same time implement

power loss control, with due consideration for bus voltage deviation minimization as part of the objective.

2.6 Previous works on analytical techniques of FACTS placement for ATC enhancement

The comparison of effectiveness of some analytical methods of FACTS placement was conducted in this
research also. This formed the basis for development of sensitivity-based placement approach for optimal
performance of FACTS devices as implemented in latter chapters of this report, hence the need for selected

review of this kind. In the first section of chapter five of this thesis, the implementation of TCSC and SVC for
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ATC enhancement was reported, while the performance comparison of selected few of placement techniques
was presented in the second section of same chapter. In this section however, these selected placement

approaches are briefly reviewed to give an insight into previous work on these methods.

In the placement of TCSC for ATC enhancement carried out by Prajapti and Gandhi in [138], real power
performance index was used for the location of the device, with 70 and 30 percent of capacitive and inductive
reactance settings respectively. The process involved ranking of the most severe line based on thermal limit as
resulted from real power Pl method and the placement of TCSC device on this line. The device optimization
with this process resulted into enhancement of ATC of 6 bus IEEE tested network. Transmission line thermal
limiting element was considered in locating TCSC for transmission capability enhancement presented in [139].
In their work, network thermal limiting element at base case was considered for placement of TCSC, having
treated the limiting lines and buses as congested element, and the resultant network transmission capability
indicated an improvement of compensated network. ATC enhancement with TCSC was also conducted in [140],
where the device placement was achieved through transmission line thermal limit consideration and its setting
done using particle swarm optimization algorithm. Efforts were also made to investigate different bilateral
transactions in this study, using two test systems involving IEEE 6 and 30 buses. The ATC obtained through
DCPTDF approach, which was conducted on these standard networks resulted into an improved value with

placement of TCSC device.

In [141] and [142], Static Synchronous Series Compensator (SSSC) and STATCOM respectively were placed
for ATC enhancements based on least bus voltage magnitude at base case power flow. SSSC was applied for
improvement of transfer capability of IEEE 24 bus system with transmission line connecting bus with least
voltage terminal at base case serving as the location for the device [141]. The control of SSSC was achieved
through variation of its angle between 0 degree and 6.28 degree in this study while ACPTDF was adopted as
the method for ATC computation. The focus of that research work was to present the variation of SSSC angle
with ATC values in each of the undertaking transactions. The impacts of variations of both the magnitude and
voltage angle parameters of STATCOM device were studied on the ATC enhancement in [142], with conclusion
that shunt angle has predominant effect on ATC values. In their work conducted on IEEE 24 bus system, it was
observed that ATC value initially decreased with increase in STATCOM shunt angle and subsequently increase
with increase in this angle. This shunt angle variation marginally impacted ATC values because beyond certain
shunt angle, no further increase was recorded but in contrary, further increase in STATCOM shunt angle led to

reduction in ATC values.

Total real power loss sensitivity was used for SSSC device placement in the ATC improvement research work
presented in [143]. Here, the model of SSSC was achieved through current based approach while its parameter
setting realization was made possible with firefly algorithm. Optimal power flow method formulated with due
consideration for equality and inequality constraints resulted into ATC enhancement. Power transfer
distribution factor (PTDF) was the basis for placement of STATCOM, SSSC and UPFC while PSO was used
for their parameter setting in [144]. Author emphasized that lines with higher PTDFs will not result into
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appreciable ATC enhancement but rather considered lines with high slope and lower PTDF magnitude in

implementation. It was observed from their study that UPFC outperformed STATCOM and SSSC devices.

TCSC, TCPAR and SVC were the devices used in another work by [145], where the placement of the devices
were achieved through sensitivity approach obtained from the derivatives of the system reactive power loss
with respect to involved transmission line reactance. The values obtained when the devices were inserted into
the IEEE 14 bus network indicate some improvement in ATCs. In a similar work presented by authors in [146],
the devices were limited to TCSC and TCPAR for the same ATC enhancement purpose. The same sensitivity
base method was used for incorporation but in the case of TCPAR, the sensitivity was obtained with respect to
its control angle. Efforts were made in their study to compare these devices with the conclusion that optimally
placed TCSC performed better. In the comparative performance analyses between TCSC and TCPAR for ATC
enhancement, loss sensitivity approach was adopted for their placement in [147]. The location for placement of
TCSC was based on var loss sensitivity in which the line having the most positive loss sensitivity index was
prioritized. Angle control parameter with the line having highest absolute value of loss index was used in setting
the TCPAR.

In another work presented in [148], TCSC was also deployed for ATC enhancement purposes. Here, the choice
for the device placement was achieved through due consideration for base case ATC values while the device
settings were obtained using PSO. The ATC which was determined using DCPTDF was improved with
incorporation of TCSC device on IEEE 6 bus test network. The locations for SSSC, STATCOM and UPFC,
which were current based modelled for the purpose of evaluation and enhancement of ATC as implemented in
[100], was through power loss sensitivity. The determination of ATC was through optimal power flow
approach, while setting of the devices achieved with firefly algorithm. The investigations which were conducted
on IEEE 30 and 57 buses, independently placed devices in all possible locations in the networks and the
placement that resulted into least power loss was considered as the optimal location. The test networks recorded
ATC enhancement afterward and it was observed that UPFC was more effective than other devices during the

investigation.

2.7  Brief review on applications of HVDC transmission systems
In this study, efforts were made to investigate and present high voltage direct current (HVDC) based voltage

source converter (VSC) for various network performance improvements and contingency mitigations.
Applications of voltage source converter (VSC) based HVDC in transmission system is gaining attraction
because of the recent recorded successes and improvements in VSC based power electronic systems. Recently,
power electronics devices have made tremendous contributions to the urgency for network capacity
enhancement, constrained with sustainability and reliability improvement, with due consideration for
minimization of cost, through injection of supplementary controllability and flexibility of operation [149]. The
advancement in voltage source converter based technology enables FACTS devices and HVDC systems to play
these substantive roles in grid infrastructure sustainability and supports [150]. Among other benefits however,

HVDC has been established to be economical for power system transmission over long distance and its
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application apart from being significant, will determine network grid operation in the future [151]. HVDC
surpasses HVAC in asynchronous interconnection of grids, broadened connection of underground cables,

minimization of fault currents, mitigation of impacts on environment and network congestion control [152].

The major technology behind the realization of HVDC is via power electronic based semiconductor converters
grouped into line commutated converter (LCC) and VVSC [153]. Some of the prominent characteristics in favor
of VSC-HVDC over LCC-HVDC based systems include but not limited to independent active and reactive
power control, black start capability, passive network supply fitness, fast and reliable dynamic performance,
stability of ac operation, compact station structure, flexibility of operation among others [154],[155]. Increase
in application of VSC-HVDC will increase the integration of more renewable generations, expand bidirectional
flow of ac grid current, expand efficiency of grid transmission, enhance distributed generation connections and
improve system security as well as reliability which will eventually redirect forthcoming grid operations and
redefine future grid architectures [156],[157].

The guidelines for both technical and standardization requirement for the first VSC-HVDC grids were reported
in the work of Akhmatov et al., to give insight into basic design requirements, operation principles and for
ground preparation for detailed work that will conform to the set standard [158]. Hitherto, the design and
application of VSC-HVDC had been investigated with the conclusion that this devise transmits active power
and control reactive power between ac grids in addition to possession of STATCOM capability [159]. The
transient and dynamic stability studies of an ac infinite bus single machine system with an embedded VSC-
HVDC were conducted based on equivalent mathematical modelling by Wang et al., while concluding that
voltage supports provided by VSC-HVDC during ac grid disturbance led to quick voltage recovery and transient
stability of the grid network [160]. Frequency control capability of VSC-HVDC was investigated in [161],
where it was concluded that power system frequency stability can be improved through proper coordination of
the interconnected systems. An investigation was conducted through optimal power flow into a VSC-HVDC
transmission system by the development of a generalized approach for radial and meshed networks in order to

minimize power loss [162]

A multi terminal VSC-HVDC, which was investigated through small signal stability on inter area oscillation
damping with intention to examine its impacts on power transfer capability enhancement of network grid was
presented [163]. The article presented VSC-HVDC as having exploitative tendency to improve power transfer
as inferred from the investigative study. This was corroborated by Kim et al., [164], where it was established
through small signal stability study that ac networks incorporated VSC-HVDC enjoys stable system operations.
The effectiveness of VSC-HVDC in conjunction with model predictive control in power system network
stabilization was conducted in [165], where the latter was used to manipulate the reactive power injection of
the former for damping the oscillation of the ac network system. Recently, the awareness created by westward
continuous expansion of Southwest China power grid necessitated inquisitive study into optimization of
interconnection of cross-region network grid via the use of VSC-HVDC [166]. The study revealed the

possibility of an improved bidirectional power flow support capability, grid support optimization and an
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improvement in capability of power transmission. Steady state modelling of a grid VSC-HVDC interconnecting
offshore wind farm was implemented in [167], to investigate optimal network transmission capability, the
outcome of which demonstrated the possibility of optimal operation of power network through the use of VSC-
HVDC.

VSC-HVDC, UPFC, SSSC and other related FACTS devices that are embedded with VSC, have the capacity
to noticeably improve diverse power system characteristics. Hence, their optimization become very important
for effective and economic reasons [83]. Steady state model of VSC-HVDC system feeding ac grid was
presented in [168] for the purpose of derivation of active and reactive power flow constraints satisfaction. Fault
current protection capability of VSC-HVDC interconnecting wind farm and ac grid was demonstrated in [169].
It was concluded in the study that, traditional protection systems were impacted as a result of manipulation of
both magnitude and phase angle of fault current by the presence of VSC-HVDC transmission system.
Deployment of VSC-HVDC network interconnection for frequency support service provision was studied using
temperature dependent overload capability in [170], while small signal stability investigation conducted through
controlled OPF in [164] revealed that, an ac network embedded with VSC-HVDC system is more stable. With
focus on maintaining transmission equilibrium and stability of the grid, an OPF approach based on minimum

power loss was developed for a multiterminal VSC-HVDC grid [171].

Assessment of stability performance of an embedded VSC-HVDC transmission system through interactive
dynamic behavior was investigated with inference of an improved system dynamic performance [172]. In order to
improve dynamic performance and enhance system stability however, artificial bee colony (ABC) was engaged
for optimal scheduling of VSC-HVDC gain in the work presented by Ramadan et. al., [173]. In a similar work,
the control parameters of VSC were tuned using particle swarm optimization algorithm (PSO) for steady state and
dynamic performance enhancement of VSC-HVDC system [174]. Wang et. al., studied the effects of dissimilar
reactive power control strategies on transient and dynamic stability of an ac system, with conclusion that oscillation
control and voltage sustenance were influenced especially at the instance of grid disturbance [160]. It was
concluded in [175] however, that VSC-HVDCs have an impact on interdependency of power system dynamics
and that further studies are required to fully understand their impact on system stability improvement and ancillary
support services. Hence, in chapters eight and nine of this thesis, VSC-HVDC transmission systems were
presented for network performance improvement and congestion mitigation respectively, as parts of investigation

of VSC-HVDC ancillary support capabilities.

2.8 Summary of chapter two

The concept of power sector deregulation and restructuring alongside the associated problems have been
discussed in this chapter. These problems which include determination and enhancement of ATC as well as
contingency evaluation were also discussed and previous work on these issues reviewed. An up-to-date and
comprehensive literature review of FACTS controllers starting from description, generations, classifications,
categories and connection types, have also been presented. The basic schematics of some of these controllers

were also described. FACTS devices optimal location and parameter settings which were categorized into four
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major groups in this work have also been exhaustively and properly discussed. Essentially, the importance of
FACTS controllers to network performance improvement which include power flow control, contingency
mitigation, voltage control and power loss control, as well as ATC enhancement, were categorized and
discussed. Few analytical methods for FACTS placement especially for ATC improvements were also

presented.

Consequent the review conducted and reported in this chapter, TCSC and SVC were further explored for ATC
enhancement, bus voltage profile improvement and real power loss minimization of a deregulated and
restructured power network in subsequent chapters. In addition, VSC-HVDC transmission system which was
reviewed alongside other FACTS in the earlier paragraphs was also investigated in a liberalized power sector,
for power flow enhancement, voltage profile deviation minimization, power loss control and contingency

mitigation in the latter part of this thesis.
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CHAPTER THREE
RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents the two major methods of available transfer capability (ATC) computation implemented
in this thesis. The repeated alternating current power flow (RACPF) and alternating current power transfer
distribution factor (ACPTDF) are properly described in this section. In addition, contingency evaluation
methodology through performance index (PI) are presented. Modelling of static var compensator (SVC) based
on its equivalent diagram is presented, while thyristor control series compensator (TCSC) equivalent network
model and its analytical model are also presented for deployment into ATC enhancement and network
performance improvement. Procedures for proposed brain storm optimization algorithms (BSOA) used for
optimal setting of TCSC device in this research work is also presented alongside particle swarm optimization
(PSO) algorithm used in performance comparison with former. Thereafter, sensitivity-based approaches for
placement of TCSC and high voltage direct current (HVDC) based voltage source converter (VSC) transmission
system for network performance enhancement are presented.

3.2 Available transfer capability (ATC)

According to North American Electric Reliability Council (NERC) [176], and as reported in [26], ATC is
explained to mean the remaining corridor above the existing transmission network usage for trading activities.
Values of ATC computed have to be published quickly in open access same time information system (OASIS)

for power planning, booking, or trading [6],[26],[27],[176].

ATC =TTC — (TRM + ETC + CBM) (3.1)

In mathematical interpretation as presented in equation (3.1), ATC can best be explained as the total transfer
capability (TTC) less the summation of transmission reliability margin (TRM), existing transmission
commitments (ETC), and capacity benefit margin (CBM) [24],[25],[26],[27] and [176]. The physical

relationship among the components of equation (3.1) is illustrated in Fig. 3.1.
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Figure 3. 1: ATC and related definitions [25]
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From Fig. 3.1, the maximum reliable power that the entire transmission network is capable to handle is TTC.
The power flowing at the instant when ATC is to be determined is ETC and it is the base case power flow at
that instant of time. TRM and CBM are used for network system security and their values vary alongside system

operators and market players policies [14].

Categorically, some methods in use for computation of ATC include direct current power transfer distribution
factor (DCPTDF), ACPTDF, continuation power flow (CPF), artificial neural network (ANN), optimal power
flow (OPF) and repeated power flow (RPF) [26]. DCPTDF technique is fast and simple to implement however,
voltage and reactive power are not being considered in its computation. The resistance is taken as zero because
a particular line reactance is considered to be far greater than its resistance. This has implications on the
accuracy of the results. ACPTDF approach gives better accurate results compared to DCPTDF because
transmission line real and reactive power flows are well thought-out in its computation [14]. Implementation of
CPF method is mathematically complicated and besides, it involves predator, a particular set of parameters,

adjustment and constant control. This complexity puts CPF at a disadvantage despite being popular [30].

RPF method vyields a better result over ACPTDF and DCPTDF approaches because of its consideration for
thermal and voltage magnitude constraints [28]. In RPF method, the main information obtained are voltage
magnitudes and phase angles of the load buses, real and reactive power flows of transmission lines and generator
buses reactive powers. It was argued in [29] that the results obtained using RPF method are always accurate but
time consuming. However, the word time in this context is relative and cannot be substituted for accuracy
especially for the sensitive nature of the analysis of power network. Many factors in consideration for power
system planning and operation depend on value of ATC obtained especially in deregulation environment, hence
its precision cannot be substituted. This fact is also corroborated by the information presented in [26] that RPF
method is easy and suitable for bigger electrical power systems. Among the advantages of this method are
effortlessness of execution and quick convergence [29],[30]. In order to consider reactive power, voltage
magnitude and line thermal limit consequences, RPF was adopted and modified into repeated alternating current

power flow (RACPF) method and this was applied to first sets of ATC determination in this thesis.

3.2.1 RACPF methodology for ATC determination

In RACPF, the conventional power flow equations are solved in a chronological sequence along a definite
direction. Power transfer is achieved by an increment in complex load of the target bus within the energy sink
region, following which the generator bus real power at the source region will be correspondingly increased.
This is continued pending when a limit is observed. For instance, the transfer of 10 MW from bus 5 to bus 7
means addition of 10 MW to generator real power at bus 5 and removal of 10 MW generator real power at bus
7, while inverse of this is re-dispatch. Power transfer between generator and load bus was established by this

approach.

In implementing this RACPF method, NR equations were used for load flow. This method is easily
implemented while taking security constraints into consideration. The power equations which were presented

in [177] [178] are given as follows;
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Where, N stands for total number of bus, injected real and reactive power are P;and Q; at any bus i, voltage
magnitude are |V;| and |V;| at the buses i and j, |Y;;| and 6;; represent magnitude and angle of bus admittance
forbusiand j, while §;and §; equal the voltage angle at bus i and j. Using Taylor series expansion for equations

(3.2) and (3.3), the Jacobian representation for the change in power flows at any bus i is given as follows;

[ﬁg - B; ﬁ] [A|V| (3.4)

where AP and AQ are equal to change in real and reactive power flow respectively.

Uil = 55 i U2l = 5 i Usl = 52 and [1,] = & (35)

The elements of J, are;

aPl = YV Vil|V;||Yi| sin(6;; — 8 + 6;) 36)
% = —|Vil|V;||V;| sin6;; — 8+ 6) j#1 (3.7)

The elements of J, are;

aapl = 2|Vi[Y;i cos 6 + Xy |V ||Yij] cos(6;5 — 6; + 6)) (3.8)
60|i_ Vil|Yi;| cos(8y; — &; + ) j#*1 (3.9)

The elements of J; are;

an = XY WillV||Yij] cos(8y; — 6; + &) (3.10)
9Q; ,
a% = —Vl|v;||Yi;| cos(8y; — 6+ ) j # 1 (3.11)

The elements of ], are;

00

S = ~2MVillYil sin 6 — B |Vi[|¥y| sin(6; — & + &) (3.12)
a"|—§]f|= ~ VY| sin(6y; — 8+ &) j#1 (3.13)

The change in the angle and voltage magnitude can be determined as equation (3.14), where the inverse of

Jacobian matrix element is assumed to exist for this particular calculation.
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In ATC calculation, especially for bilateral transaction, real power changes at each bus are functions of 1 [29],

therefore,
Pgi = Pgol(l + AKgi) (315)
Pyj = PJ;(1+ AKy)) (3.16)

The injected and extracted actual power at bus i and j are represented by Py; and P,;, while the base case real
power generation at bus i and real power demand at bus j are P;i and ng respectively. 4 is a variable quantity,
that is, a scalar parameter, whose value determines the alteration in real power for the implemented transactions,
while K,; and Kj; are power factor regulators. However, for this work, power factor is maintained at unity,
TRM and CBM are regarded as zero quantity because, their values vary and are market dependent [28], hence

ATC is calculated from the TTC value obtained as follows;
TTC = min[¥ex Paj (Anax) = Zjex Paj (Ao) |- (3.17)

In equation (3.17), the subscript k implies the buses in the energy sink area, Y. jcx Pgj (Apqy) is sum total load

in energy sink area when A = A4, and ¥ ;e P4; (4o) is sum total load in energy sink area when 4 = 0.

3.2.2 RACPF Algorithm
The implementation process presented in [26] is modified for this approach as follows:
(a) Define and identify power transaction whose ATC is to be determined and computed.
(b) Run a base case power flow such that constraint violations are not violated, using Newton Raphson
(NR) method.
(c) Stepwise perform the power transfer, by increasing the load at sink load bus and increasing the
generation at source bus with the injection of same amount of power.
(d) Setupand runa RACPF in MATLAB program.
(e) Check for constraint violation in (d) above.
(f) If there is/are violation/s then reduce step size by half and return to (d); otherwise return to (c).
(g) Otherwise end.
(h) Determine and hold the numerical values of real power flow for the target transaction as TTC.
(i) Calculate ATC by subtracting TRM, CBM, and ETC from TTC, using equation (3.1).

3.23 Flow Chart of RACPF

In order to implement the steps above, the algorithm has been developed into the flow chart shown in Fig. 3.2.

The manual input in the third block is for human intervention to define the subsequent desired transactions.
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Figure 3. 2: Flowchart of the RACPF

3.3 ACPTDF method of ATC calculation

ACPTDF method of ATC computation which requires less time of computation has been adjudged simple, easy
and non-iterative by [100],[140],[143],[144] hence, it is used for subsequent ATC determination after
establishment of accuracy of the earlier method. ACPTDF gives the sensitivity factors of transmission line real

power flow to line active power transfer [140].
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Assuming AG,,, MW is the change in active power generation for a specific transaction between buyer bus y

and seller bus x and that based on this transaction, there is a change in active power flow on the interconnected
transmission line i and j, denoted by (AP;; MW) then, ACPTDF is represented by equation (3.18).

ACPTDF,; ., = —2u™V

jxy = m (3.18)

Where AP;; MW is either the active power flow from bus i to j (P;;) or from bus j to i (P;;). These changes in
real power flow can be obtained from Newton Raphson Jacobian elements at base case load flow as presented
in equations (3.2) and (3.3).
The Jacobian polar coordinate is mathematically presented as follows;
ap  op]7 !
AB7 _ |ae v AP] _ _1 [AP
[av) = {56 5| [aol= 017 [ag (319
90 oV

Changes in real power flows along line i — j as a result of the change in power transaction are presented in
equation (3.20) and (3.21);

0 fork #1i,j
% ={-ViV;Y;jsin(6;—6,—6;;) fork=1i} (3.20)
ViViYijsin (0, — 0, —0;;) fork=j
0 fork +1i,j
%ii _ ) 2V,V;Y;jcos6;; + V;Y;j cos (8; — 6, — 6;;)  fork =i\, (3.21)
e VY, sin (6; — 6; — 6;; ) fork=j

It should be noted that there will be a change in succeeding power mismatch in equation (3.19), if there is a
change in power transaction as a result of AG,,, MW. The values of these changes are non-zero and are
represented by equation (3.22). This is also presented in equation (3.23) as real power mismatch vector [AP;]

representations.

AP, = AG,, MW; and AP, = — AG,, MW (3.22)
0 0 0
(x)/AG 0 0

[AP] = 0 ; [AP]] = (y)/—AG [AQ;] = [AQj] = 0 . (3.23)
0 0 0

For a deregulated market which is characterised by multiple transactions, the same procedure for bilateral holds
for multiple transactions except for change in injected power matrix. Therefore, if there are group sellers x and
p, involving in bilateral trading with another group of buyers y and g, whatever change experienced in trading

is shared equally by both traders then, equation (3.23) becomes (3.24).
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0 ] [ 0 b -0

0 0 0

(x)/AG : :
[aPl1=| o [[oR] = o )/O_AG, a0l = [a¢,] = |o} (3.24)

(P)/AG (@)/-AG 0

0 Lo 0’

The mismatch elements from equations (3.19) to (3.21) are used to determine bus voltage magnitudes and
voltage angles at all the buses. These new voltage magnitudes and angles are then used to obtain power flow in
all the connected transmission lines and hence, change in power flow can be determined. ACPTDF can therefore
be determined in each transmission line using equation (3.18), for any given power transaction. Equation (3.25)
is used to obtain ATC between buses x and y for any given transaction.

ATCyy =min{Tij )} ;i € (3.25)

Transaction T;; ,, can be calculated as follows;

pmax_po

ij ij . .
ACPTDFj xy ’ ACPTDF” xy >0
Tij,xy = o ; ACPTDFij‘xy = 03, (326)
ZFISRS L ACPTDF, 0
kACPTDFL-j’xy ’ ijay < J

Where P[** and Pi‘} are the maximum real power limit in MW and base case power flow between bus i and j.

T}j xy is power transfer’s limits of transmission line.

3.4  Performance indices technique

Performance index (PI) deals with the deviation of the system variables from their rated values. This makes it
suitable for relative contingency evaluation because contingencies are ranked in line with response of Pl to the
change initiated by same contingencies. Line flow real power loading, bus voltage magnitude limits and
generators reactive power limits are considered in this Pl estimate. In contingency study however the followings

are involved;

3.4.1  Contingency study and analysis

Contingency study and analysis involve three basic steps, namely; contingency creation, selection and
evaluation. The definitions and explanations of these three steps are well reported in [40]. Here, line outage
contingency was created while P1 approach which involves real power line overload, voltage limit and generator

reactive power limit are used for contingency selection.

3.4.1.1 Line outage contingency creation

The load flow study of the transient steady state condition consequent each line outage has been adjudged the
standard approach for contingency scrutiny of the steady state power system [178]. This is because outage of

some lines may result into thermal and voltage limits violations, consequent of alterations in line parameters
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following the outage. Line outage only was considered for this work after full ac load flow has been performed
on the test system. Newton Raphson (NR) based ac load flow approach whose details are contained in [178]
was adopted because of its accuracy. The real power and reactive power equations are as presented in equations
(3.2) and (3.3).

3.4.1.2 Ranking of contingency

The load flow is performed after each line outage and the ranking is done according to their sensitivities to the
disturbance. The ranking of real power overload, voltage problems and generator reactive power limits are done
separately. Sensitivity of each PI to outages determines order of ranking, usually from the most severe to the
least ones. This is done with a view to evaluating and properly analyzing the performance of different ranking
methods.

3.4.1.3 Selection of contingency

The most severe contingency cases are evaluated and further analyzed. This is to be able to identify the most
severe outage from the purposeful investigation. The pre and post contingency conditions are then
comparatively analyzed.

3.4.2  Performance index methodologies
The diffferent performance index methodology involving real power, reactive power and voltage based Pl as
impelemented in this study are discussed as follows [34],[35],[36],[37],[38].[41];

3.4.2.1 Performance index of real power flow (PI p)

Equation (3.27) is the real power PI (PI p ), which reveals measures of line real power overload.

ZN Wp {PU}ZT (3.27)
ViVv;
P = T]’ (3.28)

Where N is the bus number, w,, is the real power non-negative weighting factor, r is penalty function, P;; is real
power flow on line i-j, P[?* is the real power capacity limit, V; and V;, are the voltages at bus i and j respectively

while X;; is the line reactance between bus i and j.

3.4.2.2 Voltage performance index (PI )

The deficiency of the system based on bus limit violation is measured by voltage Pl (P! , ), therefore,

wy AVil-V;
PLy = Er e (3.29)

toor

Here, |V;| is the bus i voltage magnitude, |V;*P*| is the bus i specified voltage magnitude, wy, is the real non-

negative weighting factor, while voltage deviation limits AV/®™ is the value beyond which voltage becomes

unacceptable, it is obtained from the mean value of minimum and maximum allowable voltage at bus i.
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AV'™itreveals the severity of bus limit voltage violations because PI, becomes small when all voltage

deviations fall within its value.

3.4.2.3 Performance index of reactive power (PI 4)

This index gives the constraints of reactive power capability of generators for contingency ranking. Reactive
power flows determine bus voltages levels therefore once generating units are within their reactive power limits,
values obtained for PI, gives reliable measurement of abnormal voltage severity otherwise, these values
become unreliable. The inclusion of PI, is to reveal the potency of reactive power flow constraints of

generators in contingency analysis, therefore;
_ w Qi
Pl = X130 (o™ (3.30)

Where Q; and Q;™ are bus i reactive power and reactive power limits, ng is the number of generators and wy

is the real non-negative weighting factor.

3.4.2.4 Contingency algorithm using Pl
The algorithm developed for implementation of this study is itemized below:
(a) Obtain system data for network under study.
(b) Run a base case power flow such that network constraints are not violated, using NR approach.
(c) Implement a line outage contingency on a specified transmission line i to j by eliminating it from the
network performance.
(d) Run network power flow after line outage.
(e) Compute values for P;}" from equation (3.28) on the intact lines and hence determine corresponding
PI p for numbers of lines using equation (3.27).
(f) Obtain the values for bus voltage magnitude, |V;].
(9) Compute corresponding values of PI;, based on step (f) for numbers of buses using equation (3.29).
(h) Obtain values for Q; for numbers of generators.
(i) Obtain corresponding PI , values with equation (3.30), based on step (h) for numbers of generators.
(j) Combine outage values of PI p, PI ,and PI .
(K) Repeat steps (c) to (j) for remaining lines.
() Rank PIp, Pl and PI 4 values in descending order indicating the most severe to the least.
(m) Display various values of PI p, PI , and PI , obtained for all transmission lines in step (j.).
(n) Perform power flow on the most severe contingency for each of PIp, PI yand PI .

The above steps as itemized are presented in the flowchart shown in Fig. 3.3.
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3.5  Static var compensator (SVC) Model
SVC is a general term used to describe single operation or combinations of thyristor controlled reactor, thyristor

switched reactor and/ or thyristor switched capacitor shunt devices. A shunt connected SVC operates through
constant variation or adjustment of its output shunt reactance to exchange inductive or capacitive current with
connected system in order to regulate or control target and specific power network parameter(s). Typically,
thyristor without competence for turn off capability through lack of gate signal formed basis of operation of

Load Bus and Line
Data

‘ Run Base Case PF (NR) ‘

‘4
—

Create line outage for
specified line

Run power flow for line outage

v

Compute Pl_p and aggregate its values

v

Compute PIl_v and aggregate its values

,

Compute PI_Q and aggregate its values

Check for Other
Transmission lines

[T

‘Rank PI_p in descending order Display PI_p ‘
‘Rank PI_v in descending order Display PI_v
‘Rank P1_Q in descending order Display PI_Q ‘
Obtain most severe
condition for PI_p, PI_v
and P1_Q
\ .
Run power flow for most severe . Display post
. ————»( contingency voltage and
contingency
real power

Figure 3. 3: Flowchart for implementation of performance index methodology
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SVC. In SVC operation, the provision for leading var, that is reactive power absorption, is achieved through
thyristor controlled reactor or thyristor switched reactor while that of reactive power generation, that is lagging
var is accomplished through thyristor switched capacitor [51],[179].

The extensive and major applications of SVC are in the provision of quick reactive power control and voltage
regulation services. These are made possible through instantaneous response speed of SVC occasioned by
thyristor controlled firing angle [108]. The general representation of SVC is as presented in Fig. 3.4 [51], where
from the figure, TCR implies thyristor controlled reactor, TSR connotes thyristor switched reactor, TSC entails
thyristor switched capacitor, SVC means static var system and SVG implies static var generator

\
J1

L

TCR/TSR TSC Filter SVS [SVG

Figure 3. 4: Structure of SVC

Vi
Isve +

Bsvc

Figure 3. 5: Equivalent circuit of SVC
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SVC equivalent model according to [51] is presented in Fig. 3.5. It is represented as an adjustable reactance
with either reactance or firing angle limits. According to Fig. 3.4, the linearized and non linear power equations

suitable for incorporation into Newton Raphson power are presented as follows:

Current and reactive power drawn by SVC from Fig. 3.5, are:

Isyc = jBsycVi (3.31)
Qsvc = Qi = —V{Bsye. (3.32)

The linearized equation is presented as equation (3.33), while equivalent susceptance was considered as state

variable.

sl =lo of

Then at the end of iteration (k), shunt susceptance variable By is updated according to equation (3.34).

re; ¥
l _ (3.33)

ABSVC/
BSVC

kK _ pk-1 8Bsvc\ pr-1
Bsyc = Bgye + ( stc) Bgsyc (3.34)

This changing susceptance is the total susceptance of SVC required to maintain bus voltage magnitude at a

fixed value.

3.6  Thyristor control series compensator/capacitor (TCSC) model

TCSC is made up of fixed capacitor in parallel with thyristor controlled reactor (TCR). This arrangement can
be one or more segments for variation of resultant compensating series impedance and corresponding voltage.
Within its range of operation, and having sufficient segment of schemes, TCSC can maintain and regulate
voltage with reduced line current [180]. TCSC is similar to SVC in principle but while TCSC is series connected
with transmission line, SVC is shunt connected with the bus. With an appropriate designed of TCR, TCSC can
also offer inductive compensation, which because of practical realities, is an abridge form of its capacitive
counterpart due to losses, reactor rating and thyristor valve voltage/current ratings [51],[181],[182].
Vithayathil and others in 1986 proposed basic scheme of TCSC as shown in Fig. 3.6. It was projected to be a
fast adjustment method of network impedance which consists of a compensating capacitor shunted by a TCR
[51]. The principle behind TCSC arrangement is the continuous provision of an adjustable capacitor through
partial cancellation of operative compensating capacitance. Steady state impedance of TCSC (Xycsc (@),
comprises of fixed capacitive impedance X, and variable inductive impedance X, («) is specified by equation
(3.35).
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Figure 3. 6: Basic scheme of TCSC
Xrese (@) = ZeX (@ (3.35)

Xp(a)-xc’

TCSC equivalent circuit can be represented as follows in Fig. 3.7, [140]. Where following limits holds;

n s . .
Acumic S @ < for capacitive reactance,and 0 < a < a; ;;m; for inductive reactance.

Bus i Busj Bus i Bus j
I_\ykl_l | | 7 |
| AN |
Pij B
— —

Figure 3. 7: Equivalent circuit of TCSC

Active and reactive power flow equations for bus i when TCSC is connected between bus i and j are given by
equations (3.36) and (3.37). Subscript i is interchanged for j for same power at bus j and X;c¢c is the TCSC

reactance value.

Qi = —V{?Bi —ViV;Bij cos(6; — 6)) (3:37)
Bij = 1/Xrcsc. (3.38)

Equation (3.39) is the linearized Newton Raphson power flow Jacobian matrix equations when TCSC is

controlling real power flowing from bus i to j at a specified value [140].

[ op; ! iy, 9Pi v, oP;
26; 29] av; i ZV] aXTcsc TCSC | Ael .
AP; oP; 9Pj iy 9Pj v, 0P; AB;
AP, a0; 99 av; L av; axrese " TEC|[ Ay,
9Q; 90; 9Q; 90; V. 9Q; V.

N N & iy Liy. Vi
AQ; | =| 3. 30 . Vi ;) aXrese Xresc l_ (3.39)
AQ; t J l J AV

J 99 99j 9y %y %9 v

AP;}CSC aei 06]- aVi L an J 0XTcsc rese AXTCSC
TCSC TCSC TCSC —
aPij aPl:I;CSC aPij : an-CSC aPij L X7csc -

| 96; 26 vy ' v, 1 dXresc rese
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X _ preg XTcsc,cal
APL-]-TCSC — PL] _ PU (340)

k k-1
AXrese = X;céc - X;csc)- (3.41)

TCSC mismatch active power flow is APJT“C, incremental change in series reactance is AXrcsc, While

PX TCSC,cal

g is the calculated power given by equation (3.36).

3.7  FACTS placement methods

Placement of FACTS devices is very crucial to its performance. Briefly, the following are some of the analytical

placement methods, especially for enhancement of ATC.

3.7.1  Base case real power loss placement method (PTLB)
Transmission line real power losses are obtained at base case power flow and ranked in order of severity. The

line with highest loss magnitude is considered for device location [108],[143].

3.7.2  Performance index placement method (PI)
Real power performance index of a given network is obtained and the highest ranked value of real power
performance index obtained is used for device placement in this method [138]. Equations (3.27) and (3.28)

form the basis of ranking in this context.

3.7.3  Total real power loss sensitivity (PTLS)
Transmission line with highest ranked sensitivity index based on total real power loss equation is used for

device placement in this method [146].

3.7.4  Loss sensitivity with respect to line reactance (XTL)
Line having the most positive loss sensitivity index when total reactive power loss equation is differentiated
with respect to line reactance is considered for device placement. The resultant derivatives of reactive power of

the total loss equation with respect to line reactance gives the sensitivity index [145].

3.7.5  Power transfer distribution factor (PTDF)
Line with lower magnitude of sensitivity variation based on PTDF values for the considered transaction is used
for device placement as in [144]. However, PTDF can be alternating current or direct current based as earlier

discussed in this thesis.

3.7.6  Line thermal limiting element (TL)
The limiting transmission line of network system was identified and used for device location as in [139],[140].

Line with the least thermal limit will impact on the transmission capability of the network.

3.7.7  Least bus voltage magnitude (LBV)
Bus voltage magnitudes are critically examined for a particular transaction and the bus with least voltage

magnitude is considered for device placement as in [128],[141].
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3.7.8  Value of line transfer capability (LTC)
Just as implemented in [148], line with lowest value of transfer capability is incorporated with device in order

to enhance the transfer capacity of that line.

3.8 Optimization algorithms methodology

Two optimization algorithms involving brain storm optimization and particle swarm optimization algorithms

are implemented for FACTS device placement in this study and are discussed as follows;

3.8.1  Brain storm optimization algorithm (BSOA)
This section presents the methodology involved in implementation of BSOA. An overview of BSOA, the basic

operation and its flow charts are described in subsequent paragraphs.

3.8.1.1 BSOA
BSOA is a new and promising heuristic algorithm premeditated upon brainstorming process. It is problem

solving capability mimics collective behavior of human beings, having the notion that humans are the most
intelligent of all creatures [95],[183]. The idea of brainstorming process which was first promulgated in 1953
by Osborn was developed into a novel optimization algorithm by Shi in 2011 [95],[183],[184]. Osborn’s four
rules which form the basis of BSO algorithm are: (i) all ideas are acceptable at the inception of ideation, (ii)
during ideation, criticism is not allowed, (iii) welcome diverse and unconventional ideas as the focus is on
quantities of ideations and, (iv) cross-fertilize, exchange, combine and amalgamate ideas to produce more and
better ideas [21]. The algorithm processes involved in human brainstorming are as follows [96],[184]:
() Initialization — People with different profiles and dissimilar backgrounds are gathered.
(b) New quantity ideas based on Osborn’s rules are generated.
(c) Related ideas having same subject matter are clustered into groups.
(d) The ideas in (c) are assessed and authenticated by experts.
(e) More ideas picked at random are used to obtain new and more ideas.
(f) New ideas stirred from old ones are generated.
(g) Repeat steps (b) — (f) to obtain a better solution for the problem in question.
The basic operation of BSOA is categorized into four fundamental procedures from above process involve
initialization, clustering, cluster center disruption and individual perturbation [185],[186]. These are briefly
explained as follows:
i Initialization - This involves randomly generation of N-individuals and evaluate N-
individuals.
ii. Clustering - Convergent operation of partitioning of individual population into clusters. K-
implies clustering algorithm used.
iii. Cluster center disruption — Cluster center which corresponds to best idea is the best individual
in a cluster. With a small probability P;, cluster center is replaced with a randomly generated
individual. Value of P; is important for the control capability of BSOA, the higher it is the

better is performance capability.

Page | 48



iv. Individual perturbation — New individuals in the clusters are obtained according to original
BSOA as presented in equations (3.41) — (3.42) [95],[183],[184],[185],[186];

Xhew(t) = x5a(®) + E() X N(w,0?) (3.42)

0.5 XT—t
k

&(t) = logsig ( ) x rand(0,1) (3.43)

The notation N (u, ¢%) is a random variable obtained with Gaussian distribution with mean zero and standard
deviation one. Current iteration is t, while T is the total number of iterations. £(t) is the step-size-function
utilized to equalize the speed of convergence of algorithm, while k is the coefficient that changes slope of
logsig() function. xi,, and x,, denote dimension ith iteration of x,,, and x,, respectively. Random
function rand(0,1) is used to generate uniformly but random numbers between zero and one. The process of

cluster center disruption and individual perturbation continues until stopping criteria is fulfilled.

The flow chat of BSO process as itemized above is depicted as follows in Fig. 3.8 [96],[184];

C Start )
) J

/ Enter BSOA Parameters /

v

/ Gather ideas from diverse group /

Yy idea good enou Yes

solution?

| Create new ideas from obtained ideas |

v

| Cluster the ideas |

v

| Evaluate clusters for cluster center disruption |

v

| Cluster center disruption |

Y

| Individual perturbation |

| Select new individual as best |

t=1t+1 Yes t<T
No
| Output best individual as best solution |
C Stop )

Figure 3. 8: Flow chat of the processes involved in BSOA solution
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Transmission line total reactance (Xr,:q;) incorporating TCSC comprises both TCSC and line reactance.

Therefore equation (3.35) becomes
Xrotar = Xiinet+ Xrcsc (@) (3.44)

Introducing o as an expression for degree of compensation of line reactance, and substitute this in equation

(3.44), results into equations (3.45) — (3.47) [97].

Xrese (@) = a X Xjme (3.45)
XTotal = Xline + a X Xline (346)
XTotal = (0! + 1)Xline (347)

3.8.2  Multi-objective optimization problem formulation
In order to benefit maximumly from FACTS installation for the desired objectives, optimal setting of the device
must be ensured. The objectives functions in this study are; ATC maximization (enhancement), bus voltage

profile deviation minimization and real power loss control.

3.8.2.1 Available transfer capability maximization

Enhancement of ATC is very crucial for secure and economic power system transactions. ATC enhancement

between two buses i and j is represented as max (ATC,, ), where ATC,,, is given as equation (3.25), therefore,

_ ATCxyTCSC (3.48)

H ATCyy

Where ATC,,, is transfer capability without TCSC and AT Cyr¢sc is the transfer capacity with TCSC.

3.8.2.2 Transmission line real power loss regulation

The active power loss presented by equation (3.49) has to be minimized if transfer capability will be maximized
[100]. This is required in addition to power flow control of the FACTS device.

Pro = SiLiisy Gy (V2 + V2 = Vi Cos(6; - 6))) (3.49)
_ Pri(reso)
1, = Draeso (3.50)
Pty

Pr, and Pry r¢scy are the total power loss without and with TCSC respectively. G;; is the conductance between
lines i and j, nl is the number of transmission lines, V; & V; and 6; & 6; are the voltages and voltage angles at

bus i and j respectively.

3.8.2.3 Bus voltage profile deviation minimization

Voltage instability consequence of swell or sag usually resulted into system security violation. Bus voltage is
expected to be within the upper limit of 1.05 and lower limit of 0.95 p.u. Voltage deviation minimization
function is given as [97],[122];

VD = YL |Virer — Vil (3.51)
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Hy = (352)

VDycse and VD are the voltage deviation with and without TCSC.

These objectives are then normalized and translated into a single objective having fitness function denoted by
W, as in equation (3.53).

Y= Bils + Baptz + Psiis (3.53)

B, B2, and B5 are scaling factors which are described by the following conditions in equation (3.54).

Bi+ B+ pBs=1 & 0 < By,B,P; <1 (3.54)

Most importantly the following power equality constraints equations must be satisfied. Where Pg; , Pp;, and Pg;
are the generated, demand/load and calculated real powers in that order; Q;; , Qp; and Q; are the generated,

demand/load and calculated reactive powers respectively [100].
Pgi — Ppi = X4 IVil|Vj||Vij| cos(6; — 6; + 6;) (3.55)
Qoi — Qpi = X V| |V;||:;| sin(6;; — 6; + 6;) (3.56)

In addition, and among others, the following inequality equations (3.57) — (3.58) must also be met. Bus voltage
lower and upper limits described by equation (3.57) and the decisive TCSC reactance limits described by
equation (3.58).

Vimin < VL < Vimax (3-57)

Xresemin < Xrese = Xresemax (3.58)

3.9  Particle swarm optimization algorithm (PSO)

PSO is a stochastic, swarm based intelligent optimization technique, inspired through biological processes. It
was first introduced by Kennedy and Eberhart in 1995 [187]. The concepts of PSO emanated from mimicking
behavioral tendencies of animal cultures, devoid of leader in the swarm or group, such as fish schooling and
bird flocking, by simulating these attributes in multidimensional space. Naturally, the search of food by group
of animals without a leader becomes random and there is tendency to explore in the region of a member with
proximity to food source, referred to as potential solution. This continues and the animals accomplish their best
concurrently through constant exchange of information among their peers who already achieved better
condition. Simultaneous movement of the flocks toward source of food will follow the information
disseminated from animal with better food source and this occurs repeatedly until the best source of food is
discovered [187],[188],[189]. Similarly, PSO algorithm adopts this animal interactive processes in finding
optimal solution to a particular problem. Summarily, PSO consists clouds, in which a potential solution is

represented by a particle.
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PSO like most search algorithms is characterized with explorative and exploitative abilities. Exploration implies
its ability to explore diverse area of search infinite with a view to locating good optimal, while exploitation
indicates its aptitude to focus the search around the locality of the predicting region for perfecting candidate
solution. With these characteristics, swarm particles hover in space with two major indispensable cognitive
capabilities involving memory of particle’s individual best location referred to as ‘local best’ and memory of
neighborhood or global particles best position also referred to as ‘global best’. Meanwhile, the position of
particle i in space and at time t denoted by x;(t) is determined by velocity v;(t). The velocity v;(t) is defined
by equation (3.59) [140], [144], [145].

vi(t) = v; (t — 1) + ¢y (localbest(t) — x;(t — 1)) + c,ry(globalbest(t) — x;(t — 1)) (3.59)

The change in position of a particle is achieved with addition of velocity v;(t) to its current position, as

presented in equation (3.60)
x(t+1)=x0)+ v (t+1) (3.60)

Where ¢, & c, are acceleration coefficients and r; & r, are random vectors. The flowchart for implementation
of PSO is as presented in Fig. 3.9 [140],[148].

C Start )
v

Initialize particle position and
velocity

Determine fitness for particle position |

v

If global best is better than local best, then local best
becomes global best

y

| Replace local best with global best |

v

| Then update particle position and velocity |

Are particle exhausted

Yes

Select new individual as best

t=t+1 Yes

t<T

No

| Output best individual as best solution
C Stop )

Figure 3. 9: Flow chat for implementation of PSO algorithm
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3.10 Sensitivity based placement method for TCSC device

Sensitivity based method of FACTS device placement is proposed in this subheading for its optimal
performance. This approach cannot be Implemented for TCSC if it is not modelled analytically as against the
conventional model. The model is to obtain both voltage magnitude and angle of voltage injection which are
the factor to be considered for placement of this device. Likewise, this sensitivity-based method for VSC-

HVDC transmission system optimal placement is presented in subsequently.

3.10.1 Analytical model of TCSC

A typical TCSC as shown in Fig. 3.6, can provide continuous control of power on ac line with a variable series
capacitive reactance. In principle, and as stated earlier, TCSC is very similar to a Static var compensator (SVC),
except that the former is regularly series connected with a transmission line while the latter is usually shunt
connected with targeted bus [51]. Likewise, a TCSC can be represented analytically by an equivalent static
synchronous series compensator (SSSC) for power flow analysis [180]. For the purpose of this analysis, TCSC
is analytically represented by equivalent circuit of SSSC as shown in Fig. 3.10, as different from the usual
representation presented in Fig. 3.7 [97],[108],[139],[140],[145],[146],[148]. The equivalent X, . (a) can be
represented by series impedance Z with a regulated voltage source V; as shown in Fig. 3.10. In the practical

operations, V; can be regulated in order to control line power flow P;; or P;;.

Bus i ZS VS Busj
Ri +Qy ] WY Pi +Qj
'ij A \TJ B 'ji
v Re{V,l;}=0 v,

-
-t
I|| -

Figure 3. 10: Analytical equivalent circuit of thyristor controlled series compensator

In line with equivalent circuit above, V; = V.26, V;=V;20; V; =V; £ 6, therefore, the power flow

constraints at bus i and j are [83],[180];

P; = V?Gy — ViV;(Gyjcos 6;; + Byjsin 6;;) — ViVs (G cos (6; — 65) + Byjsin (6; — 65)) (3.61)
Qij = —V?By — ViV; (Gyjsin 6;; — Byjcos 0;;) — ViVi (Gy; sin(6; — 65) — Byj cos (6; — 65)) (3.62)
P; = VZGy — ViV; (Gijcos 0j; + Byjsin 6;;) + ViV, (Gyj cos(8; — 65) + Bjjsin (6; — 65)) (3.63)
Qji = —V#Bj; — ViV, (Gi}-sin 6j; — Byjcos Gﬁ) + ViV, (Gij sin(6; — 6s) — B;j cos (6; — 65)) (3.64)
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Where Gl] + B” = 1/ZS' GL'L' = Gij' Bii = BL']', G]} = Gijl B] = BU

It should be noted that the first and second terms of equations (3.61) and (3.62) are the real and reactive power
flows from bus i to j and that of equations (3.63) and (3.64) are the real and reactive power flows from bus j to

i as can be derived from equivalent m-network representation of a transmission lines with lump parameters

connected bus i to j.
The operating constraint of TCSC for real power exchange through dc link is given by [141]:
Power exchange = Re (V; I;;) = 0. (3.65)

Re (V; I;)) = — ViV (Gij cos(6; — 65) + Byjsin (6; — 65)) + V;V (Gyj cos(6; —65) + Bj;sin (6; — 65))
(3.66)
In practical applications with this model, and considering equation (3.65), the device can be used for control of
any of active or reactive power flow of the transmission line, bus voltage as well as impedance of the
transmission line [180]. Since the main objective is to enhance ATC, the impedance (reactance) control which
is a function of 1} is implemented. V} is regulated to control equivalent reactance of the device to a specified
value, bounded by stated X, lower and upper limits which ranges from -0.05 to 0.05 for this work. Therefore,

the control parameters are V; and 6.

3.10.2 FACTS device loss consideration for optimal location and placement

The inclusion of FACTS device loss in this formulation is to enhance ATC, improve bus voltage and reduce
the total system loss as the part of the objectives in this study. This is because the set objective may not be
properly achieved with improper deployment of FACTS. Therefore, to reduce system loss, FACTS loss must

be included in the system loss. Hence,
Total system loss with FACTS (P, ) = System Loss + FACTS Loss. (3.67)

Equation (3.67) can be written as equation (3.68) for TCSC device that is connected between bus i and j as in
Fig. 3.6;

Pro =P+ (Pipgse + P ). (3.68)
System loss formula as given by [145],[146], and [190], is;
P = i=127=1[“ij (PP + Q) + Bij(Q:P; — Pin)]- (3.69)

Where, P; and P; are real powers injected at bus i and j, Q; and Q; are reactive powers injected at bus i and j,

while a;; and B;; are the loss coefficients and are given by;

Rij
Vl'V]'

Rij
ViVj

= cos(6; — ;) and B;; = sin(6; — 6;). (3.70)
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Here, R;; is the real part of row i and column j element of the impedance (Z) bus matrix. This can be obtained
from the inverse of admittance matrix elements.

The sensitivity factors are obtained with partial derivatives of total system real power loss with respect to the
control parameters V; and 65 of TCSC placed on transmission line T, connecting bus i and j. These factors are
defined below, where T =1, 2, 3 .....nl, and nl is the total number of transmission lines.

In this study and as presented in chapter seven, total loss sensitivity with respect to V; at V; = 0 is denoted by
al®S¢, and this is mathematically obtained from equation (3.69) by partial derivatives as presented in equation
(3.72).

Tcsc . 9PL

al " (3.71)

Vs=0

Also, total loss sensitivity with respect to 6, at 8, = 0 is denoted by aZ¢5¢, obtained mathematically from
equation (3.69) by partial derivatives as presented in equation (3.72).

Tcsc _ OPL
a3 = St (3.72)
These factors al¢ and aZS¢ which are then computed from equations (3.68) and (3.69) are presented as

equations (3.72) and (3.73), for a transmission line connecting bus i and j,

OPLOP; OPLOP; dPL0Q; 0PLOQ; op; = OP;
QIese ORIy IO omoey) 00y (on  0ry) @73)

0PV Vemo PjaVs V=0 Q;0Vs Vs=0 an Vs V=0 Vs Vs Vs=o
aTCSC _ aPLaPi 6PLan BPLBQ,: aPLan _ ( aPi + an )

2 0P;Vs00s 850 anvsaas 05=0 0Q;Vs00s 05=0 anVsaes 05=0 Vs00s V06 95=0'
(3.74)
Arising from equation (3.69),
oPy, _ N
P 2¥i=1aj P — Bij Q; (3.75)
oPy, _ N
, 2% ai P+ Bij Q (3.76)
OPL _ 5N P 3.77
70 = 2i=1 @i Qj + Bij B (3.77)
oPy, _ N
2%j=1 @i Qi — Bij P (3.78)
St aP; oP; aP; oP; .
The derivatives of terms — ,— e , . with respect to FACTS parameters are
avg avg V5865 V5065
Vs=o0 Vs=o0 Os=0 Os=0

determined from equations (3.61) and (3.63) and are presented below:

aPi aPi' .

B_VS . = B_VS] . = _Vl (GUCOS 91’ + B” Sani) (379)
s=0 s=0

oy = %t = 4+ V. (Giicos 0; + Bi; sind:

Wby Tl T +V; (Gijcos 0; + Byj sinb;) (3.80)
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apP; _ aPij _ i _

Vs00s Os=0 B Vs00s Os=0 B Vl (G”Sln 91 B” COSQJ (381)
aP; aPj;

—L = L = f .S J— .. .

Vs00s Os=9 V506 Os=9 * V] (GUSln 9] BU COSQJ). (382)
Lo _— 80Q; aQ; 20; 2Q; .

Likewise, the derivatives of terms 90 =2 ,—Q‘ ,and . , with respect to FACTS

awvsly _ " ovsly _ vsobsly Vsdbslg

parameters are determined from equations (3.62) and (3.64) and are presented below:

20; 99y

v, Voo - Vs Veeo = —VL (Gijsin 91’ - B” COSGL') (383)

0Q; 9Qj; ,

6_1/: . = avjs . = +V; (Gijsin 6; — Byj cos0;) (3.84)
s=0 s=0

9Q; 9Qij .

V5065 = Vsagjs = + Vi (GijCOS 9,: + Bl] Slnei) (385)
Os=0 Os=0

Vedeslg = Voo, oo s = —V; (Gijcos 6; + B;j sinb;) (3.86)

The factors al“S¢ and al®¢ are obtained by substituting equations (3.75) — (3.86) into equations (3.73) —

(3.74) appropriately.

3.10.3 Conditions for TCSC placement
(&) TCSC is installed on the transmission line with the least loss sensitivity with respect to control voltage
magnitude.
(b) TCSC is installed on the transmission line with the most positive absolute value of loss sensitivity with

respect to control voltage angle.

(c) TCSC are not installed on the transmission line containing tap changing transformer [100],[143], even

if the sensitivity obtained is in favors of that location, the next on the ranking will be considered.

(d) TCSC are not installed on the transmission lines in between the buses that contained generators and

shunt compensators [100],[143],[190], even if the sensitivity favors the installation.

3.11 VSC-HVDC transmission system
Power electronic devices such as insulated gate bipolar transistor (IGBT) and gate tur-off (GTO), with turn off

capability through a control signal by pulse width modulation (PWM) constitute the major operation of voltage
source converter (VSC). Basically, high voltage direct current based VSC (VSC-HVDC) consists of two VSCs,
which for the purpose of this study are interconnected with dc conductor. One of the VVSCs operates as a rectifier
for the purpose of transmitting constant and highly controllable power to its counterpart that functions as an
inverter [191]. In Fig. 3.11, the basic schematic of VSC-HVDC interconnecting two ac network buses is
presented [192]. One of the converters controls the dc link voltage while the other controls the active power

transmission through the link represented as HVDC cable in Fig. 3.12 [172]. Typically, there is capability of
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injected ac active power regulation at both converter stations, with each converter having the possibility of
controlling either voltage magnitude or injected reactive power at their respective ac buses, but for power flow
analysis purposes, one converter is considered to be master station and the other being designated slave station
[180]. Further details of operational principles are contained in the literature[180],[191] [193].

Rectifier Inverter
Station Station
AC Network AC Network

Bus i I @ I_ Vdc—— J —@—i Busj

Figure 3. 11: Basic schematic of VSC-HVDC system interconnecting AC network

Master Slave
(Rectifier) (Inverter)
station lde station
AC Network —» Ra AC Network
—_ y—
oo A [T oot I [ A—CD—>
.\ HVDC Cable | | |
Pi+]Qi Pi+jQ
Active Power Vdc
control Control

Figure 3. 12: Representation of HVDC cable and typical VSC control of VSC-HVDC system

3.11.1 Steady state modelling of VSC-HVDC
The steady state modelling of VSC-HVDC at fundamental frequency can be realized with the following
assumptions[167].
(a) Both network and VSC have balanced three phase voltage with constant frequency and amplitude.
(b) All harmonics relating to current and voltage generated by converters are negligible.
(c) Converter valves are treated as an ideal type without voltage drop and hence, internal losses are also
negligible.
(d) The dc voltage as well as current is assumed perfect without ripples.

Therefore, VSC-HVDC presented in Fig. 3.11 can be represented equivalently [180],[194] as diagram shown
in Fig. 3.13. The phasor voltage through the converters at buses i and j are V,; = V20, and V; = V,;20.;,
where 1, and 6, are the voltage converter voltage magnitude and angle respectively. The shunt converter
admittance is also given by Y, = G, + B, as denoted by their respective bus notations, with G. and B, being

the conductance and susceptance respectively.
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Bus i

Pci + chi

Figure 3. 13: Equivalent circuit diagram of VSC-HVDC system interconnecting ac buses i and j

The complex voltage through the converter connected at bus i, and the complex voltage at bus i can be written
as equations (3.87) and (3.88) respectively.

V. = V. (cosO; + j sinf;). (3.87)
V; = V; (cos8; + j sind;). (3.88)

Therefore, the ac complex power denoted by S, that flows into the converter connected at bus i can be

represented by equation (3.89) where S,; is a function of shunt current and converter voltage.
SCi = Pci + jQCi = VCi[;i' (389)

Therefore, with similar situation for bus j, active and reactive power flow into VSC-HVDC connected at bus i
can be obtained as equations (3.90) and (3.91), where the active and reactive power injected at bus i can be

obtained as equations (3.92) and (3.93) respectively [180];

Pei = VEGei + VeiVi(Gei cos(6c; — 6;) + Bsin (6 — 6;)) (3.90)
Qci = = ViBei + VeiVi(Gei sin(8; — 6;) — Beicos (6c; — 67)) (3.91)
P, = VG + ViVei(Gei c0s(8; — 0c) + Beisin (6; — 6.;)) (3.92)
Qi = = VZBei + ViVei(Goisin(6; — 0) — Beicos (6; — 6;))- (3.93)

In this application the converters are interconnected by a dc cable, the rectifier converter performs power control

operation while inverter station controls the voltage, therefore, the equality constraint equations are presented

as follows;
Paci + Pacj + Pacross = 0 (3.94)
P — P =0 (3.95)
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Qi— Q=0 (3.96)

V- VP =0 (3.97)

The inequality constraint equations are also as follows;

VIR <V, < VIR, VIR SV, < Ve (3.98)
0 < Gci < 2m , 0 < 96}' < 2m (399)
Iy < 1791 < 17 (3.100)

The representation of power flow equations in polar form are as earlier given by equations (3.2) and (3.3) [195].
The resulting modified NR power flow equations to accommodate VSC-HVDC can be written as equation
(3.101) [180],[194], for the purpose of this study where active power is regulated at converters rectifier side.

- AP P, P, ap; -
o 9% iy Ziy. 0
00; 00, av; Vi - AG;
OP; 0P OP; OP; t
APi ci ci ci Vi ci Vci 0 AG..
AP 00; 00, av; v cl
ci . ; ) AV;
| a0, |=| & 2% Wiy 2y >
Q |= 26; L av; v oavy A‘I’/i . (3.101)
AQCi 0Q; anj 0Q; V. 0Q; V.. 0 —a
APVSC 691 aeci aVi 12 aVCi cl Vei
apvsC  apvsc  ppVSC apVsc apVsc [AG,; ]
L 36, 26.; v, ' vy b v
As stated earlier, the active power is regulated at bus i, and voltage at bus j, AP,; = P;P*° — PS*, AP and AP,

are not used in equation (3.101). Likewise, AQ; and AQ,; become redundant because voltage magnitude is held
constant at bus j. From the above equation, AP"S¢ is the mismatch in active power flow and it can be obtained

from equation (3.102 as follows.
APVS¢ = AP, — AP = P;P°° — PG (3.102)

3.11.2 Static modelling of transmission line incorporated with VSC-HVDC

The static modelling of a transmission line containing VSC-HVDC is fundamental to obtaining power loss on
such transmission line. This is with a view to including VSC-HVDC loss in the total network loss for active
participation of controller in the proposed optimal device location. The n-equivalent representation of schematic
diagram of VSC-HVDC transmission line depicted in Fig. 3.12 is presented in Fig. 3.14. The power flow from
bus i to j, is P;; and from bus j to i, is P; and they can be obtained through the relationship between the
corresponding current flow and transmission line admittance. The current flow from bus i to j, denoted as I;;

can therefore be gotten from the figure as equation (3.103), and the corresponding power as equation (3.104).
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Figure 3. 14: Equivalent 7 representation of VSC-HVDC transmission system interconnecting ac buses

iandj.
Ij=—1li = Yy(V; = V) and I; = I; — I (3.103)
Py= Vil; = (Yu+ Yy)V? — YWy (3.104)

Where Y;; and Y;; are the sum of the admittances between buses i and j including ground and the net admittance
between buses i and j as appeared at bus i. During steady state however, both the capacitive and inductive

components disappears for HVYDC transmission line interconnecting bus i to j. Therefore,

Py = (Gy+ Gi)V? — G Vi, (3.105)
Pi = (Gu+ Gy)Vf — GyVV,; (3.106)
Power loss on VSC-HVDC line interconnecting bus i to j can be written as;

Pactoss = Py + P = (Gu + Gy)Vi? + (Gu + Gy)V? — 26,1V, (3.107)

3.11.3 Proposed sensitivity based optimal location of VSC-HVDC

Network power losses are mostly influenced by networks containing shunt devices like VSC [196] and hence
power loss as a parameter was considered as a sensitive factor in determining the optimal location for VSC-
HVDC system in this work. The main focus here was to propose a sensitive based approach to derive maximum
benefits for VSC-HVDC placement for achievement of power flow enhancement in the network. The exact

system loss formula has been presented as equations (3.69) and (3.70) [146];

The algebraic loss on the network containing VSC-HVDC (Pr;, ), can be written as loss without VSC-HVDC

(P,) and loss on the line containing VSC-HVDC (P,...ss) - This can also be written mathematically as;
PTL = PL + PdCLOSS = PL + (PU + P]l) (3108)

The loss sensitivity, due to VSC-HVDC transmission line connecting bus i to j, can be obtained by taking partial

derivatives of the resulting total system real power loss in equation (3.108) with respect to the control
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parameters V,; and ;. Total loss sensitivity considering V,;, at V,; = 0 and 8, at 6,; = 0 are represented by

Y,and Y. These are defined below;

ap
P, = =1k (3.109)
Wei Vei=o
OPTL,
Y, = (3.110)
9ci Oci=o0
These factors are obtained from the following as derived from resulting equations;
__apPrL __ 0PLOP; aPLach OP1,0Q; aPLanj aPij apji
ll)]_ - Vi - 0P 0V i 6chaVCj 0Q.i0V _ aQCjaVCj + av; + an
Vei=o im0 Vej=0 Vei=0 V¢j=0 Ve, Vej=o
(3.111)
1/) _ OPTL, OPLOP; aPL"’PCj 0P10Q; aPLanj + ( aPij
, = = 9L LT _O0fL9Cci L% —U
00, Ocico 0P iV 00 ; o aPCchjach 8j=0 0Q;iVi00.; =0 anjOchaecj 6.j=0 V;00;
aPj;
m) (3.112)
] gi'gj:()
. . 0P, 0P OP; 0P . .
The derivatives —% ,— ,— ,and —= can be obtain from equations (3.90) for bus
cily =0 Vej Vej=0 Vei0Ocilg =0 Vcjobecj 8.j=0

i and in similar manner for bus j, with respect to the control factors of VSC-HVDC as follows;

= Vi (Ggcos 0; — B; sinb;) (3.113)

Wei Vei=o
aP; )
T = V; (Gjcos 6; — Bj sind;) (3.114)

¢l ch=0
e Vi (G¢isin 0; + B; cos6;) (3.115)
Vei0bci Oci=o

aP; _
—Vc-ag : = V; (G¢jsin 0; + B cos0;) (3.116)

777 Ocj=o

. . . . . Qi . 90 .; .
The corresponding reactive power derivatives 91 g , et ,and —29_ can be obtain
cily =0 aVCj Vej=0 Veid0ci 6¢i=0 chaecj 9cj=0

from equations (3.91) for bus i and in similar manner for bus j, with respect to the control factors of VSC-
HVDC as follows;

. = V; (G;sin 6; + B cos0;) (3.117)
SVei=o

% = Vj (G¢jsin 8; + B.j cos;) (3.118)
< ch—o
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Qi | =y, (Gycos 0; — By sin 6;) (3.119)
Vciaeci ecizo

an' .
vooog| = Vi(Gecos 6 — By sing). (3.120)

9cj=0

The derivatives of the loss components of voltage magnitude from equations (3.105) and (3.106), are
61’,:]'
6Vi

61’1',:

o and are derived as follows while the derivatives of angle loss components are zero because

V=0 Jly.=o
J

of pure dc component.

6Pl-j

il o= VG (3.121)
2 ~ViGy (3122)
6Vj V=0

The sensitivity factors i, and 1, can therefore be obtain from equations (3.111) and (3.112) using equations
(3.75 to (3.78) and equations (3.113) to (3.122).

3.12 Summary of chapter three

This chapter described two distinct methodologies of ATC determination known as RACPF and ACPRDF. It
presented the principle of implementation of performance index methodology for identification of severe line
outage contingency evaluation purposes. Three types of FACTS devices namely; SVC, TCSC and VSC-HVDC
system were described and also presented for network performance improvement. Basic principles of different
FACTS placement methods were discussed in this chapter and based on this, a sensitivity-based approach which
involves incorporation of FACTS loss into network system loss was proposed. The devise location was based
on the sensitivity factor obtained from the derivatives of the algebraic sum of the resultant system loss with
respect to magnitude and angle of injection voltage of the device. This sensitivity-based method is therefore
applied for FACTS placement in later chapters as described in this chapter. The methodologies described in
this chapter, were applied for ATC determination, contingency evaluation, ATC enhancement, voltage profile
improvement, loss reduction and contingency mitigation using described FACTS devices as presented in the
subsequent chapters in this thesis. SVC and TCSC are presented in the subsequent chapter for ATC
enhancement, bus voltage deviation minimization and power loss reduction, while VSC-HVDC transmission

system is presented for network power flow enhancement and contingency mitigation.
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CHAPTER FOUR
NETWORK ATC DETERMINATION AND CONTINGENCY EVALUATION

4.1 Introduction
This chapter consists of two major parts. The first part presents repeated alternating current power flow

approach, for the determination of Available Transfer Capability (ATC) of a network system. In a deregulated
environment, ATC values accurately depict the transferable quantum of power over the transmission network
with due consideration for limits violations. In this work, RACPF based on Newton Raphson (NR) power flow
equation was developed in a MATLAB software environment to obtain various values of ATC using IEEE 30
bus reliability test system presented in Appendix A-1. ATC values for each transmission line as determined
through RACPF approach are presented, while the resultant value of network ATC then indicated. Also, ATC
values for inter-area line outage and generator outage contingency conditions are obtained and analyzed.
Likewise, in the same section, ATC values for bilateral and multilateral transactions are presented. Various
ATC values obtained during inter-area tie lines outages for these conditions are also presented. In order to
establish the accuracy of RACPF method, ATC values obtained in this study are then compared with values

obtained through other method as presented in the literature.

The second aspect of this chapter deals with identification of the most severe line outage contingency. This
becomes necessary in order to prioritize and properly identify the most severe contingent line arising from line
outage of tie lines implemented in first section of this chapter. Here, investigation of line outage contingency
ranking and analyses using various Performance Index (PI) approaches are conducted and reported. Independent
contingency rankings based on voltage, real power, reactive power, voltage fused with reactive power and real
power amalgamated with voltage fused reactive power Pl are the ranking methods used. Analyses of most
severe contingencies resulting from different ranking methods are carried out and the behavioural patterns of
the affected transmission lines investigated and validated. Newton Raphson power flow equations developed in
MATLAB environment are used for these analyses while the same IEEE 30 bus network is the test system. The
results obtained in this section clearly presents the methodology of deploying PI in contingency identification

and ranking using various power network parameters.

4.2  Present status of power structure
The operational structure of electric power industry has been under the control of a big but vertically integrated

companies (usually public services) for many years. Within their confines of operation, all the rights of electric
power activities on generation, transmission and distribution reside with these companies. However, due to
economic and efficiency reasons, the vertically integrated utilities are being deregulated globally [9]. As earlier
reported, starting from Chile to other countries in Latin America and by extension the rest of the world,
restructuring becomes the order of the day and this brought about a regenerated attention in power industry, in
response to this new alteration in structural power operations. Consequently, the operation of power network

becomes difficult because of unhindered access brought about by deregulation [12].
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One of the essential requirements of economic and secured electric supply is the bulk transfer of power over
long distance [24]. Nevertheless, this maximum bulk power transfer is constrained by network limitations as
bounded by thermal, voltage magnitude and other security constraints [14]. Due to power liberalization, the
competition among market participants as a result of desired economic benefits is a major challenge for network
operation because all power transactions exist on the same transmission network system. The consideration for
nearby power wheeling between the source and the energy sink with mutual agreement for network security is
no longer valid [25]. Numerous, concurrent and sometimes unscheduled power transaction becomes the order
of energy trading and with this characterization, overloading of heavily loaded network path will result into
affinity for network congestion and eventual contingency. This situation requires constant determination of
ATC value especially for decision making to guide market participants [15]. ATC becomes fundamental as it
presents network’s physical conditions and transmission limits [25]. Generally, and with due consideration for
network constraints, ATC gives transferrable quantum of power among inter areas connections of a deregulated
power network [6]. Transmission companies rely on this crucial value for declaring available transmission

corridors among the duo of generation and distribution sectors of power system for transaction purposes.

Likewise, contingency analysis is also very crucial to modern power system planning and operation. This is
because, modern power system network is undergoing structural changes in a bid to acquire economy of scale
and surmount technical challenges. Restructuring aims at achieving flexibility of operation, economy of scale
and stability of supply among others [20]. Consequently, power network operation is becoming more difficult
because of open access created by deregulation as highlighted. The resultant competitive trading keeps stressing
saturated transmission network further and increases its propensity to failure. There is tendency for power
networks in a deregulated environment to suffer system overload due to frequent multiple but unplanned power
transactions. This susceptibility of transmission lines to overloading otherwise known as congestion always
resulted into contingency [15]. Contingency though undesirable, is the temporary loss of one or more power
network components [40]. One of the challenges of system operators is the operation of network systems in a
way that transmission limits are properly controlled [1]. However, the identification and ranking of transmission
lines in order of their severity precede congestion management. This is quite indispensable for security
assessment and congestion management as a prerequisite for further power system steady state critical analysis.
System security assessment is the process of keeping the system secured against operational limits violations
[38].

In the subsequent paragraphs, ATC values of the test network during various conditions are obtained and
presented using various governing equations presented in chapter three. Likewise, the diverse utilization of Pl
as a contingency screening and selection method is further scrutinized and investigated to avoid misapplication
in the succeeding sections. Hitherto, Pl is being applied indiscriminately, hence, the methodology of deploying
Pl in contingency ranking is ultimately justified with assertion, through assessment of the effects of the most

severe ranked contingency on the network system parameters.
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4.3 Results and discussions
In this section, the ATC values of the test network are obtained without power trading and for bilateral and

multilateral power transactions. ATCs during various tie line and generator outage contingency conditions are

also obtained. Results obtained for various simulations are as discussed subsequently.

4.3.1 ATC for normal power transfer condition

ATC values have been obtained for different single power transfers. Normal condition in this context implies
that the test system parameters are intact except the single source-sink bus where power transfer that resulted
into ATC determination took place. This is done with a view to establishing test system's ATC prior to power
transactions. Deregulation is characterized by various power transactions including bilateral and multilateral
power transactions, hence, ATC values obtained during normal power flow are very useful for system planning

and operations. Fig. 4.1 shows values of ATC obtained using the RACPF method as discussed.

140 T T T T T T T T

—A—— ATC

120

100

ATC(MW)

60

40

(0] 5 10 15 20 25 30 35 40 45
Transmission Lines

Figure 4. 1: ATC values during normal transfer condition

The ATC values for all transmission lines are as presented, where each line presents different values based on
their transfer capability limits. In this case, the minimum value of 4.175 MW is obtained on the transmission
line 15 — 23, corresponding to line number 28. This value is the ATC value for the entire network as earlier
presented in equation ((3.17) of chapter three). This implies that although, other transmission lines can
accommodate well above 4.175 MW for any schedule power transfer however, the network cannot allow

beyond this value for a secured and reliable power system operation.

In the analysis, the highest transferable quantity of power with due consideration for network security and
stability is overtly presented for operators' consideration. The amount of power that can violate network thermal
loading and megavolt-amperes (MVA) limit is known. Going by system data, transmission lines 1-2, 1-3, 2-5,
and 3-4 have the highest thermal limit of 130 MVA each, hence the highest ATCs as shown in the graph, while
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lines 14-15, 15-18, 15-23, 16-17, 18-19, 22-24, 23-24, 24-25, 25-25, 25-27, 27-29, 27-30, and 29-30 have the

lowest ATCs which are synonymous to thermal limit of 16 MVVA. Obviously thermal limit restricts ATC.

Fig. 4.2 shows the relationship among Base case, ATC and TTC. Base case is the default power flow of the test
system based on its parameters, while TTC is the total reliable power flow that the test system has the capability
to sustain. There is a substantial clearance between the base case and ATC of the network for the first twenty
transmission lines except for transmission line number eleven. These lines with higher thermal limit capability
have higher transfer capability for additional power flow, beyond their counterpart in the remaining part of the
network because of these thermal ratings. ATC at every instance is shown with reference to TTC of the network,
this method obtained ATC with due consideration for the thermal limit violation.
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Figure 4. 2: Base case, ATC and TTC values of the test case

45

In order to validate this work, values of ATC obtained are compared with results in [6], where authors used ac
power flow approach. This is done for similarity purposes because in that work, the same IEEE 30 bus test
system was also used for analysis as in in this work. As shown in Fig. 4.3, 11.574 MW and 8.892 MW ATC
values are obtained in this work above the values obtained in [6], especially for same transmission lines 1-2 and
1-3 respectively, while on the lines 2-5 and 6-8, ATC values of 25.535 MW and 29.014 MW below that of [6]
are obtained. Differences are also noticed for transmission lines 1-2, 1-3, 2-4, 2-5, 2-6, 3-4, 4-6, 6-7, 6-8, 6-9,
9-10, 10-21, 10-22, 22-24 and 28-27. A wider ATC bound values here means a better accuracy. It is observed
from the results that RACPF approach is more accurate when compared with the results obtained using ac power
flow in previous work. It is also established from the results that ATC values present an understanding of
transmission network conditions and limits needed for operational purposes especially in a deregulated power
sector. This implies that the results obtained in this exercise is very accurate. This method is therefore suitable

for independent system operator (ISO) in determining ATC values needed in taking unambiguous decisions.
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Figure 4. 3: Comparison of the values of ATC obtained with that in [6]

4.3.2  ATC for contingency conditions

In modern day power operation, which is characterised by various power transactions consequents of power
network liberalization, power networks are made to operate around their thermal limits, hence contingency may
inadvertently occur. The subsequent paragraphs present outcome of an investigation of some common

contingency occurrences.

4.3.2.1 Line outage contingency condition
Line(s) contingency usually occur(s) when such lines are operated in violation to their thermal limits,

consequent of overloading [15]. To demonstrate this, the test bus system was modified by dividing it into three
areas; Areas A, B, and C, as shown in Fig.4.4. The test system is divided as such, for simplicity of analysis.
Line outage contingency was then considered for tie line between the areas. Tie lines are the transmission lines
that connect an area to its neighboring areas in a power network and power sharing between two areas occur
through these tie lines [178]. The mapped areas, bus numbers and the transmission lines linking one area to

another are as shown in Table 4.1.

Table 4. 1: Areas of the network in relation to affected buses and tie lines

Areas Bus Area to Area Tie Lines
A 1,2,3,4,56,7,9,11 A-B 4-12,9-10, 6-10
B 10, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,22, 23, 24 A-C 6-8, 6-28
C 8, 25, 26, 27, 28, 29, 30 B-C 24-25
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Figure 4. 4: Modified diagram of IEEE 30 bus test system

It can be seen from the table that transmission lines 4-12, 9-10 and 6-10 are the tie lines interconnecting areas
A to B, 6-8 and 6-28 interconnecting areas A and C while only transmission line 24-25 is the tie line linking
areas B to C. Outages of these tie lines were implemented and the ATCs obtained are as tabulated in Table 4.2.
Outage of feeder line between bus 6 and 28 gives the minimum ATC of all the outages. This implies that the
contingency of line 6-28 will impact on the capacity of the network to transfer power beyond this value. When
compared with normal condition, outage of line 9-10, 6-8, and 24-25 will permit 0.665 MW, 0.607 MW and
0.178 MW power transfer respectively, above allowable limit of normal condition. Other ATC values for line

outages are presented in the table.

Table 4. 2: ATC values for various line outage
Outage Tie Lines 4-12  9-10 6-10 6-8 6-28  24-25
ATC (MW) 4128 4.840 4.108 4.782 3.894 4.353
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4.3.2.2 Generator outage contingency condition

Generator outage contingency should be restrained because it will change the power flow convention. This
happens when other generator(s), especially the slack generator assumes the obligation of compensating
debilitating effects of the outage [197]. However, the understanding of the system behavior in case of a
generator outage especially in a deregulated environment is an indispensable tool in power planning and
operations [15]. Table 4.3 below depicts various values of ATC obtained under this contingency condition.
ATC value obtained on transmission line 22-24 with value -0.999 is the minimum. This is an indication of
response to the loss of generator 5 via the stated line. A compelled generator outage has a grave consequence
on the other generators as well as the transmission lines whose responsibility at that instant of time, are to
compensate for the impacts of outage in order to keep the network alive. The loss of generator 4 led to
concurrent thermal violation of two transmission lines 21-22 and 22-24. This of course can spell doom for the
network as it can lead to blackout consequent of cascaded line outages. TLV as used in the table means thermal

violation of transmission lines 21-22 and 22-24.

Table 4. 3: Values of ATC for various line outage

Outage Bus ATC Transmission
Generator  Location (MW)  Line Involved
Gl 2 4.25 15-23
G2 13 0.95 15-23
G3 22 0.617 16-17
G4 23 TLV 21-22 & 22-24

G5 27 -0.999 22-24

4.4 ATC for power transaction conditions

Different power transactions including bilateral and multilateral trading are becoming the order of the day in
power network operation because of open access. The nature and magnitude of trading also affect the network
performance hence various trading are implemented for investigation in this section. ATC was obtained for

bilateral and multilateral transactions.

4.4.1 ATC for bilateral power transaction

Bilateral power transaction involves a seller and a buyer. During bilateral transaction, power transaction took
place between source bus 8 and sink bus 3 where, 20 MW of power was transferred from bus 8 to bus 3. The
active power at bus 8 reduced to 10 MW from 30 MW while that of bus 3 increased from 2.4 MW to 22.4 MW.
Then ATC was computed, and values obtained are as shown in Fig. 4.5. This bilateral transaction has
undoubtedly influenced the ATCs values obtained for the adjoining transmission lines. Transmission lines 6-8,
8-28, 3-4 and 1-3 experienced a significant drift in value while lines 1-2, 2-4, 2-6, 4-6, 4-12, 6-7, 6-9, 6-10, and
6-28 were also not spared from the influence of this transaction. The deviation of vales obtained in this case is
a clear indication that with this type of transaction taking place on the network, ATC will be impacted. This
implies that the capability of the transmission lines to accommodate market operators has changed due to

transaction of 20 MW of power between bus 8 and 3.
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4.4.2  ATC for multilateral power transaction

Multilateral transaction involves more than one buyer and seller. In the case of multilateral transaction, there
were exchange of power among source and sink buses. A total of 40 MW power was transferred from source
buses 8 and 7 to the sink buses 10 & 12 and 16 & 20 respectively with buses 8 and 7 shedding 20 MW power
each, while buses 10, 12, 16, and 20 benefitted 10 MW each. Before power transaction, bus 8, 7, 10, 12, 16 and
20 has 30 MW, 22.8 MW, 5.919 MW, 11.2 MW, 3.5 MW and 2.2 MW respectively. These values became 10
MW, 2.8 MW, 15.919 MW, 21.2 MW 13.5 MW and 12.2 MW after the transaction. With this transaction in
place, ATC values obtained were compared with that of bilateral cases as shown in Fig. 4.6.

ATC values obtained during multilateral transactions were slightly high on transmission lines 1-3, 2-5, 5-7. 6-
7,6-28, 10-21, 16-17, 19-20, 22-24, 23-24, and 28-27. However, ATC value for other lines were higher during

bilateral transaction.
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Figure 4. 6: ATC values for bilateral and multilateral transactions
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Figure 4. 7: ATC for normal case, bilateral and multilateral transactions

4.4.3 Comparison of ATC values for normal, bilateral and multilateral power transactions

ATC values for bilateral, multilateral and normal case study are shown in Fig. 4.7. There were significant
changes in values of ATC obtained for both bilateral and multilateral cases compared with normal case. During
bilateral transaction, there was an exchange of 20 MW power between bus 8 in Area C and bus 3 in Area A.
This is reflected in the ATC for tie lines 4-12, 9-10 and 6-10. The transfer of 20 MW of power each from buses
7 and 8 in areas A and C respectively to buses 10, 12, 16 and 20 all in area B is also clearly depicted in the
ATCs of tie lines 6-8, 6-28, (for area A to C), and 24-25 (for area B to C). The distinctions in ATC for line 6-
9, is an indication of the fact that it is an extension of tie line 9-10. ATC value on line 9-10 during normal

condition is significantly higher than values obtained during bilateral and multilateral transactions as presented.

4.4.4  Line outages for bilateral and multilateral power transactions

In Table 4.4, various values of ATC obtained for different line outages are presented. The minimum value of
1.997 MW was obtained during multilateral transaction when line 6-28 outage contingency was created. All the
ATCs obtained for multilateral transactions were lower than the corresponding values for bilateral transaction.
The corresponding values during bilateral also lower that that obtain during normal operation, except for line
4-12. The implication here is that network ATC is lowered with transaction and worsened with nature of

transaction. The more the multiple transactions that is taken place, the less the accrued network ATC.

During bilateral condition, the contingency created consequent outage of line 4-12 can be managed without loss
of supply to adjoining feeders through other tie lines. However, this was not so for multilateral situation, where

thermal limit was violated because power flow increased in all transmission lines. This means that a well-
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structured interconnected system rather than a radial system, due to its inertia, can withstand some level of

contingencies. As presented in the table, TLV implies thermal limit of line 15-23 has been violated.

Table 4. 4: ATC values for various line outages during transactions

Outage Bilateral Multilateral Normal
Tie Lines ATC (MW) ATC (MW) ATC(MW)
4-12 4.395 TLV 4.128
9-10 4.488 3.507 4.840
6-10 3.767 2.544 4.108
6-8 4.084 2.653 4.782
6-28 3.319 1.997 3.894
24-25 4.174 3.679 4.353

4.5 Performance indices of various power system parameters

In this second section, performance index technique was applied to the test network system in Appendix A-2
but with thermal limits presented in Table A-1.1, through various system parameters for evaluation of
contingency rankings as obtained in the analysis. The implementation of line outage and the subsequent ranking
in order of severity obtained for real power, voltage and reactive power performance indices are presented in
columns 3, 4, and 5 of Table 4.5. Voltage fused reactive power Pl ranking is contained in column 6 while the

values in column 7 were obtained from voltage fused real & reactive power PI.

Table 4. 5: Contingency ranking based on real power (PI p ), voltage (PI y ), reactive power (PI 4 ), voltage &
reactive power (PI yq ), as well as real power & voltage & reactive power (PI pyq )

LN Outage Ranking LN Outage Ranking
Line PIP PILV PILQ PILVQ PIPVQ Line PIP PILV PILQ PIVQ PIPVQ
1 1-2 40 32 3 3 40 21 16-17 30 13 15 13 30
2 1-3 4 36 9 9 4 22 15-18 35 26 14 15 35
3 2-4 37 22 33 33 37 23 18-19 34 27 21 23 34
4 3-4 5 28 11 11 5 24 19-20 20 18 30 30 20
5 2-5 1 37 1 1 1 25 10-20 14 33 39 39 14
6 2-6 7 24 32 32 7 26 10-17 33 16 31 31 33
7 4-6 11 23 36 36 11 27 10-21 13 30 22 24 13
8 5-7 23 25 41 41 23 28 10-22 21 19 26 26 21
9 6-7 2 12 37 37 2 29 21-22 32 6 27 25 32
10 6-8 8 3 35 35 8 30 15-23 19 21 13 12 19
11 6-9 16 4 40 40 16 31 22-24 15 17 29 29 15
12 6-10 18 15 38 38 18 32 23-24 28 10 20 17 28
13 9-11 41 39 16 28 41 33 24-25 26 14 28 27 26
14 9-10 3 40 12 18 3 34 25-26 39 2 34 34 39
15 4-12 12 35 2 2 12 35 25-27 38 20 23 21 38
16 12-13 6 41 6 7 6 36 28-27 10 1 7 4 10
17 12-14 22 29 18 20 22 37 27-29 17 5 19 16 17
18 12-15 24 38 8 8 24 38 27-30 9 7 17 14 9
19 12-16 27 31 10 10 27 39 29-30 29 8 24 19 29
20 14-15 31 9 25 22 31 40 8-28 25 11 5 6 25
41 6-28 36 34 4 5 36
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This is replicated in columns 10, 11 and 12 as well as column 13 and 14 respectively. From the table, it can be
deduced that there is lack of correlation among different rankings. Ranking based on reactive power and that of
voltage fused reactive power correspond to each other for the first twelve transmission lines up to line 6-10.
This is obvious because all the generators including the slack are located within these areas and reactive power
limits regulation was enforced because, reactive power is responsible for the bus voltage regulation. However,

the order of position in the subsequent transmission lines outside this vicinity does not align for these rankings.

Ranking of lines based on voltage fused real & reactive power takes after real power ranking because the
magnitude of real power flow Pl is far greater than the insignificant summation of values of voltage fused
reactive power Pl for the same line. This implies that for this summation, the ranking takes after the ranking
order of real power Pl. Howbeit, the magnitude of the real power PI, it cannot be substituted and does not
replace the impacts of both the voltage and reactive power in ranking contingencies. This can also be explained
for voltage fused reactive power ranking that has some correlations with reactive power ranking. Adequate
attention must be paid to voltage and reactive power Pl rankings because their values were also obtained with
respect to limits violations. Therefore, further investigation was conducted on each of these rankings in order

to establish the best system parameter to be engaged in determining the most severe outage line.

45.1  Contingency selection consequent of rankings

The summary of the first three outage rankings are as contained in Table 4.6. Contingency selection becomes
difficult due to different ranking results obtained as presented in Table 4.5. Ranking based on real power,
reactive power, voltage fused reactive power as well as voltage fused real & reactive power Pl are the same for
the first transmission lines. This ranking identified line 2-5 as the most severe contingency line, while voltage
Pl prioritized transmission line 28-27 as the most severe contingency line. Different orders of priority without
correlation resulted from different methods of network rankings. However, if the selection was done based on
voltage fused real & reactive power (PI pyq ), @ Wrong severe contingency might have been chosen because a
mis-ranking would have occurred. It should be observed that the major distinction occurs among real power,
reactive power and voltage PI ranking for this first three severe lines. Therefore, these various rankings were
further subjected to further scrutiny and analyses.

Table 4. 6: First three contingency rankings

Ranking 1 2 3

PI_P 2-5 6-7 9-10
PI_V 28-27 25-26 6-8
PILLQ 2-5 4-12 1-2
PI_VQ 2-5 4-12 1-2
PI_PVQ 2-5 6-7 9-10

4.5.2 Power flow analyses of selected contingency rankings
Here, the selections based on different PI ranking were subjected to further investigation. This was to eliminate
ambiguity in the contingency selection when employing PI as a tool in ranking. Load flow analysis of each

outage line was performed and pre and post outage conditions were then observed. This was repeated for all
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transmission lines in the first three selected rankings. For emphasis, with the exemption of voltage Pl ranking,

transmission lines 2-5 ranked first based on reactive power, voltage fused reactive power, voltage fused real &

reactive power rankings, while line 28-27 was first on voltage PI ranking.

4.,5.2.1 Selection based on real power ranking

The outage of transmission lines 2-5, 6-7 and 9-10 were further investigated using load flow analysis. Network

responses to outage of these lines are summarized in Table 4.7. Outage of line 2-5 caused transmission line 5-

7 to operate beyond its thermal limit, but other transmission lines in the ranking did not cause any thermal

overload. Although, line 2-5 though ranked first in real power PI, its outage did not violate voltage limit bounds.

The pre and post outage bus voltage profile for line 2-5 are as presented in Fig. 4.8. Pre and post outage voltages
of line 6-7 and 9-10 are as shown in Figs. 4.9 and 4.10 respectively. It should be noted that outage of line 6-7

and 9-10 did not result into any MVA limit violation.

Table 4. 7: Network response to real power Pl ranking order

Overloaded Line Flow Line Flow  Line Limit
Line (MW) (MVA) (MVA)
Pre-outage of line 2-5
2-5 53.863 57.271 130
5-7 7.497 24.827 70
Post-outage of line 2-5
2-5 nil nil 130
5-7 62.023 72.458 70
Pre-outage of line 6-7
6-7 30.607 33.56 130
Post-outage of line 6-7
6-7 nil nil 130
Pre-outage of line 9-10
9-10 31.484 32.027 65
Post-outage of line 9-10
9-10 nil nil 65
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Figure 4. 8: Pre and post outage voltage of line 2-5
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4.5.2.2 Selection based on voltage ranking

Outage of lines 28-27, 25-26 and 6-8 were further investigated. The test system’s responses t0 these outages
are summarized in Table 4.8. The outage of line 28-27 caused thermal overload of transmission lines 22-24 and
24-25. As depicted in Fig. 4.11, this also resulted into voltage limits violations at the same time. Summarily,
outage of line 28-27 resulted into thermal overloads of two transmission lines and a bus voltage violation. This
was more severe compared to outage of line 2-5 which resulted into overloading of only one transmission line.
Second in order of voltage ranking was line 25-26 whose outage also resulted into bus voltage limit violations.
In Fig. 4.12, open circuit bus voltage resulted from tripping of protective devices isolating bus 26. Outage of
line 6-8 did not result into any limit violations as shown in Fig. 4.13. In this analysis for the purposes of

emphasis, outage of lines 25-26 and 6-8 did not result into any MVA limit violation.
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Table 4. 8: Network response to voltage PI ranking order
Overloaded Line Flow Line Flow Line Limit

Line (MW) (MVA) (MVA)
Pre-outage of line 28-27
28-27 15.734 16.857 65
22-24 6.414 6.793 16
24-25 1.102 1.28 16
Post-outage of line 28-27
28-27 nil nil 65
22-24 18.023 19.383 16
24-25 17.856 19.383 16
Pre-outage of line 25-26
25-26 3.528 4.246 16
Post-outage of line 25-26
25-26 nil nil 16
Pre-outage of line 6-8
6-8 7.978 12.541 32
Post-outage of line 6-8
6-8 nil nil 32
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Figure 4. 11: Pre and post outage voltage of line 28-27
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Figure 4. 12: Pre and post outage voltage of line 25-26
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Figure 4. 13: Pre and post outage voltage of line 6-8

4.5.2.3 Selection based on reactive power

The system’s response to outages based on reactive power Pl, where transmission lines 2-5, 4-12 and 1-2 were
further investigated are summarized in Table 4.9. Load flow studies of transmission lines 4-12 and 1-2 outages
revealed no line thermal overloads. Figs. 4.14 & 4.15 are pre and post outage bus voltages of line 4-12 and 1-
2. All bus voltages were within the limits for these outages. In this analysis as well, outage of lines 4-12 and 1-

2 did not result into any MVA limit violation.

Table 4. 9: Network response to reactive power Pl ranking order
Overloaded Line Flow Line Flow Line Limit

Line (MW) (MVA) (MVA)
Pre-outage of line 2-5

2-5 53.863 57.271 130

5-7 7.497 24.827 70
Post-outage of line 2-5

2-5 nil nil 130

5-7 62.023 72.458 70
Pre-outage of line 4-12

4-12 20.705 23.808 65
Post-outage of line 4-12

4-12 nil nil 65
Pre-outage of line 1-2

1-2 76.824 77.098 130
Post-outage of line 1-2

1-2 nil nil 130
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Figure 4. 14: Pre and post outage voltage of line 4-12
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Figure 4. 15: Pre and post outage voltage of line 1-2

The comparison of post outage voltages for lines 2-5 and 28-27 is presented in Fig. 4.16. Table 4.10 summarizes
the positions of the two transmission lines with ranking methods. Line 2-5 comes 1st in all rankings except for
voltage ranking where it ranked 37th. No wonder its outage resulted into thermal overload of another line, but
no bus voltage limits violation recorded. Line 28-27 ranked haphazardly in other methods but comes 1st in
voltage ranking. Its outage violated bus voltage limits and caused line overloads on other transmission lines.
Summarily, transmission line 28-27 outage which was the most severe contingency based on voltage Pl ranking
resulted into both line overloads and bus voltage limits violations, while outage of line 2-5 which was the most
severe contingency consequent of real power PI ranking only resulted into line thermal limits violations. It can
be inferred from the foregoing analysis that a system can be secured against real power overload but without
being secured against voltage and reactive power limits violations because the disturbance that resulted in
violation of one limit does not affect another. Therefore, a separate ranking based on different network

parameter indices will produce better results.
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Table 4. 10: Ranking comparison between line 2-5 and 28-27
Ranking PILLP PILLV PLQ PIVQ PILPVQ
2-5 1 37 1 1 1
28-27 10 1 7 4 10

4.6 Summary for chapter four
ATC computation is a vital tool in an interconnected system especially during deregulation for a better system

planning and operation. RACPF method has been successfully implemented in determining the ATC of IEEE
30 bus RT system. The accuracy of this method has been established when compared with the results of previous
work. Various operating conditions ranging from normal, contingency, bilateral and multilateral transactions
were investigated as this is the case of modern power network operation. ATC has been established to decrease
for all other transactions other than normal case. ATC values have also been obtained for contingency
conditions. The least ATC value was observed when contingency was experienced during multilateral
transaction. The importance of ATC to market participants in a deregulated power system has also been
substantiated. This is inescapable in ensuring that succeeding transactions are practicable with considerations
for system transmission constraints. The quantum of generation to be added, the sink(s) and source(s) buses for

any specific bilateral/multilateral transactions can be distinctly described.

Likewise, performance index has been used as a tool for contingency ranking of IEEE 30 bus test system in this
work. This was done with a view to presenting the most suitable method in deploying PI for contingency
problems. The analyses of the ranked contingencies indicate the efficacy of Pl in presenting the severity of line
outage conditions for power network systems. The aftermath of post line outages for the most severe ranked
lines based on real power and voltage Pl also presented unique but important ranking order. The investigation

conducted has demonstrated the behavioral attributes exhibited by different approaches of Pl deployment. It
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has therefore been established that the disturbance which resulted into lines overload did not necessarily cause
bus voltage limits violations. Subsequently, voltage and real power indices should be treated differently in order
to obtain a separate but meaningful contingencies rankings using PI, because the duo have been proven to be

distinctly dissimilar.

With the efforts made in this chapter to determine ATC and contingency evaluation of deregulation and
restructured network system, it is clear that an upsurge in power transaction subsists because of economic
reasons. How then can the network performance as well as ATC be enhanced to cope with this upsurge in power
demand/transaction amidst technical and economical restrictions of physical network expansion? These and
other related questions are addressed in chronological order in the subsequent chapters.
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CHAPTER FIVE
FACTS DEVICES ENHANCEMENT OF AVAILABLE TRANSFER CAPABILITY

5.1  Introduction
This chapter is divided into two sections. ATC enhancement with flexible alternating current transmission

systems (FACTYS) is presented in the first section. In this first part, static var compensator (SVC) and thyristor
controlled series compensator (TCSC) models were incorporated into NR power flow equations for
enhancement of available transfer capability (ATC) of a deregulated power network. Bus voltage profile
improvement and real power loss minimization were also considered as part of objectives and were investigated
during ATC enhancement. The performance of FACTS devices based on these objectives were analytically
compared. These comparative analyses were conducted on IEEE 30 bus network system presented in Appendix

A-1, and the implementation was done in MATLAB software environment.

Arising from the first section, an investigative study on the performance of FACTS device based on different
methods of placements for available transfer capability enhancement (ATC), as inferred from the literature is
presented in the second section. Here, total real power loss, real power performance index, real power loss
sensitivity with respect to line reactance, power transfer distribution factor (PTDF), line thermal limitation,
available transfer capability (ATC) value, and least bus voltage magnitude were the placement methods
considered. Each of these methods was used independently for location of TCSC device for ATC enhancement.
The comparative study was also conducted on same IEEE 30 bus test systems. The enhanced ATC values, bus
voltage magnitudes and real power loss are then used in assessment of performance of TCSC with respect to

locations.

5.2  FACTS and placement methods for ATC enhancement
The use of flexible alternating current transmission system for network performance enhancement is gaining

attraction because of its several advantages in power system applications. FACTS devices can stabilise network
systems, reduce power loses and enhance ATC [42]. The surge in power transactions, as a result of open access
creation, through deregulation and restructuring warrants the need to enhance ATC. It has stated in [43], that
adequate ATC is required for an economic power transaction while its sufficiency is needed for a competitive
electricity trading. The orthodox ways of building new generation stations and transmission infrastructures in a
bid to expand power transmission network capability are both technically and economically restricted. Issues
such as right-of-way, environmental and high cost of power facilities are critical setback for power network
expansions [67]. This triggers the exploration for optimization of the existing transmission network capability.
Therefore, FACTS devices are becoming intrinsic parts of network systems, especially for enhancement of
ATC among many other applications [67],[97]. Hence, researchers are intensifying efforts through diverse
approaches in demonstrating capabilities of FACTS for ATC improvements. The alteration of natural electrical
characteristics of transmission network system is inescapable in achieving target objective(s) especially when

FACTS devices are employed. Therefore, the first section of this chapter compares the performance of SVC
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with TCSC during ATC enhancement vis-a-vis bus voltage magnitude improvement and real power loss

minimization.

Also, FACTS devices have proven to be effective in alleviating electrical power network problems such as
transmission line thermal limits violations, bus voltage limits deviations, excessive power losses minimization,
system instability among others [42]. Meanwhile, optimal placement of FACTS device can result into
appropriate control of the desired network parameter(s) [67]. Although, the use of heuristic optimization
algorithm is gaining attention in order to address the problems of FACTS devices settings nevertheless,
placement of these devices still stands a challenge for ATC enhancement purposes. Most recent works in
FACTS placement especially for ATC enhancement engaged one of earlier mentioned methods for device
location and at times combine heuristic optimization techniques for device parameters settings. However, there
is still need for further investigation on classified method of FACTS incorporation based on principles and
hence this work. The second section of this chapter therefore investigates the performance of TCSC in ATC
enhancement using each of the mentioned placement approaches independently. Here, only TCSC was
considered for simplicity purposes and because of its proven capability to control line real power flow among

other usefulness.

5.3 Results and discussions for ATC enhancement
The result presented here is an account of implementation of SVC and TCSC for ATC enhancement. Various

values of network ATC during different transactions as improved by FACTS devices are dully reported in this

section.

5.3.1  Available transfer capability values

ATC of IEEE 30 bus system shown in Appendix A-2 was obtained using the described ACPTDF method. Three
different transactions were implemented namely; Bilateral transaction T1 which comprises of 20 MW power
transfer from generator bus 2 to load bus 20. Simultaneous transaction T2 involves 40 MW power transfer from
generator 5 to load buses 16 & 18 while the third one is multilateral transaction of 40 MW power each from
generator buses 5 & 8 to load buses 15 & 24. Table 5.1 presents ATC values obtained for the three transactions.
In all the transactions, ATC of simultaneous trading was the minimum, while that of multilateral was the

maximum as shown in the table.
Table 5. 1: ATC values for transactions T1, T2 and T3

Transactions T1 T2 T3
ATC (MW) 162.11 106.18 171.68

5.3.1.1 ATC values with incorporation of SVC and TCSC

In order to enhance ATC of the test network, SVC and TCSC were incorporated with test system at different
time. At base case load flow, bus with least voltage magnitude was selected for SVC placement. This was
because bus voltage profile improvement was one of the objectives in focus. SVC being a voltage regulating

device was place at bus 30 with susceptance value in the range -0.25 to 0.25. Placement of TCSC was done
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with the ranking of base case real power loss magnitude. This was also to fulfil the objective of real power loss
control. Transmission line 12-15, having the highest real power loss magnitude was incorporated with TCSC.
The reactance value of this TCSC was in the range of —0.5 < X, < 0.5. These locations applied to all the
transactions. FACTS devices are not installed on lines that are already installed with transformer tap changing
element as well as lines between buses installed with shunt compensators and generators even if sensitivity for
placement favours such lines [6].

Table 5.2 presents the results obtained with incorporation of FACTS devices for the enhancement of the test
system. SVC improved ATC with 14.11% while TCSC increased the value with 3.77% for bilateral transaction
T1. An enhancement of 0.07% and 0.50% were recorded for SVC and TCSC for simultaneous transaction T2,
while an improvement of 0.28% and 14.49% for SVC and TCSC respectively were obtained for multilateral
transaction T3. Although, these devices responded differently to different transactions with varying
magnification of enhancement, the duo improved ATC of the test system. Table 5.3 summarises the percentage
enhancement of ATC. SVC performed well during bilateral enhancement more than TCSC while the reverse
was the case for multilateral transaction. Both SVC and TCSC did not significantly enhanced ATC during
simultaneous trading.

Table 5. 2: ATC values with and without FACTS

Transactions T1 T2 T3

ATC (MW) 162.11 106.18 171.68
with SVC (MW) 184.99 106.25 172.16
with TCSC (MW) 168.22 106.71 196.56

Table 5. 3: Percentage enhancement of ATC
Percentage (%)

Transactions T1 T2 T3
with SVC (MW) 14.11 0.07 0.28
with TCSC (MW) 3.77 0.50 14.49

5.3.2 Bus voltage profile with incorporation of SVC and TCSC

Bus voltage magnitude during transaction T1 with incorporation of SVC and TCSC is presented in Fig. 5.1.
TCSC maintained bus voltage magnitude throughout the transaction. However, network bus voltage between
bus number 21 and 30 experienced a slight improvement with incorporation of SVC. A similar scenario was
experienced during simultaneous transaction T2 as indicated in Fig. 5.2 in which voltage at buses numbers 21
to 30 were slightly improved with SVC. In the same way, TCSC when incorporated, maintained bus voltage
magnitude for all buses. In multilateral transaction T3, a slight voltage dip occurred from bus number 14 to 26
with placement of TCSC for ATC enhancement. From the same bus 14 through to bus 30, an improved bus
voltage profile was experienced with the integration of SVC to the test system. As shown in Fig. 5.3, voltage at
bus 30 was held at 1.0 p.u. with placement of SVC and this aided the adjoining bus voltage magnitudes. This is

because, shunt reactive compensation is capable of increasing voltage stability limit via the supplying of
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reactive load and regulation of terminal voltage [13]. This was not the case for multilateral transaction with

TCSC placement because, increase in line flow power affected contiguous bus voltage magnitudes. Within the

location of generators in the network, bus voltage deviation was minimised because the reactive power control

influence was enforced. This therefore kept bus voltage profile highly regulated from bus one to bus fifteen in

all the transactions. The overlapping of all the curves from bus number 1 to 15 in the figures is an indication of

this. Voltage magnitude deviation was more pronounced in the upper region of the test network for the obvious

reasons of inadequacy of reactive power injection/absorption as required. The capability of SVC to provide

appropriate reactive compensation resulted into optimal regulation of voltage profile within its influence. This

was the situation in all the transactions as presented in Figs. 5.1 — 5.3.
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Figure 5. 3: Bus voltage profile for T3 with SVC and TCSC

5.3.3  Real power losses with incorporation of SVC and TCSC

The response of the test system real power loss to ATC enhancement consequent of FACT amalgamation is
shown in Figs. 5.4 — 5.6. Placement of TCSC and SVC maintains system real power loss without further
provocation during transaction T1. Both devices control real power loss approximately the same way, without
significant different among them, as shown in Fig. 5.4. However, this was not the case during T2, where TCSC
minimised real power loss on transmission line number 18 slightly more than SVC. A critical look at these
figures 5.4 and 5.5 reveals the variation of system loss with FACTS for different transmission lines.
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Figure 5. 4: Real power loss during T1 with SVC and TCSC
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Figure 5. 6: Real power loss during T3 with SVC and TCSC
During transaction T3 however, as presented in Fig. 5.6, TCSC placement reduced system loss from 0.0081
p.u. to 0.005 p.u. on transmission line 12-15 where it was incorporated but increased losses slightly on line 14-
15, 10-20 and 22-24 during multilateral transaction T3. In this situation, and for all these mentioned lines, SVC
maintained and slightly reduced losses on line 12-15. The changes in the system loss is a function of nature of
the transaction which predominantly occurred between sink buses 15 and 24. More power flow as experienced
on the adjoining transmission lines led to more losses but with swift response of the FACTS devices.

Unarguably, losses in the region of generator locations were controlled for all the three transactions as
previously discussed.
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Table 5.4 summarises the total real power loss for bilateral T1, simultaneous T2, and multilateral T3 transactions
when TCSC and SVC were incorporated with test network. TCSC maintained the total loss at 0.0782 p.u. while
SVC reduced the total loss with 0.0005 p.u. for T1. Total loss was minimised with 0.0003 p.u. by SVC while
TCSC reduced it with 0.0001 p.u. during T2. During T3, SVC minimized losses to 0.0737 p.u. from 0.0743 p.u.
while TCSC increased this total loss to 0.0764 p.u. Table 5.5 summarises real power loss minimization
performance of these devices. It can be deduced from these values that minimization of system loss is more
pronounced with SVC device because its incorporation in the test system resulted into loss minimization for all
the scheduled transactions T1 to T3. However, TCSC minimised loss during T2, maintained loss level during

T1 and slightly aggravated system loss during T3.

Table 5. 4: Total real power loss for the transactions

Transactions T1 T2 T3

Losses without FACTS (p.u.) 0.0782 0.0729 0.0743
Losses with SVC (p.u.) 0.0777 0.0726 0.0737
Losses with TCSC (p.u.) 0.0782 0.0728 0.0764

Table 5. 5: Loss minimization values for SVC and TCSC
Transactions T1 T2 T3
Losses with SVC (p.u.) -0.0005 -0.0003 -0.0006
Losses with TCSC (p.u.) 0.0000 -0.0001 +0.0021

5.4  Results and discussions for FACTS placement methods

In this second section, different methods of FACTS placement were adopted for through evaluation. This is
because during the implementation of ATC enhancement conducted in first section of this chapter, it was
discovered that location of FACTS devices in the network determines its utmost performance. Therefore, a
research on performance of different placement approaches from the literature was harnessed in this section.

The subsequent paragraphs present the results of findings as observed in the study conducted.

54.1 Evaluation of TCSC placement techniques for ATC enhancement

In order to properly investigates the performance of TCSC based on different methods of placement, three
different power transactions as considered in the first section were implemented. To recap, T1 comprises of
bilateral transfer of 20 MW power from generator bus 2 to load bus 20. T2 involves simultaneous transaction
of 40 MW of power between generator bus 5 and load buses 16 & 18, while transaction T3 is multilateral
transfer of 40 MW power each from generator buses 5 & 8 to load buses 15 & 24. ATC of the test system was
obtained using ACPTDF as discussed and the values obtained are as presented in Table 5.1. The need for same
transactions was borne out of necessity for comparison purposes. However, these three transactions are used in
verification of performance of TCSC in different locations as identified by various placement methods, for

comparison basis.
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5.4.2 Placement of TCSC for ATC values

Various placement methods presented in the literatures and as discussed in earlier chapters were implemented
here. The methods were implemented one after the other and both the placement values and resultant ranking
orders are presented. Table 5.6 presents the ranking values for first ten transmission lines obtained for different
placement methods based on PTLB, PI, PTLS, XTL T1PTDF, T2PTDF and T3PTDF methods as discussed in
chapter three. Table 5.7 shows transmission lines ranking based on these values. Ranking using TL and LBV
are 15-23 and 29-30, while that of LTC are 15-18, 19-20 and 12-15 for T1, T2 and T3 (T1LTC, T2LTC and
T3LTC) respectively. It should be recalled that, TCSC is not installed on lines containing transformer tap
changing element as well as lines between buses containing shunt compensators and generators even if such

lines have higher sensitivity as earlier stated.

Table 5. 6: Ranking values for different placement methods
L/N PTLB Pl PTLS -XLS TI1PTDF T2PTDF T3PTDF

1 0.012 0.0048 0.02584 0.0001 -0.7015 -1.0000  -0.8383
2 0.010 0.0024 0.01979 0.0001 -0.3845 -0.6882  -0.7275
3 0.008 0.0018 0.00233 0.0003 -0.3713  -0.3453  -0.6278
4 0.007 0.0017 0.00189 0.0007 -0.3713  -0.2925  -0.5908
5 0.004 0.0014 0.0014 0.0007 -0.3647 -0.2858  -0.5907
6 0.003 0.0013 0.00139 0.0008 -0.3432 -0.2827  -0.3868
7 0.003 0.0010 0.00103 0.0011 -0.3327  -0.2240 -0.372
8 0.002 0.0009 0.00094 0.0011 -0.3287 -0.1615  -0.3485
9 0.002 0.0008 0.00086 0.0015 -0.2525 -0.0970  -0.3412
10 0.002 0.0008 0.0006 0.0020 -0.2473  -0.0880  -0.3302

Table 5. 7: Transmission line ranking for different placement methods
L/N PTLB Pl PTLS  XLS T1PTDF T2PTDF T3PTDF

1 2-5 2-5 1-2 14-15 10-20 9-11 4-12
2 1-2 1-3 2-5 24-25 4-12 9-10 12-15
3 1-3 28-27  14-15  21-22 6-9 10-17 22-24
4 2-6 2-6 12-14  25-26 9-10 10-20 6-9

5 2-4 6-10 29-30  25-27 2-6 4-12 9-10
6 12-15 4-12 12-15  29-30 15-18 19-20 10-21
7 6-7 27-30  23-24  18-19 18-19 15-18 8-28
8 3-4 2-4 12-16  10-17 2-4 12-16 28-27
9 4-6 9-11 10-21  23-24 12-15 12-15 25-27
10 27-30 1-2 15-18  19-20 1-3 18-19 6-10

Therefore, the transmission lines highlighted in bold black on Table 5.7 represent the placement line as
identified by each placement approaches. In the analysis however, some placement methods identified same
locations in some occasions. Placement location of transmission line 12-15, identified by T3LTC and T3PTDF
were the same as that of PTLB. Line 14-15 acknowledged by PTLS was also the same with that of XLS.
T1PTDF and T1LTC pointed at same transmission line 15-18 while T2PTDF and T2LTC recognised position
19-20 as the optimal location for placement of TCSC. Ranking with LTC and PTDF were symmetrical for T1,
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T2 and T3 and this is one on attributes of AC/DCPTDF method of ATC determination. TCSC range of reactance

value for this investigation is as earlier stated.

5.4.3  ATC enhancement with TCSC at various locations

The various values obtained for ATC enhancement using TCSC are as presented in Table 5.8. Colum 1 presents
different placement methods while the favoured transmission line locations are on column 2. Various enhanced
ATC values for transactions T1, T2 and T3 are presented in columns 3, 4 and 5 respectively. Base case are ATC
values obtained without the incorporation of TCSC as presented in Table 5.1. Enhanced ATC values during T1,

T2, and T3 for various choices of locations are further explained subsequently.

Table 5. 8: ATC values obtained with TCSC at different line locations

Method Location T1 T2 T3
PTLB/T3PTDF/T3LTC 12-15 168.22 106.71  196.56
Pl 27-30 184.96  106.23 49.19
PTLS/XLS 14-15 183.05 106.31 172.68
TIPTDF/TILTC 15-18 152.72 107.46  156.35
T2PTDF/T2LTC 19-20 118.62 106.20 159.40
LBV 29-30 18496 106.18 171.68
TL 15-23 181.61 105.94 180.34
Base case - 162.11 106.18 171.68

5.4.3.1 Bilateral transaction T1 with incorporation of TCSC

TCSC has a wide range of performance in five out of seven locations for T1. The highest enhancement recorded
with placement based on Pl and LBV while the least improvement occurred when placement was achieved with
PTLB/T3PTDF/T3LTC method. Location of TCSC based on TIPTDF/T1LTC and T2PTDF/T2LTC did not
result into an enhancement but rather diminished the base case ATC as presented in Table 5.9. PTLS/XLS and
TL enhanced ATC equally and significantly by 12%. Therefore, the highest enhancement performance of TCSC
occurred with placement on lines 27-30 and 29-30 as optimized by Pl and LBV placement methods respectively.
In implementation of bilateral transaction of this kind with ATC enhancement in focus however, placement of

TCSC using Pl and LBV methods is optimal to achievement of the objective.

Table 5. 9: ATC enhancement ranking with TCSC during T1

Method Location T1 %ATC Ranking
Pl 27-30 184.96 14.095 1
LBV 29-30 184.96 14.095 2
PTLS/XLS 14-15 183.05 12.917 3

TL 15-23 181.61 12.029 4
PTLB/T3PTDF/T3LTC 12-15 168.22  3.769 5
TIPTDF/TILTC 15-18 152,72 -5.792 6
T2PTDF/T2LTC 19-20 118.62 -26.827 7
Base case 162.11
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5.4.3.2 Simultaneous transaction T2 with incorporation of TCSC

Table 5.10 gives the enhancement recorded during T2, having placed the device at various locations. No
significant enhancement was recorded here other than 1.21% resulted from placement with TIPTDF/T1LTC
which top the hierarchy as indicated in third column of the table. Likewise, no appreciable diminish in base
case ATC besides 0.23% attributed to TL placement method. PTLB/T3PTDF/T3LTC, PTLS/XLS, PI,
T2PTDF/T2LTC, and LBV placement approaches only regulate ATC value and did not have significant
contribution to ATC improvement. It can be observed in this process that TCSC performance in ATC
enhancement as optimized by TIPTDF/T1LTC placement method was not as significant as that recorded during
T1.

Table 5. 10: ATC enhancement ranking with TCSC during T2

Method Location T2 %ATC Ranking
TIPTDF/TILTC 15-18  107.46 1.21 1
PTLB/T3PTDF/T3LTC  12-15  106.71  0.50 2
PTLS/XLS 14-15 106.31 0.12 3

Pl 27-30  106.23  0.05 4
T2PTDF/T2LTC 19-20  106.20  0.02 5
LBV 29-30 106.18  0.00 6

TL 15-23 10594 -0.23 7
Base case 106.18

5.4.3.3 Multilateral transaction T3 with incorporation of TCSC

The transaction T3 differs in response to these various placement methods as presented in Table 5.11. Placement
done with TPLB/T3PTDF/T3LTC brought about a significant enhancement leaving a wide gap between the
next placement method that resulted into a reasonable improvement. For this transaction,
PTLB/T3PTDF/T3LTC, TL and PTLS/XLS methods improved ATC with 14.49%, 5.04% and 0.58%
respectively. Value of ATC was impaired by 7.17%, 8.93% and 71.35% with T2PTDF/T2LTC,
TIPTDF/T1LTC and Pl methods respectively. However, LBV only maintained ATC value with no significant
impact on ATC. Placement based on PI for this transaction diminished ATC greatly, having resulted into 49.19
MW with the presence of TCSC as against 171.68 MW without TCSC. With this type of multilateral transaction,
TCSC significantly enhanced ATC when placed on transmission line 12-15 and moderately enhanced ATC

value when placed on line 15-23, and 14-15.

Table 5. 11: ATC enhancement ranking with TCSC during T3

Method Location T3 %ATC Ranking

PTLB/T3PTDF/T3LTC 12-15 196.56 14.49 1
TL 15-23 180.34 5.04 2
PTLS/XLS 14-15 172.68  0.58 3
LBV 29-30 171.68  0.00 4
T2PTDF/T2LTC 19-20 159.40 -7.15 5
TIPTDF/TLILTC 15-18 156.35 -8.93 6
Pl 27-30 4919 -71.35 7
Base case 171.68
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5.4.4  Voltage profile during ATC enhancement with TCSC
Bus voltage profile is also an important network parameter in establishing the performance of FACTS device
when incorporated into the network. Therefore, the voltage profile of the test system with incorporation of

TCSC under various power transactions are presented as follows;

5.4.4.1 Bilateral transaction T1 with incorporation of TCSC

Buses 18, 19, 20, 21 and 22 experienced a slight improvement in bus voltage magnitude based on placement of
TCSC on transmission line 19-20 identified by T2PTDF/T2LTC, although, ATC was declined with about 27%
instead of enhancement during this placement. In contrast, a droop in bus terminal voltages was experienced on
these same buses with location of TCSC based on identification by TIPTDF/TILTC (line 15-18). With
placement on this line 15-18, a decline in ATC of about 6% was experienced under this condition. As can be
inferred from Fig. 5.7, there are no other significant changes in bus voltages for other placements during this
transaction T1. Placement in other locations as indicated by other methods during transaction T1 only

maintained bus voltage profile.
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Figure 5. 7: Comparison of bus voltage profile during T1

5.4.4.2 Simultaneous transaction T2 with incorporation of TCSC

During T2 and as depicts in Fig. 5.8, all the placement methods resulted into a slight decline in voltages
magnitude from bus 14 to 24. However, voltage sag due to location of TCSC based on TIPTDF/T1LTC (15-
18) and T2PTDF/T2LTC (19-20) were more intense. Moreover, these locations only resulted into 1.21% and
0.02% ATC enhancement. This implies that bus voltage profile deviation was aggravated during this

transaction. Recall that hardly did TCSC improved ATC under this condition. Therefore, special attention
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should be paid to any transaction involving power transfer of this nature, especially if inescapable. This is to

ensure adequate consideration for network security whenever the system operator set for power dispatch

especially in this era of liberalization.
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Figure 5. 9: Comparison of bus voltage profile during T3
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5.4.4.3 Multilateral transaction T3 with incorporation of TCSC

During T3 and as can be seen in Fig. 5.9, location based on PI (27-30) slightly improved bus voltages especially
from bus 14 to 24, although, there was a colossal decline in ATC with this condition as earlier reported. Like
previous transaction T2, TLPTDF/T1LTC placement method resulted into slight bus voltage deviation at bus
18, 19 and 20 as indicated by location line 15-18. In location line 19-20 as identified by T2PTDF/T2LTC,
terminal voltage at bus 19 declined but improved at bus 20 as shown in the curve. The oscillation in terminal
voltage because of placement in these locations are similar but with different peak of oscillation. These locations
are radial in nature and hence they exhibit similar characteristics. Interestingly, these locations did not result
into ATC improvement. There was a slight bus voltage deviation with PTLB/T3PTDF/T3LTC (12-15)
placement however, an incomparable highest value of enhanced ATC of about 15% was recorded for this

location.

5.45 Evaluation of real power loss with TCSC during ATC enhancement

The focus of this chapter concerns comparison of different placement approaches for ATC enhancement
however, evaluation of system loss is also very important as part of the assessment. Although, it becomes a
herculean task to expect more power flow without corresponding loss increase, notwithstanding, evaluation of
real power loss associated with each placement method will be of noble assistance in justification of best

approach.

5.4.5.1 Real power loss during ATC enhancement with TCSC

The active power loss for the three transaction T1, T2, and T3 are presented in Figs. 5.10 - 5.12. In Fig. 5.10,
placement on location line 27-30 resulted into loss minimization during transaction T1. Locating TCSC on line
15-18 regulate the real power loss but with a slight swell on the line number 25. In all other locations,

incorporation of TCSC did not aggravate real power loss but rather maintain the loss magnitude as depicted in

the figure.
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Figure 5. 10: Real power loss during transaction T1
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5.4.5.2 Real power loss during ATC enhancement with TCSC for transaction T2

The real power loss values for all the placement methods during T2 are plotted and presented in Fig. 5.11. In

all these locations, TCSC ensured power loss control for line numbers 1 to 16. Placement on line 19-20 resulted

into increase in loss magnitude for transmission line 12-15, 15-18 and 22-24. Also, placement on line 15-18

resulted into loss minimization on same line but with slight loss increase on line 10-20. When TCSC was located

on line 27-30, it also led to slight increase in loss magnitude on same line. Details of loss minimization during

T2 can be well understood through Fig. 5.11.
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5.4.5.3 Real power loss during ATC enhancement with TCSC for transaction T2

Figure 5.12 presents active power loss for transaction T3. Placement of TCSC on transmission line 27-30
resulted into optimal loss minimization in all the transmission line except line 6-7, 10-20 and 27-30. When
location of line 19-20 was used, loss magnitude increased on line numbers 15 and 22 with losses on other lines
properly controlled. Similar result was obtained with placement on line 15-18 but with lower magnitude this
time around. Details of network behavior with TCSC placement in other locations are well described in Fig.
5.12.

As indicated in Figs. 5.10 & 5.12, reduction in loss of 14% and 25% for T1 and T2 were observed with
incorporation of TCSC based on PI (27-30). This is evident in Table 5.12. In transactions T2 and T3, an upsurge
of real power losses was experienced in the range of 2.5% to 6% for TIPTDF/T1LTC placement. Also, an
increase in active power loss of 20% for T2 and 10% for T3 were observed for placements resulted from
T2PTDF/T2LTC. These are evident from Figs. 5.11 & 5.12. Loss deviations from base case values based on
other placements for transaction T1, T2 and T3 remained insignificant. Table 5.12 presents summary of the
total real power losses for all the implemented placement methods. Total real power loss for all these locations
as compared base case scenario is contained and well spelt out in the table.
Table 5. 12: Total real power loss for ATC enhancement with TCSC

Method Location T1 T2 T3
PTLB/T3PTDF/T3LTC 12-15 0.0782 0.0728 0.0764
Pl 27-30 0.0670 0.0737 0.0554
PTLS/XLS 14-15 0.0782 0.0728 0.0742
TIPTDF/TILTC 15-18 0.0782 0.0747 0.0783
T2PTDF/T2LTC 19-20 0.0782 0.0881 0.0814
LBV 29-30 0.0782 0.0729 0.0744
TL 15-23 0.0781 0.0733 0.0744
Base case 0.0782 0.0729 0.0743

5.5  Summary of chapter five
In this chapter, ATC values were improved with incorporated of TCSC and SVC into IEEE 30 bus network

system. These FACTS enhanced ATC for engaged bilateral, simultaneous and multilateral transactions. During
enhancements, TCSC maintained bus voltage magnitude for bilateral and simultaneous transactions but with
slight voltage droop during multilateral trading. In contrast, SVC slightly improved bus voltage profile for all
the transactions. The introduction of SVC contributed to total system real power loss minimization for all the
transactions while that of TCSC had no significant minimization for bilateral and simultaneous dealings but
rather increased total real power loss for multilateral transaction. Real power loss minimization of up to 0.06
MW and voltage improvement of bus 21 to 30 were achieved with SVC, while ATC enhancement of up to 14%
were recorded for both devices. ATC values, bus voltage magnitude profile and transmission line real power
losses suggested an advantage of SVC over TCSC for ATC enhancement deployment. Therefore, for transfer
capability enhancement with voltage improvement and real power loss minimization in focus, SVC is more

relevant.
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In the same vein, TCSC placement based on base case real power loss greatly enhanced ATC of multilateral
transaction and maintained both bus voltage profile and real power losses. Placements using real power
performance index and least bus voltage approaches enhanced ATC of bilateral transaction, maintained bus
voltage and minimized losses. FACTS location considering PTDF increased losses and led to bus voltage
deviations in all transactions. It greatly attenuated ATC for bilateral and multilateral trading without significant
ATC enhancement for simultaneous transaction. Disparities in enhancement ranges between 2% and 85% were
achieved while real power loss minimization of up to 25% was obtained based on different placement methods
implemented in this second section. Arising from comparison of these placement methods, as applied to optimal
placement of FACTS for ATC enhancement, therefore, bus voltage profile, real power loss and nature of

transactions should be considered in adopting the right placement method.

The conclusion of implemented research in this chapter led to further inquisition as per the need to further
optimize FACTS device placement for achievement of set objective(s) in network system. The subsequent

chapters explore a better approach for optimal placement of FACTS device.
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CHAPTER SIX

OPTIMIZATION OF THYRISTOR CONTROL SERIES COMPENSATOR WITH
BRAIN STORM OPTIMIZATION ALGORITHM

6.1  Introduction
In this chapter, Brain storm optimization algorithms (BSOA) is engaged for the optimum setting of FACTS

devices for enhancement of ATC of a deregulated electrical power system network. ATC enhancement, bus
voltage deviation minimization and real power loss regulation were formulated into multi-objective problems
for FACTS allocation purposes. TCSC was considered for simulation and analyses because of its fitness for
active power control among other usefulness. ATC values were obtained for both normal and n-1-line outage
contingency cases and these values were enhanced for different bilateral and multilateral power transactions.
IEEE 30 bus system presented in Appendix A-2 was used for demonstration of the effectiveness of this approach
in a MATLAB software environment. Obtained enhanced ATC values for different transactions during normal
evaluation cases were then compared with enhanced ATC values obtained with particle swarm optimization
(PSO) set TCSC technique under same trading. The performance of these two algorithms were presented and

analysed.

6.2  Applications of BSOA
It was mentioned in the previous discussion that one of the consequences of electrical power deregulation and

restructuring is the resultant competitive electrical power transactions. This results into an herculean task for
power system operators in order to maintain a secured and economic power trading amidst system constraints
and other bounded operating conditions. For emphasis, enhancement of ATC becomes imperative in a bid to
handle the upsurge in power trading because sufficient and adequate ATC are necessary for both competitive
and economic power transactions [43]. It has also been highlighted that applications of FACTS devices for
enhancement of ATC is gaining attention due to economic and technical limits of the conventional methods
involving physical network expansions. Apart from transmission capability enhancement, bus voltage deviation
minimization, real and reactive power loss minimization, FACTS devices have been recognized to offer
additional benefits including, voltage stability enhancement, power system stability enhancement, power
system oscillation minimization, system loadability and operational band width enhancement among others
[105],[118]. FACTS allocation which is sine-qua-non to its performance is a major problem and it is being
addressed in recent time with heuristic algorithms. The comparative performance of different FACTS placement
methods used in location of TCSC for ATC enhancement as obtained in the literature was implemented in
chapter five. With fast response at lowest cost, TCSC is known to have a surpassing usefulness among FACTS
devices because of its capability to advance system loadability, transient stability, power transmission capability
and its ability to contain transmission loss as well as oscillation of network at low frequency [115]. Therefore,
to effectively control these power network parameters, an optimal setting of TCSC is of paramount and
inescapable. In this chapter, BSOA which is a new heuristic and predicting optimization algorithms, and which

revolutionizes human brainstorming process was used for optimal setting of TCSC parameters having adopted
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system real power loss placement method as investigated in the previous chapter. Metaheuristic algorithms are
the contemporary direction for FACTS allocation optimization solutions because, these problems which are

mostly multi-objective, multi-modal and restrained are as well complex in nature [63].

BSOA is a novel, swarm based intellectual algorithm which revolutionizes combined human brainstorming
processes [184]. The application of this algorithm to most optimization problem is evolving but with a rare
utilization in FACTS allocation problems [183]. In this chapter, BSO algorithm is utilized to solve FACTS
multi-objective optimization problem and in summary, the followings are achieved in this chapter: An
investigation into capability of BSOA heuristic procedure especially in the areas of power system optimization
problem deployment was conducted with a view to further exploring its potency; This algorithm was applied
to optimum setting of TCSC for solving multi-objective problems involving ATC enhancement, bus voltage
deviation minimization and real power loss regulation; The test system response to optimally set TCSC
placement for these objectives were also examined; Performance of BSOA set TCSC for various transactions
during normal line intact condition were investigated; Network response to BSOA set TCSC for various n-1-
line outage contingency conditions were also looked into; Comparison of BSO performance with that of PSO

algorithm were also investigated and forthwith reported.

6.3  Network power and transactions description
The test system which has been modified as shown in Fig 6.1 comprises 6 generators including slack and 24

load nodes. The lower limits of voltage magnitude is 0.95 p.u. for all buses while the upper limit is 1.05 p.u. for
all other buses except generator buses with specified upper limit of 1.1 p.u. Optimal settings of TCSC with
BSOA was successfully validated on this test system. The modification was to allow for proper description of

various power transactions as itemized in the subsequent paragraph.

6.3.1  Description of undertaken transactions
Two major different bilateral and multilateral power transactions each for intact and for n-1-line outage
contingencies were implemented. Bilateral transactions T1 and T2 are in red and green colors, while multilateral
transactions T3 and T4 are in yellow and blue colors respectively in Fig. 6.1. These transactions are as
characterized below.

e T1:20 MW Bilateral transaction of power from seller bus 10 to buyer bus 23.

e T2:20 MW Bilateral transaction of power from seller bus 12 to buyer bus 19.

e T3:40 MW Multilateral transactions of power from seller buses 5 & 8 to buyer buses 15 & 24.

e T4: 40 MW Multilateral transactions of power from seller buses 10 & 12 to buyer buses 23 & 24.
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Figure 6. 1: Modified basic line diagram of the IEEE 30 bus network test system

6.3.2 Selection of line outage contingencies

Power flow analyses of test system were carried out for base case and n-1-line outage contingency conditions
to obtain ATC. In implementation of n-1-line outage contingency in this chapter, due consideration was given
to real power as well as voltage based PI contingency ranking of the transmission lines as presented in chapter
two of this thesis. The entire transmission line divided into four and outage selection based on one line per
quarter length. Lines 2-5, 6-9, 18-19 and 24-25 fall into 1% & 37™, 16™ & 4, 34" & 27™ and 26™ & 14™ positions
for real power and voltage contingency ranking respectively agreeable to 1%, 2", 39 and 4" quarter of the total
transmission line length, were selected for outage. One of the objectives here was to minimize real power loss
in order to advance ATC, so highest ranked real power loss line was identified. The optimization process was
implemented and optimal setting of TCSC was carried out. Branches 4-12, 6-9, 6-10 and 27-28 which contain
transformer tap setting cannot be installed with TCSC and likewise, lines 1-2, 1-3, 2-4, 2-5, 2-6, 5-7, 6-8, 9-11,
and 12-13 which are transmission lines between buses that contain generator can also not be installed with the
device. In the same vein, lines 9-10, 10-17, 10-20, 10-21, 10-22, 22-24, 23-24 and 24-25 which are transmission
lines between buses installed with shunt compensating elements are not candidates for TCSC device
incorporation. PSO is also applied for same optimization problem for the purpose of comparison with BSOA
performance. However, since the main objective was ATC enhancement, its associated scaling factor was the
largest value of 0.8, while other objectives were allotted with 0.1 each. This implies that 8, = 0.8,8, =
0.1,and f; = 0.1. Table 6.1 presents the parameters used for BSO and PSO algorithms. These algorithms

were impartially compared with the parameters having the same value where possible as depicted in the table.
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Table 6. 1: Parameters use for BSO and PSO algorithms

BSOA Parameters PSO Parameters

Parameters Value Parameters Value
Population Size 41 Population Size 41
Dimension 2 Number of Decision Variable 2

Number of Cluster 5 Inertial weight 0.88-0.38
Prob. of cluster selection 0.8 Personal Learning Coefficient 2

Number of Runs 50 Global Learning Coefficient 2

Left of Dynamic range -0.05 Lower Bound of Variable -0.05
Right of Dynamic range 0.05 Upper Bound of Variable 0.05
Number of Iteration 40 Number of Iteration 40

6.4  Results and Discussion
The above parameters were applied and implemented through respective algorithms and various specified

transactions engaged. The following paragraphs describe in detail, the process and the outcomes of the
investigation conducted.

6.4.1 ATC for bilateral and multilateral transactions with intact and n-1-line outage

Table 6.2 gives the values obtained for ATC of the network shown in Fig. 6.1 for both line intact and n-1-line
outage contingency cases. Values for all the ATC during line intact were higher than that obtained during line
outages except for the transaction T2 and T4 during outage of transmission line 2 — 5. This was because the
network control system in reaction to this outage initiated additional power generation demand from the
generator at bus 13 among others in order to maintain system stability. Therefore, transmission line 12 — 13
which happened to be the limiting line for these transactions but whose line thermal limit of 150 MW had not
been exceeded experienced additional power flow. Limiting line 4 — 12 during line intact transactions had been
shifted to line 12 — 13 for transactions T2 and T4 during line 2 — 5 outage. This was in addition to diversion of
power to other adjoining transmission lines 1 — 2, 2 — 4 and 2 — 6, whose preset control system and thermal
limits had not been exceeded.

Line outage contingency occurrence should be prevented because this limits ATC values whenever it occurs
and thereby prevents the quantity of power that can be transacted especially in this era of power network
deregulation. Table 6.3 depicts the percentage reduction in the allowable transfer power during line outages. A
reduction of up to 55.5848% occurred during transaction T3 which grossly reduced the available transfer
capability to 76.252 MW from 171.68 MW when lines were intact. The positive signs during outage of line 2 —
5 for T2 and T4 indicate an improvement in ATC values but the increment was infinitesimal compared
reduction. The pictorial comparison of ATC values for all the transactions during line intact and different line
outage conditions are shown in Fig. 6.2. Outage of line 6 — 9 severely affected transactions T1 and T4 unlike

other line outages because this line conveys bulk power through bus 9 to bus 10 which interconnects other lines
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via three different paths to deliver power to bus 23 and 24. In the same manner, outage of line 18 — 19 affected

T2 mostly while that of line 2 — 5 greatly affected T3.

Table 6. 2: ATC values for intact and line outage contingency

Transactions T1 T2 T3 T4
ATC with line intact (MW) 189.04 136.90 171.68 82.627
ATC with n-1-line outage (MW)

6-9 138.23 114.77 1354 64.917
2-5 167.92 137.76 76.252 82.918
18-19 171.84 110.50 156.55 79.818
24-25 148.81 129.31 147.32 73.600

Table 6. 3: Percentage changes in ATC values during line outage contingency

Transactions T1 T2 T3 T4

ATC with n-1-line outage (%)

6-9 -26.8779 -16.1651 -21.1323 -21.4337
2-5 -11.1722 +0.6282 -55.5848 +0.3522
18-19 -9.0986 -19.2841 -8.81291 -3.39962
24-25 -21.2812 -5.54419 -14.1892 -10.9250
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Figure 6. 2: ATC for all transactions with intact and different n-1-line outages
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6.4.2 Enhanced ATC for bilateral and multilateral transactions with intact and n-1-line outage

The values in Table 6.4 are enhanced ATC values obtained when TCSC parameters were optimized with BSO
and PSO algorithms. Values in row 2 and that of row 3 are the improved ATC for BSO and PSO algorithms
respectively. These values are almost the same except for T3 where BSO set TCSC produced 209.95 MW and
that of PSO resulted into 182.83 MW. This implies BSO apart from being efficient for optimization problems,
still has some advantage over PSO. Rows 5 to 8 on the same table presents the enhanced ATC values during
different line outages for BSO set TCSC. A critical look at these vales revealed a slight increase in values

obtained for T1 during line 18 — 19 outage and T4 during line outage 2 - 5 above that of line intact.

Table 6. 4: Enhanced ATC values for intact and line outage contingency

Transactions T1 T2 T3 T4
ATC with line intact + TCSC (MW)

BSOA set TCSC 198.13 148.31 209.95 95.144
PSO set TCSC 198.13 143.07 182.83 95.144
ATC with n-1-line outage + BSOA set TCSC (MW)

6-9 166.55 123.67 170.47 72.618
2-5 198.09 148.85 76.252 95.118
18-19 208.45 110.50 156.91 92.597
24-25 168.43 140.84 172.18 84.757

Table 6. 5: Percentage enhancement of ATC values during intact and line outage

Transactions T1 T2 T3 T4
ATC with line intact + TCSC (%)

BSOA set TCSC 4.80851 8.33455 22.2915 15.1488
PSO set TCSC 4.80851 4.50693 6.49464 15.1488
ATC with n-1-line outage + BSOA set TCSC (%)

6-9 20.4876 7.75464 25.901 11.8628
2-5 17.9669 8.05023 0 14.7133
18-19 21.3047 0 0.22996 16.0102
24-25 13.1846 8.91656 16.8748 15.1590

Table 6.5 presents the percentage of enhancement obtained when TCSC parameters were optimized with these
algorithms. An improvement ranging from of up to 22.3% were obtained with BSOA, while an increment of up
to 15.1% was recorded using PSO to obtain optimal setting of TCSC for line intact conditions. Therefore, BSO
perform better than PSO algorithm for ATC enhancement. Apart from T3 during line outage 2 — 5 and T2 during

line outage 18 — 19 where ATC values hitherto obtained were maintained, an enhancement of up to 25.9% was
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recorded during all the line outages and for all the power transactions. These various percentage improvement
in ATC whose actual values were earlier presented in Table 6.4 are detailed in Table 6.5.

Just as in the case of ATC values for both line intact and outage, a critical look at Fig. 6.3 revealed how vital is
line 6 — 9 to transactions T1 and T4. Outage of this line gravely affected T1 and T4 beyond other transactions.
Line 18 — 19 outage affected T2 severely while that of line 2 — 5 had monumental impact on T3.
Notwithstanding, a slight increase in ATC value was realized for T1 during line 18 — 19 outage above the
obtained value during line intact.
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Figure 6. 3: Enhanced ATC values for all transactions with intact and different n-1-line outages

6.4.3 Bus voltage profile during line intact for bilateral and multilateral transactions

Bus voltage profiles during transactions T1 to T4 are presented in Figs. 6.4 — 6.7. The system bus response to
the incorporation of TCSC based on the two optimization algorithms are very much alike. Both BSO and PSO
set TCSC minimized bus voltage deviations as they restored bus voltage terminals. Although, small scaling
factor was allocated to voltage deviation minimization, notwithstanding, the impacts of the optimization can be
clearly seen in the figures.

6.4.3.1 Bilateral transaction T1

As depicted in Fig. 6.4, bus voltage profile deviation during transaction T1 was minimized. The slight deviation
between bus 14 and 25 towards lower voltage limit was controlled with incorporation of TCSC. The
consequence of TCSC optimal setting with the two algorithm is the same here in that the two voltage profiles

overlap each other.
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Figure 6. 4: Bus voltage profile for transaction T1 during line intact with BSO and PSO set TCSC
6.4.3.2 Bilateral transaction T2

During transaction T2, the deviation of voltage profile without TCSC can be clearly visualized in Fig. 6.5,
where between buses 14 and 25, voltage deviation towards lower limit of 0.95 is intense compare to that of T1.
With the incorporation of the device, deviation minimization was achieved. During this transaction for instance,
the voltage at bus 15 sag to 1.01 p.u. without TCSC but this was restored back to 1.02 p.u. which was pre-
transaction terminal voltage when TCSC was incorporated.
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Figure 6. 5: Bus voltage profile for transaction T2 during line intact with BSO and PSO set TCSC
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6.4.3.3 Multilateral transaction T3

During transaction T3, no visible bus voltage profile deviation was experienced, with and without TCSC

because all bus voltage profiles aligned as evident in Fig. 6.6. The nature of transaction definitely affects the

bus voltage profile.
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Figure 6. 6: Bus voltage profile for transaction T3 during line intact with BSO and PSO set TCSC

6.4.3.4 Multilateral transaction T4

Fig. 6.7 presents bus voltage profile during transaction T4. A similar scenario to that of T2 occurred here but

with mild intensity. Notwithstanding, the deviation was also minimized with incorporation of TCSC. Looking

at bus 26, TCSC was able to minimize bus voltage deviation that was otherwise at the verge of violation of

lower limit bound.
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Figure 6. 7: Bus voltage profile for transaction T4 during line intact with BSO and PSO set TCSC
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6.4.4 Bus voltage profile during n-1- line outage for bilateral and multilateral transactions
Bus voltage profiles for different transactions T1 to T4 during line outages are presented from Figs. 6.8 — 6.11.
Here, TCSC device setting was achieved with BSOA only because PSO exhibits similar behavior to previous

simulations.

6.4.4.1 Bus voltage profile with line 6 — 9 outage
The response of terminal voltages during line 6 — 9 outage is depicted in Fig. 6.8. With optimal setting of TCSC,

the device was able to minimize voltage deviations as presented in the figure. During T1, no significant voltage
profile deviation as presented in Fig. 6.8 (a). FACTS device acted in line with the objective of minimizing
voltage deviation as can be seen in Fig. 6.8 (b), (c) & (d). In these three cases, bus voltage experienced deviation

towards lower limit of 0.95 p.u. but these were restored with incorporation of TCSC.
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Figure 6. 8: Bus voltage profile during line 6 — 9 outage with BSO set TCSC: (a) Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4.

6.4.4.2 Bus voltage profile with line 2 — 5 outage

During line 2 — 5 outage, bus voltage profiles were maintained for transactions T3, for all the buses without any
observable deviation. The superimposed bus voltage profiles curves with and without TCSC shown in Fig. 6.9
(c) is an indication. The slight deviations observed during T1 and T4 were restored in both cases as presented
in Figs. 6.9 (a) & (d). Fig. 6.9 (b) describes voltage profile during transaction T2 with the deviation minimized.
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Figure 6. 9: Bus voltage profile during line 2 — 5 outage with BSO set TCSC: (a) Bilateral transaction
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Figure 6. 10:Bus voltage profile during line 18 — 19 outage with BSO set TCSC: (a) Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4.
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6.4.4.3 Bus voltage profile with line 18 — 19 outage

Figs. 6.10 (a) — (d) present test network bus voltage behavior to outage of line 18 — 19. For transaction T1, the
achieved voltage deviation control is as shown in Fig. 6.10 (a) and this is clear for buses 15, 17 and 18. The
voltage deviations at buses 15 18 and 23 towards upper limit of 1.05 during T2 were minimized as shown in
Fig. 6.10 (b). No observable voltage deviation with and without TCSC as can be seen in Figure 13 (c) during
T3. The slight deviation witnessed during T4 was also minimized in Fig. 6.10 (d)

6.4.4.4 Bus voltage profile with line 24 — 25 outage

Effects of outage of line 24 — 25 on system bus voltage profiles can be seen in Fig. 6.11 (a) — (d). Voltage
profiles before and after incorporation of TCSC are nearly the same for transactions T3 and T4. No observable
bus voltage deviations occurred as evident in Fig. 6.11 (c) & (d). The slight deviations in the course of
transaction T1 and T2 during this line outage were also minimized when TCSC was incorporated. Although,
the scaling factor allocated to bus voltage minimization was small, yet optimal setting of TCSC device with

BSOA played a tremendous role in ensuring this objective was met.
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Figure 6. 11: Bus voltage profile during line 24 — 25 outage with BSO set TCSC: (a) Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4,
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6.4.5 Real power loss during line intact for bilateral and multilateral transactions

The patterns of real power loss curves for both BSO and PSO set TCSC are almost the same for the test network.
BSO algorithm achieved optimum setting of TCSC parameters for the control of real power loss with no
significant incremental loss due to increase in line power flow consequent of ATC enhancement. The real power
loss for all the transactions T1 to T4 with and without TCSC are presented in Figs. 6.12 — 6.15. The capability
of TCSC to control real power loss during ATC enhancement especially when its parameters were optimally

set is succinctly depicted in the figures.

6.4.5.1 Real power loss during bilateral transaction T1

During transactions T1, no observable increase in real power loss despite that the test system witnessed more
power flow on the transmission lines. In Fig. 6.12, Real power losses were reduced to 0.0011, 0.0013, 0.0002,
0.0005, 0.0005, 0.0011 and 0.0002 p.u. from 0.0015, 0.0015, 0.0005, 0.0004, 0.0007, 0.0013 and 0.0003 p.u.
on transmission lines 17, 19, 20, 21, 25, 31 and 32 respectively. This implies 26%, 13%, 60%, 25%, 28.5%,
15.3%, and 30% loss reduction. In that order. The instance of slight increase in losses are only recorded on lines
18, 22 and 30. Understandably, this was as a result of location of TCSC on line 18, which allowed more power

flow on lines 22 and 30 that are directly connected to it.
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Figure 6. 12: Real power loss for T1 during line intact with BSO and PSO set TCSC

6.4.5.2 Real power loss during bilateral transaction T2

Real power loss during T2 is presented in Fig. 6.13. There are reductions in losses to the tune of 63%, 12.5%,
23%, 24%, 7.6%, 16%, 42.9, and 100%, on transmission lines 17, 19, 24, 25, 27, 28, 31 and 33 respectively.
The reduction in values of losses corresponding to these percentages are 0.005, 0.0007, 0.001, 0.0034, 0.0012,
0.0005, 0.0004 and 0.0000 p.u. from 0.0011, 0.0008, 0.0013, 0.0045, 0.0013, 0.0006, 0.0007 and 0.0001 p.u.
respectively. The slight increase in real power loss on transmission lines 18, 22 and 30 from 0.004, 0.0021 and

0.0004 to 0.007, 0.003 and 0.0007 p.u. respectively was due to same reason earlier mentioned.
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Figure 6. 13: Real power loss for T2 during line intact with BSO and PSO set TCSC
6.4.5.3 Real power loss during multilateral transaction T3

Fig. 6.14 depicts the real power loss during T3. The losses here were controlled such that no noticeable changes
occurred. The transmission lines 18, 22 and 30 interconnecting buyers 15 and 23 experienced more power flow

also but these did not result into increase in real power loss but rather into ATC enhancement. Proper real power
loss control was achieved here.
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Figure 6. 14: Real power loss for T3 during line intact with BSO and PSO set TCSC
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6.4.5.4 Real power loss during multilateral transaction T4

As indicated in Fig. 6.15, losses here were also controlled with presence of TCSC. With same reasons and at
the same transmission lines as for T1 and T2, a slight increase in real power losses were observed as indicated
in Figure 18. However, the major losses reductions from 0.0017, 0.0011, 0.006, 0.003, 0.0011, 0.0016, 0.0055,
and 0.0016 p.u. to 0.0013, 0.001, 0.0004, 0.0002, 0.0009, 0.0015, 0.0053 and 0.0015 p.u. among others were
recorded on transmission lines 17, 19, 20, 21, 25, 28, 31 and 33 respectively. These reduction in loses are 23.5%,
9%, 93%, 93%, 18%, 6.2%, 3.6% and 6.3% for these transmission lines.
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Figure 6. 15: Real power loss for T4 during line intact with BSO and PSO set TCSC

6.4.6 Real power loss during n-1- line outage for bilateral and multilateral transactions
Transmission line real power loss for all the implemented n-1-line outages are presented subsequently in Figs.
6.16 — 6.19. Optimal setting of TCSC with BSO resulted into proper regulation of real power loss for all the

transactions.

6.4.6.1 Real power loss during 6 — 9 line outage

Fig. 6.16 (a) — (d) present real power loss during line 6 - 9 outage. During transaction T1, adequate control of
power loss occurred as can be seen in Fig. 6.16 (a). The system enjoyed losses reduction of 0.0001 each at lines
12-16, 14-15 and 24-25, without significant increase in loss during this transaction. In Fig. 6.16 (b), a decline
in values recorded for losses from 0.0044 to 0.0003; 0.0013 to 0.0007; 0.0014 to 0.001; 0.0004 to 0.0002;
0.0036 to 0.0029; and 0.0011 to 0.0010 per units for transmission lines 8-28, 12-14, 12-16, 14-15, 16-17, 10-
20, and 10-21 were obtained during T2. These stand for 93%, 38.5%, 28.5%, 50%, 19.4 and 9%, in terms of
percentage loss reduction. A significant loss reduction on line 12-15 was obtained during T3, from 0.0095 to
0.0082 p.u. amounting to 13.7%, among other reductions as shown in Figure 19 (c). In Fig. 6.16 (d), similar
loss reduction of 10.8%, from 0.0093 to 0.0083 p.u. on same line 12-15 was obtained among others for

transaction T4.
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Figure 6. 16: Real power loss for during line 6 — 9 outage with BSO set TCSC: (a)Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4.
6.4.6.2 Real power loss during 2 -5 line outage

Transaction T1 witnessed real power loss minimization on lines 12-14, 12-16, 14-15 and 16-17 to mention few.
As depicted in Fig. 6.17 (a), values obtained on these lines reduced with 0.0004, 0.0001, 0.0003 and 0.0001
p.u. respectively. There were reductions in loss without as compared to that with TCSC as shown in Fig. 6.17
(b), during T2. Here, 0.0303, 0.0068, 0.0195, 0.0012, 0.0009 and 0.0013 p.u. became 0.0300, 0.0064, 0.0194,
0.0006, 0.0007, and 0.0009 p.u. in that order for transmission lines 2-6, 4-6, 6-7, 12-14, 12-16, and 19-20 among
others. In percentile, these correspond to 1.0%, 5.9%, 0.51%, 22.2%, and 30.8%. The slight increase in loss on
transmission lines 12-15, 15-18 and 15-23 was due to reasons already explained earlier. Line loss profile during
transaction T3 is presented in Fig. 6.17 (c). Transmission lines here witnessed decay in loss from 0.0085 and
0.0011 to 0.0082 and 0.0010 p.u. respectively, achieving 3.5% and 9.1% loss reduction for lines 12-15 and 15-
23. During transaction T4 with TCSC as shown in Fig. 6.17 (d), test network also experienced loss control.

Values on transmission lines 12-14, 12-16 and 14-15 among other reduced by 0.0002 p.u. each for this trading.
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Figure 6. 17: Real power loss for during line 2 — 5 outage with BSO set TCSC: (a)Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4.
6.4.6.3 Real power loss during 18 — 19 line outage

In Fig. 6.18 (a) — (d), network real power losses during line outage 18 — 19 are presented. Transaction T1
according to Fig. 6.18 (a), witnessed real power control from 0.0014, 0.0018, 0.0004, 0.0014, 0.0003 and 0.0001
p.u. to 0.0008, 0.0016, 0.0001, 0.0013, 0.0001 and 0.0000 p.u. among others for transmission lines 12-14, 12-
16, 14-15, 10-21, 23-24 and 24-25 respectively. During T2 and as depicted in Fig. 6.18 (b), lines 4-6, 6-8, 12-
16, 8-28, 10-22, 24-25 and 25-27 experienced loss reduction from 0.0025, 0.0006, 0.0014, 0.0003, 0.0005,
0.0001, and 0.0003, to 0.0022, 0.0005, 0.0013, 0.0002, 0.0004, 0.0000, and 0.0002 p.u. respectively. Fig. 6.18
(c) gives the pictorial representation of real power loss regulation during T3 where losses in all the transmission
lines were properly controlled despite additional power flow on them consequent ATC enhancement. In Fig.
6.18 (d), loss decline from 0.0016, 0.0013, 0.0006, 0.0026, 0.0015, 0.0052, 0.0016, and 0.0018, to 0.0011,
0.0012, 0.0002, 0.0025, 0.0014, 0.0047, 0.0015 and 0.0017 p.u. for transmission lines 12-14, 12-16, 14-15, 10-
21, 10-22, 22-24, 24-25, and 25-27 respectively were achieved. These correspond to 31.3%, 7.7%, 60%, 3.8%,
6.6%, 9.6%, 6.3%, and 5.5% in that order. The slight increase in real power loss during all transactions with

exception of T3 occurred on lines 12-15, 15-18 and 15-23 as previously explained.
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Figure 6. 18: Real power loss for during line 18 — 19 outage with BSO set TCSC: (a)Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4.
6.4.6.4 Real power loss during 24 — 25 line outage

Real power losses during 24-25 line outage are outlined in Figs. 6.19 (a) — (d). Transmission lines 12-14, 12-
16, 14-15, 10-20, 10-21, and 22-24 witnessed loss diminution during transaction T1, from 0.0016, 0.0015,
0.0006, 0.0007, 0.0017 and 0.0018, to 0.0012, 0.0014, 0.0004, 0.0006, 0.0016 and 0.0016 p.u., corresponding
to 25%, 6%, 30%, 14.3%, 5.9%, and 11.1% respectively, as depicted in Fig. 6.19 (a). Significant loss reduction
during T2 occurred among others on lines 12-14, 12-16, 19-20, 10-20, and 22-24 with values reduced by 0.0006,
0.0001, 0.0003, 0.0011 and 0.0003 p.u. as shown in Fig. 6.19 (b). During T3, noticeable decline loss took place
on lines 12-15, 15-23, and 23-24 as presented in Fig. 6.19 (c). Fig. 6.19 (d) gives the profile of real power loss
during transaction T4. There were decrease in loss from 0.0002 to 0.0001 and 0.0091 to 0.0090 p.u. on lines
21-22 and 22-24 respectively. These amount to 50% and 1.1% loss reduction in that order on these line. Lines
12-15, 15-18 and 15-23 also experienced slight swell in real power loss as earlier explained. However, the slight
swell did not result into increase in total real power loss for all transactions during intact and line outage

transactions despite that more loss is associated with more power flow.
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Figure 6. 19: Real power loss for during line 24-25 outage with BSO set TCSC: (a)Bilateral transaction
T1; (b) Bilateral transaction T2; (c) Multilateral transaction T3 and; (d) Multilateral transaction T4.

6.5 Summary of chapter six
A novel optimization technique known as Brain Storm Optimization algorithm has been presented for the

optimum setting of FACTS devices for multi-objective problem involving ATC enhancement, bus voltage
profile deviation minimization and real power loss regulation. ATC values of IEEE 30 bus network system
were obtained for different transactions with both line intact and n-1-line outage contingency cases. Enhanced
ATCs for this network were achieved with TCSC device which was set with the presented BSO algorithm. The
achieved bus voltage profile deviation minimization and real power loss control during ATC enhancement
validate the innate fitness of BSO for solving multi-objective problems regarding FACTS. Likewise, BSO
performance in comparison with PSO during the achievement of set objectives suggested an advantage of
former over the latter. BSO behaved much like PSO throughout the achievements of other set objectives but
performed better in ATC enhancement with 27.12 MW and 5.24 MW increase above enhanced ATC values
achieved by the latter. The comparative of set objectives values relative to that obtained with PSO methods
depict suitability and advantages of BSOA technique for optimal placement of FACTS devices. It has therefore
been verified that BSO algorithm is effective in solving FACTS allocation multi-objective optimization

problems.
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CHAPTER SEVEN

SENSITIVITY BASED APPROACH FOR THYRISTOR CONTROL SERIES
COMPENSATOR OPTIMIZATION

7.1  Introduction
In this chapter, a sensitivity based technique was developed for optimization of TCSC location in power network

system. Here, FACTS device loss was incorporated with the general loss equation for the determination of
optimum location for device placement in a deregulated power networks, with objectives of ATC enhancement,
bus voltage profile improvement and loss reduction. A detailed mathematical model in terms of circuit system
parameters was presented based on FACTS loss amalgamation approach. Like previous chapter, TCSC was
considered for simulation and analysis because of its capability to control active power among other parameters.
The TCSC location was established based on analysis of sensitivity factors obtained from partial derivatives of
the resultant loss equations (including FACTS) with respect to control parameters. ATC values were obtained
using alternating current power transfer distribution factor (ACPTDF) method and with TCSC in place, these
values were enhanced for different bilateral and simltaneous power transactions. IEEE 5 bus system was used

for the demonstration of the effectiveness of this approach.

7.2 Sensitivity based method
The increase in power transactions, consequent of open access brought about by deregulation and restructuring

has resulted into challenges including but not limited to determination of ATC, transmission pricing, and
congestion management. Among these issues, assessment of ATC is an indispensable tool for a secured and
reliable power system planning and operations [144]. As earlier stated however, enhancement of ATC becomes
imperative for economic power transaction and competitive electricity trading amidst increase in power trading
[51]. The improvements as well as breakthroughs in power electronic devices coupled with restructuring of
modern power network has created a renewed interest in FACTS applications [190]. The roles played by optimal
location and settings of FACTS controllers in ATC enhancement and other benefits cannot be over emphasized.
This is because, placement of these devices is a means to an end and it automatically affects the set objectives
for which they were incorporated. Consequently, the choice of optimal location/method is critical for FACTS
placement and utilization. Several models and approaches have been demonstrated for incorporation of FACTS

for ATC enhancements as investigated in chapter five.

Summarily, approaches use in FACTS placement include but not limited to sensitivity based on DC/ACPTDF,
loss sensitivities, line thermal limits, least bus voltage values as well as line with maximum ATC for the
considered transactions. Adoption of any of these are being used in conjunction with meta-heuristics algorithms
for parameter settings of FACTS devices. Although, meta-heuristic search algorithms like, BSOA, PSO,
Generic, Firefly, Differential Evolution, Harmony Search and Artificial Bee Colony Algorithms are fast, robust
and best suited for real power problems [97] however, their combination with a properly placed FACTS devices
will bring about optimal location and setting for any desired objectives, since the problems of FACTS device

location are combinatorial in principle and implementation.
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The different approaches as highlighted above, have been demonstrated for placement of FACTS especially for
ATC enhancement in previous chapter. However, none of the approaches accommodated and included FACTS
loss in the process that culminated in its placement. Sensitivity based technique used in this work takes into
cognizance, the effects and consequences of FACTS device loss on the system total loss in FACTS placement
approach, having treated the total loss for network system containing FACTS as the algebraic sum of all the
losses for both the system and FACTS. Sensitivity based techniques is a process of identifying system objective
function as well as proposed optimizing FACTS devices control parameters and subsequently determine and
obtain sensitivity factors through partial differentiation of identified objective function with respect to FACTS
device control parameters. The objective function in this work is system total loss and the proposed FACTS
device control parameters are magnitude and control voltage angle. This method leverages on the fact that
optimal location of device is largely determined by partial derivatives of target function with respect to
parameters affecting line power flow [190]. The voltage magnitude and injected voltage angle of TCSC series
device are the parameters that influence line power flow for ATC enhancement in this case. In a bid to achieve

this objective, TCSC has been modeled analytically for this purpose and has been presented in chapter three.

7.3  Results and Discussions
In order to determine the optimal location of TCSC, partial differentials of objective functions were obtained

in chapter three with respective to voltage magnitude and control angle variables denoted by V; and 6;. Two
sets of indices regarding total system loss sensitivity factors were obtained symbolized by aT¢5¢ and aZ¢S¢.
Optimal locations of FACTS devices are very important due to their high cost and for achievements of set
objectives. However, ATC enhancement, bus voltage improvement and real power loss control are the main
objectives of this chapter. This is because active power loss affects the quality of power and bus voltage
regulation within the limit are critical to power network stability. The response of bus voltage profile and
network system real power loss as a result of the introduction of TCSC during ATC enhancement are of great
interest and focus of the research. Hence, the analyses of the results in this work were limited to these two

objectives alongside ATC enhancement.

7.3.1 IEEE 5-bus test system

IEEE 5-bus system obtained from [198] and modified as shown in Fig. 7.1, contains two generators located at
buses 1 and 2 with generator 1 taken as slack. It also consists of four load buses and seven transmission lines.
The details of the generators ratings, load ratings and transmission lines parameters as contained in [198] are

presented in Appendix A-3.

45 4+ j15 40, + j5
Bus 4

Bus 1

Xrcsc (@)

Bus 5

Bus 2

20 + j10
60 + j10

Figure 7. 1: Modified IEEE 5-bus system
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7.3.2  Sensitivity factors for test system

Table 7.1 presents the total loss sensitivity value with respect to the magnitude of inserted voltage and that of
angle of inserted voltage, represented as al¢ and aZ5¢ respectively. Transmission line 3-4 has the least
sensitivity value of 0.00096 as indicated on the column seven and row three of Table 7.1. However, line 3-4
has the highest absolute (most positive) loss sensitivity value with respect to phase angle of inserted voltage as
appeared on column eight of row four of Table 7.1. These sensitivity values are presented graphically in Fig.

7.2 for easy understanding.

Table 7. 1: Loss sensitivity of test system to TCSC location

Line Number 1 2 3 4 5 6 7
Transmission Line  1-2 1-3 2-3 2-4 2-5 3-4 4-5
af®s¢ « 1e0 0.0105 0.0217 0.0144 0.0157 0.0185 0.00096  0.0039

al®¢+«1e—4 -00251 1.1790 -0.5396 -0.6247 -0.4408 -0.2080 -0.0386
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Figure 7. 2: Voltage magnitude and angle sensitivities of the test system

Table 7.2 presents other methods of FACTS location for the test system as inferred from literature. Base case
active power loss [143], Base case reactive power loss [97], Performance index [138], PTDF for considered
transaction [140],[144], highest ATC value [148], PTL Sensitivity [147], and QTL Sensitivity [145] (where
loss sensitivity with respect to line reactance was implemented in FACTS location). Least bus voltage method
[108], [141],[142] identified bus 5, while line thermal limits [139] pointed at line 3-4. The impacts of the losses
and different FACTS approach solutions based on location in the network system are also clearly depicted in

Fig. 7.3 for better comprehension.
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Table 7. 2: Other approaches for FACTS location for the test system

Line number 1 2 3 4 5 6 7
Transmission line 1-2 1-3 2-3 2-4 2-5 3-4 4-5
Base case PLo0ss 0.0249 0.0152 0.0036 0.0046 0.0122 0.0004 0.0004
Base case QLoss 0.0109  -0.0069 -0.0287 -0.0255 0.0073  -0.0182 -0.0465
Performance Index 0.00127 0.00459 0.0010 0.00128 0.00228 0.00002 0.00014
PTL Sensitivity 0.0003 -0.1133 -0.0088 -0.0141 -0.0125 0.0039 0.0410
QTL Sensitivity -1.5543  -0.2372 -0.0748 -0.0959 -0.3793 -0.0501 -0.0067
PTDF/10MW/2-5 0.0200 -0.0720 -0.0980 -0.1250 -0.7580 -0.1610 -0.2820
PTDF/10MW/2-4 0.1530 -0.1930 -0.2930 -0.3710 -0.1880 -0.4630 -0.1810

ACT/10MW/2-5 x 10+3 1.5335 1.2054 0.55582 0.46168 0.19084 0.214 0.0766
ACT/10MW/2-4 x 10 *3 0.2005 0.4497 0.1859 0.1556 0.7695 0.0743 0.0464
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Figure 7. 3: Test system response to various FACTS location approaches

7.3.3 ATC evaluation during bilateral and simultaneous power transactions without TCSC

Two major trading termed bilateral and simultaneous transactions were implemented in this chapter.
Transaction T1 (2-5) exists between generator 2 and load bus 5 while transaction T2 (2-4) occurs between
generator 2 and load bus 4. Power transfer of 10 MW, 20 MW, 30 MW and 40 MW accompanied each
transaction. Simultaneous transactions involving transfer of 20 MW and 40 MW power also occur between

generator 2 and load bus 5 and 4.
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7.3.3.1 ATC evaluation during bilateral transaction without TCSC

ATCs were obtained for two major bilateral transactions as described above. Table 7.3 presents ATC values
obtained for these various power transactions while Fig. 7.4 graphically compares transaction T1 with T2 for
different quantities of power. Values of ATCs obtained during T1 are higher than that of T2 for all the
magnitudes of power transfer as presented in the table. This is because bus 4 interconnects bus 2, 3 and 5 and
bus 5 only interconnects bus 4 apart from bus 2, thereby making network demand on bus 4 higher than that of

5 at every instance.

Table 7. 3: ATC for bilateral transactions T1(2-5) and T2(2-4)

Power Transaction (MW) 10 20 30 40
T1(2-5) (MW) 76.596 76.460 76.146 75.923
T2(2-4) (MW) 46.409 46.409 46.409 54.892
HT1(2-5) [MW] ET2(2-4) [MW]
90

76.596 76.460 76.146 75.923

N
o O

54.892

Values for the obtained ATC during simultaneous transaction are presented as follows in Table 7.4 and in Fig.

D
o

46.409

46.409

46.409

N W B
o O o

Available transfer Capability (MW)
= (9]
o o

Figure 7. 4: ATC values for different bilateral transactions

o

Power Transaction (MW)

7.3.3.2 ATC evaluation during simultaneous transaction without TCSC

7.5 for clarity purposes. The value obtained for 20 MW and 40 MW are not too far from each other but that of
40 MW is smaller in magnitude because of the magnitude of power involved during this trading. This implies
that magnitude of trading affects ATC values in deregulated network. Similar scenario occurs during bilateral
transaction as presented in Table 7.3 above where ATC magnitude decreases with increase in magnitude of

power transfer.

Table 7. 4: ATC for simultaneous transactions
Power Transaction (MW) 20 40
Bus 2 to Bus 5&4 (MW) 55.024 54.892

Page | 120



55.05

M Bus 2 to Bus 5 & 4 [MW]

w1
[$]

54.95

54.9

54.85

Available Transfer Capability (MW)

54.8

20

Power Transaction (MW)

Figure 7. 5: ATC values for multilateral transactions

7.34 Bus voltage profile during bilateral and multilateral power transactions without TCSC
During these ATC improvement, bus voltage profile were investigated and reported for bilateral and

multilatreral transactions in the subsequent paragraphs.

7.3.4.1 Bus voltage profile during bilateral transactions
The bus voltage variation to various power transfer ranging from 10 MW to 40 MW for transactions T1 and T2

are as presented in Figs. 7.6 — 7.9. Voltage at bus 1 and 2 remained at their specified values while that of buses
3, 4 and 5 experienced droop. It is evident that the bus voltage deviation is a function of magnitude of power
transactions. As the transaction increases from 10 MW to 40 MW, buses 3, 4 and 5 voltage magnitudes sag
correspondingly. This can be well understood with critical comparison of bus voltage profile for both T1 and
T2 as magnitude of trading increases. This is glaring when comparing terminal voltage at buses 3, 4 and 5 for
T1, T2 and base case situations in all the figures. Benchmarking voltage profile of these buses for Fig. 7.6 and
that of Fig. 7.9 reveals and picturises the voltage magnitude decline. Besides, the nature of transaction also
affects bus terminal voltage. Transaction T1 and T2 influenced bus terminal voltage differently. The deviations

in voltage magnitude from base case value for T1 and T2 demostrates that terminal voltage is well influenced
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Figure 7. 6: Bus voltage variation to 10 MW power transfer for T1(2-5) and T2(2-4)
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Figure 7. 7: Bus voltage variation to 20 MW power transfer for T1(2-5) and T2(2-4)
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Figure 7. 8: Bus voltage variation to 30 MW power transfer for T1(2-5) and T2(2-4)
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Figure 7. 9: Bus voltage variation to 40 MW power transfer for T1(2-5) and T2(2-4)
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by the nature of transaction. This can be well understood in Figs. 7.6 — 7.9, having compared base case, T1 and

T2 terminal voltage for buses 3, 4 and 5 during each magnitude of power trading in the figures.

7.3.4.2 Bus voltage profile during simultaneous transactions

The bus voltage variation to 20 MW and 40 MW power transfer for simultaneous transaction is as presented in
Fig. 7.10. Just like in the case of bilateral transaction, bus voltage deviation aggravates with magnitude of
trading in this situation. It can be seen from deviation on bus 3, 4, and 5 that the more the magnitude of power
involved in trading the more the deviation and this can lead to bus voltage limit violation if not properly
controlled. It is of interest to note that voltage magnitude sag in this transaction is deeper in each situation when

compared voltage deviations under bilateral transaction of the same transfer magnitude.
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Figure 7. 10: Bus voltage profile for simultaneous transaction for 20 MW and 40 MW power transfer

7.3.5  Network loss during bilateral and simultaneous power transactions
The network loss as accompanied ATC determination in this investigation and as evaluated are as presented in
the subsequent paragraphs. The losses during engaged trading for bilateral and simultaneous transactions are

recorded and presented.

7.3.5.1 Network power loss during bilateral power transactions

Figs. 7.11 and 7.12 depict active power losses for 10 MW to 40 MW power transfers for transactions T1 and
T2. It can be observed from T1 that transmission line 2-5 recorded highest power loss of about 16.5 MW during
40 MW power transfer, while losses in other lines are insignificant compare to this. The power loss here is
proportional to the magnitude of transferred power. This is an indication that more loss accompanies more
power flows [134]. Increase in real power losses ranging from 0.09 MW to 0.61 MW were experienced during
T2 on lines 1-3, 2-3, 2-4, and 2-5.
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Figure 7. 13: Transmission line real power losses for power transfer T2 (2-4)
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7.3.5.2 Network power loss during simultaneous power transactions

In Fig. 7.13, active power losses for 20 MW and 40 MW power transfers during this transaction are depicted.
Here also, it is demonstrated that the more the magnitude of power trading the more the loss. Apart from the
magnitude, the nature of loss during simultaneous trading encompasses pattern of network loss as recorded for

T1 and T2 during bilateral transactions.

7.3.6 ATC Enhancement with TCSC during bilateral and simultanous power transactions

TCSC was placed in between line 4-5 as indicated by sensitivity factors alS¢ and aZ¢ presented in this work
because, magnitude and angle of injected voltage of series converter is the parameter that influences power flow
in a transmission line [190]. The objectives of TCSC placement are for ATC enhancement, voltage
improvement and loss reduction. In order to explicitly demonstrate the potency of this method, TCSC was also
place on line 3-4 for comparison. Line 3-4 is the location for placement identified by thermal limits location
method use in [139].

In presentation of the results, four cases were investigated and reported. The values of the enhanced ATCs are
as presented in Table 7.5. The observations recorded for T1(2-5) with TCSC at line 4-5, T1(2-5) with TCSC at
line 3-4, T2(2-4) with TCSC at line 4-5, and T2(2-4) with TCSC at line 3-4 are presented under cases 1 to 4
below. Table 7.6 shows values of an enhanced ATCs for multilateral transactions with TCSC placed on line 4-
5and 3-4.

Table 7. 5: Enhanced ATC for bilateral transactions T1(2-5) and T2(2-4)

Power Transaction (MW) 10 20 30 40

T1(2-5) (MW), TCSC at line 4-5  141.42 140.75 140.09 139.37
T1(2-5) (MW), TCSC at line 3-4 94.18 93.96 93.76 93.45
T2(2-4) (MW), TCSC at line 4-5 53.36 56.34 56.29 55.24
T2(2-4) (MW), TCSC at line 3-4 23.50 23.50 56.21 81.07

Table 7. 6: Enhanced ATC for simultaneous transactions

Power Transaction (MW) 20 40

Bus 2 to Bus 5&4 (MW) without TCSC 55.024 54.892
Bus 2 to Bus 5&4 (MW), TCSC at line 4-5 56.090 55.940
Bus 2 to Bus 5&4 (MW), TCSC at line 3-4 62.480 62.110

7.3.6.1 Case study 1: T1 (2-5), Transfer of 10 MW to 40 MW from bus 2 to 5 with TCSC on line 4-5

With TCSC in between bus 4 and 5, ATCs of bilateral power transfer were greatly enhanced to 84.6%, 84.1%,
84.0% and 83.6% for 10 MW, 20 MW, 30 MW and 40 MW transactions respectively. These enhanced values
of ATC correspond to 141.42 MW, 140.75 MW, 140.09 MW and 139.37 MW respectively as presented in

second row, columns two, three, four, and five of Table 7.5.

7.3.6.2 Case study 2: T1 (2-5), Transfer of 10 MW to 40 MW from bus 2 to 5 with TCSC on line 3-4

When TCSC was placed on line 3-4, ATCs of bilateral power transfer were slightly enhanced to 22.9%, 22.9%,
23.1% and 23.08% for 10 MW, 20 MW, 30 MW and 40 MW transactions respectively. A reduction of 61.7%,
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61.2%, 60.9% and 60.52% in the enhanced ATC earlier experienced in case study 1, were recorded. This implies
that TCSC placed on line 4-5 performs far better than TCSC placed in line 3-4 for ATC enhancement. These
values are 94.18 MW, 93.96 MW, 93.76 MW, and 93.45 MW respectively for 10 MW, 20 MW, 30 MW and
40 MW power transfer.

7.3.6.3 Case study 3: T2 (2-4), Transfer of 10 MW to 40 MW from bus 2 to 4 with TCSC on line 4-5
For transaction T2 when TCSC was placed between bus 4 and 5, values of ATCs for bilateral power transfer of
10 MW, 20 MW, 30 MW and 40 MW were all enhanced with 15.0%, 21.4%, 21.29% and 0.63% respectively.
These correspond to 53.36 MW, 56.34 MW, 56.29 MW and 55.24 MW ATC values. These values are far below
the magnitude of enhanced ATC for the T1(2-5) with TCSC between buses 4-5 as earlier reported.

7.3.6.4 Case study 4: T2 (2-4), Transfer of 10 MW to 40 MW from bus 2 to 4 with TCSC on line 3-4
Placement of TCSC on line 3-4 for this transaction reduced ATC values for 10 MW and 20 MW power transfer

with 49.36% each. ATCs were found to be diminishing instead of enhancing. However, ATCs of power transfer
of 30 MW and 40 MW from bus 2 to 4 under this placement experienced a boost of 21.1% and 47.69%.
However, with nature of this transaction, the performance of TCSC in enhancing ATC when placed in between

bus 4 and 5 outweigh the performance in location position 3-4 in this case.

7.3.6.5 ATC values during simultaneous transaction

The values obtained during this transaction revealed that for both placement locations, ATC values are enhanced
but with different magnitude. The nature of transaction here impacted on the enhanced ATC values and as
previously reported, there was a reduction in the magnitude of values obtained during 40 MW power despatch
as compared to 20 MW power transfer. This implies TCSC was able to influence network performance without

impaired network parameters.

7.3.7 Voltage profile with TCSC during power transactions

The voltage values as obtained during different transactions as well as associated magnitude of despatched
power are reported here. The influence of TCSC as affected bus voltage profile were well investigated and the
performance of TCSC in relation to bus voltage profile in these two locations were then compared. These are

presented in the following paragraphs.

7.3.7.1 Case study 1: T1 (2-5) Transfer of 10 MW from bus 2 to 5, with TCSC on line 4-5 and 3-4

10 MW power transfer during T1 (2-5) was implemented with incorporation of TCSC on line 4-5 and 3-4 in
each case. Fig. 7.14 presents bus terminal voltage of the situation for comparison. Like previous situation,
reactive power control of generators located at buses 1 and 2 held terminal voltage constant at unity however,
voltage at bus 3, 4, and 5 varies with power transaction. With TCSC on location 4-5, voltage at buses 3, 4, and
5 were made to improve whereas, with location 3-4, only voltage at bus 5 was improved while that of bus 3 and

4 experienced deviation to lower limit.
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Figure 7. 14: Bus voltage profile for T1 (2-5) 10 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 15: Bus voltage profile for T1 (2-5) 20 MW transfer with TCSC at 4-5 and 3-4

7.3.7.2 Case study 1: T1 (2-5) Transfer of 20 MW from bus 2 to 5, with TCSC on line 4-5 and 3-4
During 20 MW power transfer for T1 (2-5), the voltage profile is as presented in Fig 7.15. Similar bus voltage

deviation minimization occurred when TCSC was in position line 4-5 as in the case of 10 MW power transfer.

Voltages at buses 3, 4, and 5 were improved in this position but only bus 5 voltage was enhanced when the

device was placed in location 3-4.

7.3.7.3 Case study 1: T1 (2-5) Transfer of 30 MW from bus 2 to 5, with TCSC on line 4-5 and 3-4

When 30 MW power transfer for T1 (2-5), was implemented, the voltage profiles obtained are as presented in
Fig. 7.16. The performance of TCSC in location 3-4 slightly improved with enhancement of voltage at bus 3
and 5 as against only bus 5 in the case of 10 MW and 20 MW transfer. However, placement of TCSC in location

line 4-5 resulted into enhancement of voltage at buses 3, 4 and 5 as shown in the figure.
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Figure 7. 16: Bus voltage profile for T1 (2-5) 30 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 17: Bus voltage profile for T1 (2-5) 40 MW transfer with TCSC at 4-5 and 3-4

7.3.7.4 Case study 1: T1 (2-5) Transfer of 40 MW from bus 2 to 5, with TCSC on line 4-5 and 3-4

With TCSC in between bus 4 and 5, bus voltages for power transactions of 40 MW from generator bus 2 to
load bus 5 are as presented in Fig 7.17. Blue colored graphs indicate the improvement in bus voltage, red graph
is the pre-TCSC placement voltage. Likewise, with TCSC connected between transmission line 3-4, bus voltage
is indicated in magenta colored graphs on the same figure. Only bus 5 witness voltage improvement with TCSC
in this location. However, with TCSC between line 4 and 5, faster recovery of the voltage variable of the system
was achieved. Regarding voltage improvement therefore, TCSC performance was optimized at location line 4-

5 other than line 3-4 for all the implemented power transfer.
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7.3.7.5 Case study 2: T2 (2-4), Transfer of 10 MW from bus 2 to 4 with TCSC on line 4-5 and 3-4

The behavior of network voltage during transaction T2 for 10 MW power transfer is presented in Fig. 7.18.
With this power magnitude, voltage deviation was minimal however just like case study 1, presence of TCSC
on line 4-5 enhanced voltage profile at all the buses. This was not so for location 3-4 as shown in the figure

because, there was a voltage dip at bus 4 despite TCSC incorporation as a result of location.
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Figure 7. 18: Bus voltage profile for T2 (2-4) 10 MW transfer with TCSC at 4-5 and 3-4

7.3.7.6 Case study 2: T2 (2-4), Transfer of 20 MW from bus 2 to 4 with TCSC on line 4-5 and 3-4

During 20 MW power transfer for this power transaction however, similar voltage profile as that of 10 MW
power transfer was experience as presented in Fig. 7.19. TCSC placement in location line 3-4 improve voltage
at bus 3 and 5 impaired voltage at bus 4 below pre-TCSC value. The scenario was different when TCSC was
incorporated at location 4-5 as optimized by the sensitivity-based method as introduced in this chapter. The

voltage profiles for this transfer is as presented in the figure for better understanding.
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Figure 7. 19: Bus voltage profile for T2 (2-4) 20 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 20: Bus voltage profile for T2 (2-4) 30 MW transfer with TCSC at 4-5 and 3-4

7.3.7.7 Case study 2: T2 (2-4), Transfer of 30 MW from bus 2 to 4 with TCSC on line 4-5 and 3-4

Response of network to 30 MW power transfer for this case study is presented in Fig. 7. 20. The situation is
like that of 20 MW power transfer only with different magnitude of voltage deviation. Here, the voltage deviated
towards lower limit at bus 4 when TCSC was on line 3-4 was this intense because of magnitude of power

transfer as shown in Fig. 7.20. The performance of TCSC in location 4-5 surpasses that of 3-4 as presented.
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Figure 7. 21: Bus voltage profile for T2 (2-4) 40 MW transfer with TCSC at 4-5 and 3-4

7.3.7.8 Case study 2: T2 (2-4), Transfer of 40 MW from bus 2 to 4 with TCSC on line 4-5 and 3-4

Figs. 7.21 depict bus voltage output with TCSC on line 4-5 and 3-4 during 40 MW power transfer between bus
2 and load bus 4. Under this arrangement, incorporation of TCSC on line 4-5 improved bus voltage for all the
buses with slight reduction in voltage at bus 3. Notwithstanding, this is in connection with quantity of transacted

power. However, the parameter setting of the device can further be optimized by such heuristic algorithms as
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presented in chapter six, for better performance. In contrast, a critical look at these graphs revealed that bus 4
experienced a voltage drop for this 40 MW power despatch, when TCSC was placed on line 3-4 as against when
FACTS was not incorporated. Summarily, with placement of TCSC in between line 3-4, bus voltage profile
deviation towards lower limit was aggravated, whereas, placement of TCSC in between line 4-5 yielded

minimization of bus voltage profile deviation as indicated on the graphs.

7.3.7.8 Case study 3: Simultaneous transaction of 20 MW power from bus 2 to buses 4 & 5 with TCSC
online3-4and4-5

Fig. 7.22 is the graph of bus voltage for simultaneous transaction of 20 MW power from bus 2 to buses 4 and
5. In comparison to when TCSC was not incorporated, placement of TCSC between bus 3 and 4 led to a deeper
voltage dip at bus 2, 3 and 4, leaving only bus 5 voltage improved. In contrast, voltage at all the buses

experienced a boost with inclusion of TCSC between bus 4 and 5.
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Figure 7. 22: Bus voltage profile for simultaneous 20 MW power transfer from bus2to 4 & 5

7.3.7.8 Case study 4: Simultaneous transaction of 40 MW power from bus 2 to buses 4 & 5 with TCSC
online 3-4and 4 -5

The graph in Fig. 7.23 gives bus voltage profile for simultaneous transaction of 40 MW power from bus 2 to
buses 4 and 5. When TCSC was incorporated between bus 4 and 5, this led to improvement of all bus voltages.
This faster recovery of voltage variable of the test system is a pointer to the suitability of the location line 4-5.
In contrast, voltage dip at bus 4 was exacerbated with inclusion of TCSC between bus 3 and 4.

During the investigation of bus voltage profile however, it has been observed that location line 4-5 led to fast
voltage profile recovery in all the nature and type of implemented power transactions. Placement of TCSC in
location line 4-5 optimized the performance of the device other than location line 3-4 for transactions and

magnitude of trading.
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Figure 7. 23: Bus voltage profile for simultaneous 40 MW power transfer from bus2to 4 &5

7.3.8  Active power loss profile with TCSC during power transactions
Test system power loss was also investigated as part of the objectives in this study. Placement of FACTS devices
into network in this context was based on incorporation of TCSC device loss into network total loss, hence loss

profile was also examined. The observations are reported as follows.

7.3.8.1 Case study 1: T1 (2-5). Transfer of 10 MW — 40 MW from bus 2 to 5 with TCSC on line 4-5 and
3-4
The real power loss for the placement of TCSC device at the two locations 4-5 and 3-4 are presented in Figs.

7.24 — 7.27. It can be seen visually that with TCSC on line 4-5, active power loss was minimized in all the
transmission lines during 10 MW power transfer. Major loss reduction was experienced on lines 1-3, 2-3, 2-4,
3-4 and 4-5. The slight increase in active power loss on transmission line 2-5 was as a result of increase in
power flow subsequent of ATC enhancement because, more power loss accompanies more power flow on
transmission lines as earlier stated. The situation is the same during other power transfers, for 20 MW, 30 MW,
and 40 MW respectively but with different magnitude of loss reduction as presented in Figs. 7.25, 7.26 and 7.27
below. The situation is different for placement on line 3-4, where this location led to increase in system real
power loss, as evident in all the figures. This location impairs loss reduction especially on transmission line
number 1, 4, 5 and 6. Slight increase in loss which is proportional to power transfer magnitude was observed
on line number 5, when TCSC was inserted on line 4-5. With this in mind, FACTS performance in this location
outweighs the recorded loss reductions with placement of TCSC between line 3 and 4. The loss minimization

and control capability of TCSC on location line 4-5 suggest suitability of this location for FACTS placement.
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Figure 7. 25: Line active power loss for T1 (2-5) 20 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 26: Line active power loss for T1 (2-5) 30 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 27: Line active power loss for T1 (2-5) 40 MW transfer with TCSC at 4-5 and 3-4

7.3.8.2 Case study 2: T2 (2-4). Transfer of 10 MW — 40 MW from bus 2 to 4 with TCSC on line 4-5 and
3-4
Active power loss for the case of power transfer between bus 2 and 4 are presented in Figs. 7.28 — 7.31. In Fig.

7.28, placement of TCSC on line 3-4 led to increase in real power loss in most cases on lines 2-4, 2-5, 3-4 and
4-5. Notwithstanding, lines 1-3 and 2-3 enjoyed loss reduction for same location. With placement of TCSC on
line 4-5, transmission lines 1-3, 2-3, 2-4, 3-4 and 4-5 experienced decrease in active power loss. This situation
of 10 MW power transfer is a replica of other power transfer for 20 MW, 30 MW and 40 MW but with slight
changes in magnitude of power loss. Wherever location 4-5 leads to increase in power loss, the magnitude and
instance is so small compared with that of 3-4 placement. Optimal real power loss control is achievable when

TCSC is placed on line 4-5 because, this location favors loss reduction as part of set objectives.
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Figure 7. 28: Line active power loss for T2 (2-4) 10 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 29: Line active power loss for T2 (2-4) 20 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 30: Line active power loss for T2 (2-4) 30 MW transfer with TCSC at 4-5 and 3-4
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Figure 7. 31: Line active power loss for T2 (2-4) 40 MW transfer with TCSC at 4-5 and 3-4
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7.3.8.3 Case study 3: Simultaneous transaction of 20 MW power from bus 2 to buses 4 & 5 with TCSC
online3-4and4-5

Fig. 7.32 is the graph of real power loss for simultaneous transaction of 20 MW power from bus 2 to buses 4
and 5. It can be observed that losses on all the transmission lines with exception of line 2-5 were minimized
when TCSC was placed between bus 4 and 5. This is not the case for TCSC inclusion on line 3-4 because, real
power losses were aggravated on transmission lines 1-2, 2-4 and 2-5. The location on line 4-5 also led to network
performance improvement especially loss minimization in this type of trading, as recorded during bilateral

transaction.
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Figure 7. 32: Line active power loss for simultaneous 20 MW transaction from bus2to 4 & 5
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Figure 7. 33: Line active power loss for simultaneous 40 MW transaction frombus2to4 & 5
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7.3.8.4 Case study 4: Simultaneous transaction of 40 MW power from bus 2 to buses 4 & 5 with TCSC
online3-4and4 -5

The active power loss pattern for this transaction as shown in Fig. 7.33 is like the one in Fig. 7.32, but with
higher magnitude. There is loss minimization for all the transmission lines with an exception of line 2-5 for
TCSC placement on line 4-5. Placement of TCSC between bus 3 and 4 led to increase in active power loss on
transmission lines 1-2, 2-4 and 2-5. Loss reduction was limited to lines 1-3, 2-3 3-4 and 4-5. However, with
active power loss control in focus especially during simultaneous transactions, the inclusion of TCSC between

transmission line 4-5 is better that that of line 3-4. This is evident from the figures.

7.4  Summary of chapter seven

A universal method for FACTS optimal placement has been developed based on total real power loss
minimization approach with the objectives of ATC enhancement, voltage profile improvement and active power
loss minimization. TCSC has been implemented for this method with this device modeled analytically as SSSC
for this purpose. Based on this model, the total real power loss was partially differentiated with respect to
voltage magnitude and angle of injected voltage, the sensitivity of which were then used for identification of
optimal location for TCSC device placement.

ATCs which were hitherto determined by ACPTDF approach were enhanced by optimal placement of TCSC
in the position identified by this developed method. Comparative analyses of the optimal location based on this
method and other existing approach revealed its advantage. It was also revealed that placement based on this
method increases the effectiveness of FACTS devices on system performance. Placement with this method
resulted into ATC enhancement of more than 60% well above the values obtained when TCSC was placed with
thermal limit method. In addition, a substantial bus voltage improvement of up to 3% deviation minimization
as well as up to 10% active power loss reduction was recorded with this placement.

The presented results and analyses of ATC values, bus voltage profiles and real power losses disclosed that
ATCs were enhanced, bus voltage improved and that real power losses were also minimized with the presented
sensitivity based optimal placement of TCSC device. With the performance of this sensitivity-based placement
method, efforts were made to apply same for HVDC transmission system optimization for network performance

enhancement in the subsequent chapters.
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CHAPTEREIGHT

NETWORK PERFORMANCE ENHANCEMENT WITHHIGH VOLTAGE
DIRECT CURRENT TRANSMISSION SYSTEMS

8.1 Introduction
This chapter presents the results of an investigation and analyses of the capability of voltage source converter

(VSC) based high voltage direct current (HVDC) transmission system in enhancing power network
performance. A sensitivity-based technique of optimal location as presented in chapter seven was applied for
incorporation of VSC-HVDC transmission system in this chapter. This placement was achieved with recourse
to magnitude of injected voltage and control angle variables of the device through its active participation in
total system loss derivatives. Performances of VSC-HVDC based transmission system during different power
transfers resulting from bilateral and simultaneous transactions were observed. Bus voltage deviation

minimization and power loss control involved in these various transactions are presented and analysed.

8.2  VSC-HVDC transmission systems
There have been tremendous efforts by researchers to ensure sustainable and competitive electrical power

transfer that will meet and even surpass the upsurge and ever increasing power demand created by the ongoing
power system deregulation and restructuring [199]. Power transmission components are being stressed and
operated near their limits because of this power demand. Hence, demonstration of applications of FACTS
devices in power transfer capability enhancement and overload alleviations are being intensified through
collaborative research [195]. HVDC transmission system has been found useful in various special applications
apart from being highly efficient in transmitting bulk electrical energy over a long distance [200]. Vast electric
power despatch over long distance with insignificant voltage drops and power losses are some of the major
attributes of HVDC transmission systems. As earlier stated, applications of VSC based HVDC in transmission
system is gaining attraction because of the recent recorded successes and improvements in VSC based power
electronic systems. In point to point overhead power transmission beyond 800 km and for underground cable
interconnection or distant offshore grid integration of wind energy in excess of 100 km, application of HVDC
system is preferable [201]. It has been established that HVDC is an economic channel for long distance power
transmission systems among other benefits, and its application is not only significant but will also determine
future energy grid operations [151]. In comparison with HVAC, it has offered proficiency in interconnection
of asynchronous grids, extended underground cable connections, fault current reductions, mitigation of network

congestions and environmental impact extenuations among others [151],[202].

The realization of HVDC technology is achieved through converter based power electronic semiconductor
devices which is classified into VSC and line commutated converter (LCC) [153]. However, VSC-HVDC has
the capability for easy multiterminal connection, capability for black start operation, excellent ac fault response,
independent active and reactive power control, optional bus terminal voltage control independent of reactive

power, fast ac frequency response and damping support provision, short time requirement from
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conceptualization to commissioning, and lower harmonic output content as against LCC-HVDC, which cannot
operate reliably without absorbing reactive power from ac network for successful commutation of converters
[180],[192],[203],[204]. Up till date, these characteristics argued in support of VSC-HVDC deployment
successfulness as a solution to LCC-HVDC problems, thereby bringing the perceived high cost of
implementation of former to no repute [205],[206]. Parts of the foreseeable improvement in future electrical
grid operations and architecture will be achieved through increase in implementation of VSC-HVDC, which
will lead to increase in transmission efficiency, growth in renewable generation integrations, additional grid
connected distributed generations, capability expansion of bidirectional ac grids current flow, and overall
enhancement of network reliability and security [156],[157]. An evidence of this future development is the
formation of North Sea Region Offshore Grid Initiative (NSROGI) in 2010, by ten countries of North Sea
Region for realization of VSC-HVDC infrastructure interconnection, to achieve the planned over 100 GW

offshore wind power network by year 2030 [158].

VSC-HVDC is a new technology embedded with lots of inexhaustible potentials and while research interests
have focused on its transient stability, dynamic stability, voltage supports, and oscillation damping, the focus
of a renew thought of research is its deployment for the provision of ac network broad support benefits.
Therefore, power flow enhancement capabilities of a VSC-HVDC embedded in ac power system network were
investigated and analyzed in this chapter. Power network system that is in dire need of transmission capability
expansion especially in the wake of upsurge in power demand due to power system deregulation and
restructuring is the motivation for this study. The following were achieved in this chapter;

(a) Sensitivity based analysis of VSC-HVDC transmission system for its optimal placement in an ac
network.

(b) Application and utilization of VSC-HVDC transmission system like other FACTS devices for power
flow enhancement, bus voltage deviation minimization and power loss reduction purposes. These were
made possible through the following;

i Static modelling of VSC-HVDC transmission line interconnecting two ac network buses
based on lumped parameters n-equivalent representation for inclusion of HVDC line loss in
total system loss as presented in chapter three.

ii. Derivation of mathematical equations from system total loss based on the consideration and
participation of power loss on the line containing VSC-HVDC resulting into sensitivity
technique used in optimal placement as presented in chapter three.

iii. Performance of psychoanalysis and ranking of the resultant voltage magnitude and control
angle preferential sensitivities in order to optimize VSC-HVDC location in the network.

iv. Implementation of load flow analyses with modified NR Jacobian elements as presented in

chapter three due to VSC-HVDC inclusion in the transmission network.
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8.2.1  Special consideration for using sensitivity based optimal location method
The followings were observed in implementing the developed sensitivity based method of optimal location of
VSC-HVDC transmission system [127],[134],[207].
(8) VSC-HVDC transmission system was used to replace line with the minimum loss sensitivity resulting
from voltage magnitude control.
(b) Considering voltage angle control, VSC-HVDC transmission system was used to replace line whose
loss sensitivity was most positive.
(c) Lines installed with transformer tap changing elements were not considered for replacement with
VSC-HVDC even with favoured loss sensitivity, next line on the ranking were considered.
(d) Likewise, lines that were located between buses containing shunt compensating elements or generators
were also not considered for replacement with VSC-HVDC, preference was given to the next line on

the ranking.

8.3  Results and discussions
The system loss objective function that was considered in locating VSC-HVDC on the ac network was

differentiated with respect to magnitude of control voltage and angle of injected voltage of VSC. The sensitivity
factors obtained from derivatives of these control variables were denoted by 1, and 1, for voltage magnitude
and voltage angle control respectively. This resulted into two sets of variables for optimal location. The
effectiveness of this approach was demonstrated on IEEE 5 bus network systems.

8.3.1 IEEE-5-bus test network system

The modified 5-bus system as presented in Fig. 8.1 consists of two generators connected at buses 1 and 2. This
system is made up of seven transmission lines and four load buses. With generator 1 considered as the slack,
the details of ratings of these generators, loads and parameters of transmission lines as contained in [198] are
presented in Appendix A-3. The MW line limits in p.u. of 100 MVVA base power are taken as 1.60, 0.60, 0.40,
0.40, 1.20, 0.50, and 0.30 for transmission lines 1-2, 1-3, 2-3, 2-4, 2-5, 3-4, and 4-5 respectively.

45 + j15 40, + j5

Bus 1
u Bus 3 Ruac T Bus 4

Bus 2 Bus 5
20 +j10 I
60 +j10

Figure 8. 1: Modified 5-bus ac network with a VSC-HVDC transmission line interconnecting buses 3
and 4.
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8.3.2 Selection of optimal placement of VSC-HVDC transmission system

In determination of optimal location of VSC-HVDC transmission system in the network however, partial
derivatives of system total loss with respect to voltage magnitude control parameter should be negatively large.
Therefore, the value of maximum negative sensitivity factors 1, determines the optimal location for placement
with recourse to voltage magnitude control parameter. Likewise, partial derivatives that results into maximum
absolute value with respect to angle of injected voltage control parameter is the suitable location for VSC-
HVDC transmission system. Hence, maximum absolute value of sensitivity factors y, is the suitable location

for HYDC based VSC transmission system.

The sensitivity factors 1, and i, as obtained using the two control parameters of VSC are presented in Table
8.1. The least value of sensitivity to voltage magnitude control occurs on transmission line 3-4 with -19.8820
as appeared on sixth row of the third column in the table. This implies that maximum real power loss
minimization will be obtained if the ac transmission line 3-4 is replaced outrightly with VSC-HVDC
transmission system. However, maximum absolute sensitivity value to loss with respect to angle of inserted
voltage, is most positive for line 3-4 as indicated on the fourth column of sixth row. The implication of this is
that placement of VSC-HVDC transmission system in between buses 3-4 with negative angle of insertion will
result into most real power loss reduction than any other location within the network.

Therefore, standard 5-bus network was modified with outright replacement of ac transmission line between bus
3-4 with VSC-HVDC transmission system as in Fig. 8.1. Bus 4 was taken as the rectifier station, for regulation
of active and reactive power flow, while bus 3 was used as an inverter station for bus voltage regulation. Active
and reactive power were to be regulated at 0.5 and 0.03 per unit, while voltage was to be regulated at unity.
This was with a view to investigating power flow enhancement capability of VSC-HVDC transmission line on

ac network system.

Table 8. 1: Sensitivity of test system loss to VSC-HVDC location

Line No Transmission Line 2 Y,
1 1-2 -9.6364  -10.2340
2 1-3 -1.2871 -1.8261
3 2-3 -3.3363 -4.2927
4 2-4 -3.2813 -4.1726
5 2-5 -5.0749 -5.5643
6 3-4 -19.8820 -19.7390
7 4-5 -4.0521 -2.5438

8.4  AC network power flow with VSC-HVDC incorporation
The effects of VSC-HVDC transmission system in an ac network has been investigated in this section. With

the technical and economic restrictions on physical network expansions, efforts are on the increase to optimize
the networks with flexible ac transmission systems. VSC-HVDC is considered to offer great contribution to
network power flow enhancement if incorporated. Power transactions that characterize power system

deregulation and restructuring have been investigated with VSC-HVDC transmission system. Power transaction
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that existed between generator 2 and bus 4 is termed T1 (2-4) while the transaction between same bus 2 and 5
is tagged T2 (2-5). Power transfer that accompanied these two main bilateral transactions were recorded and
presented in the tabular form. The transfer of 20MW and 40 MW power were delivered in each case of the
transactions. Besides, concurrent power wheeling of 20 and 40 MW power termed T3, existed between

generator bus 2 and load buses 4 and 5 because of simultaneous transactions among them.

8.4.1 Basic power flow in the network with and without VSC-HVDC

Real power flow values of the test system are presented in Table 8.2. The basic ac network power flow values
are presented in column 3 of table while the corresponding values of power flow are contained in column 4
when VSC-HVDC was incorporated into ac network. The flow on transmission line 3-4 was raised to 50 MW
from 19.39 and power flow on line 4-5 which stood at 6.6 MW was increased to 29.60 MW, but flowing from
line 5 to 4. Fig. 8.2 depicts the flow on all the transmission lines for base case ac network and ac network with
VSC-HVDC for a better understanding.

Table 8. 2: Base case real power flow

Line  Transmission Basic with
No Line AC HVDC
1 1-2 0.8933 0.8897
2 1-3 0.4179 0.4228
3 2-3 0.2447 0.2495
4 2-4 0.2771 0.1996
5 2-5 0.5466 0.6159
6 3-4 0.1939 0.5000
7 4-5 0.0660 -0.2960
09
P Basic
08 P VSC-HVDC
07
206

e
[&)]
T

Real power flow (p.
o o
w B

0 I 1 1 I 1 |
1 2 3 4 5 6 7

Transmission line number
Figure 8. 2: Test network basic ac power flow with and without VSC-HVDC transmission system

Page | 142



The exchange of ac transmission line 3-4 with VSC-HVDC transmission system increased power flow on lines
2-5, 3-4 and 4-5 as shown in the figure. Hitherto flow on line 4-5 with limits 0.3 p.u. was 0.066 p.u. and that of
line 2-4 with limits 0.4 p.u. was 0.2771 p.u. These power flows were enhanced thereby bringing flow on line
4-5 10 0.2960 p.u. and that of 2-4 to 0.1996 p.u, corresponding to 349% and 2.2% respectively.

8.4.2 Bilateral and simultaneous power transactions
Different power transactions were implemented and the obtained results for both the bilateral and simultaneous

transactions are as presented in the subsequent paragraphs.

8.4.2.1 20 MW transactions T1 (2-4) and T2 (2-5)

Table 8.3 presents the real power flow values for 20 MW power transfer for transactions T1 and T2. Except for
transmission line numbers 1 and 4, there was an increase in flow on other transmission lines, due to
incorporation of VSC-HVDC in the ac network during T1. However, during T2, an increase in real power flow
amounting to 1.2%, 18.6%, 121% and 141.2% of basic flow occurred on lines 1, 5, 6 and 7 respectively. Lines

1 and 4 during T1 and 2, 3 and 4 during T2 were relieved of their loadings

Table 8. 3: Per unit real power flow for 20 MW bilateral transaction T1 and T2
20 MW Bilateral Power Transactions for T1 and T2

T1(2-4) T2(2-5)
Line No Transmission Basic with Basic with
Line AC HVDC AC HVDC
1 1-2 0.8631 0.8495 0.8899 0.9008
2 1-3 0.4567 0.4697 0.4325 0.4248
3 2-3 0.3033 0.3207 0.2643 0.2484
4 2-4 0.3514 0.2891 0.3022 0.1987
5 2-5 0.5842 0.6159 0.6987 0.8287
6 3-4 0.2866 0.5000 0.2264 0.5000
7 4-5 0.0298 -0.1833 0.1225 -0.2951
1~
T1 20MW Basic
09+ T1 20MW with VSC-HVDC
’ T2 20MW Basic
081 T2 20MW with VSC-HVDC
S07F
.9.; |
=z 06
=)
505 \
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Figure 8. 3: 20 MW transfer power flow with and without VSC-HVDC transmission system
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which could lead to thermal limit violation. The details of power flow enhancement are best understood from

Fig. 8.3. There was a flow diversion through line 2-5 to bus 5 when the system was incorporated with VSC-

HVDC leading to more power flow through line 4-5. The negative sign on the values obtained for flow on line

4-5 indicates change in flow direction. This led to optimization of line 4-5 whose flow ab-initio was less than

0.03 p.u. The indication is that the network can accommodate more power flow due to power flow enhancement

capability of VSC-HVDC transmission system.

8.4.2.2 40 MW transactions T1 (2-4) and T2 (2-5)

The power flow patterns under this power transfer are like the ones obtained during 20 MW power transfer for

T1 and T2 as contained in Table 8.4, but, with different flow magnitudes. With the replacement of ac line 3-4

using VSC-HVDC, the network system real power flow was enhanced. Optimization of network in this regard

Table 8. 4: Per unit real power flow for 40 MW bilateral transactions T1 and T2

40 MW Bilateral Power Transactions for T1 and T2

\\\

T1(2-4) T2(2-5)
Line No Transmission Basic with Basic with
Line AC HVDC AC HVDC
1 1-2 0.8343 0.8109 0.8888 0.9156
2 1-3 0.4962 0.5175 0.4477 0.4274
3 2-3 0.3623 0.3926 0.2839 0.2470
4 2-4 0.4263 0.3794 0.3274 0.1975
5 2-5 0.6222 0.6159 0.8527 1.0458
6 3-4 0.3797 0.5000 0.2595 0.5000
7 4-5 -0.0064 -0.0700 0.1798 -0.2940
12
T1 40MW Basic
T1 40MW with VSC-HVDC
T2 40MW Basic
1 T2 40MW with VSC-HVDC
308 \
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Figure 8. 4: 40 MW transfer power flow with and without VSC-HVDC transmission system
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relieved lines 1 and 3 for T1 and lines 2, 3 and 4 for T2 of power flows that could lead to thermal limit violation.
Power diversion into transmission corridors that were being underutilized was one of the achievements of the
VSC-HVDC transmission system in this exercise. Fig. 8.4 gives a pictorial view of the flow with and without
VSC-HVDC system as presented in Table 8.4. Wheeling of scheduled power to bus 5 was achieved via line 2-
5, resulting into additional power flow through line 4-5 but in the direction 5-4 as indicated by negative real
power flow. Effective deployment of network resources was therefore achieved with VSC-HVDC system. It
worth note that none of the line thermal limits was violated and there was room for accommodation of more
transactions.

8.4.2.3 Simultaneous power transactions T3 from Bus 2 to buses 4 and 5
Table 8.5 presents the real power flow values for both 20 MW and 40 MW power transfer for transactions T3.

Parts of power flows on lines 1 and 4 were diverted to other lines 2, 3, 5, 6 and 7, due to incorporation of VSC-
HVDC in the ac network during 20 MW power transfer. However, power flow reduction occurred on lines 3
and 4 during 40 MW with a corresponding increase in real power flow lines 1, 2, 5, 6 and 7. Like previous

bilateral transactions, the power diversion and reduction were to ensure relief of excessive loadings which could

Table 8. 5: Per unit real power flow for 20 MW and 40 MW simultaneous transaction T3
Simultaneous Power Transactions T3 from Bus2to 4 & 5

20 MW, T3 40 MW, T3
Line No Transmission Line  Basic AC with Basic AC with
HVvVDC HVvVDC
1 1-2 0.8762 0.8745 0.8602 0.8606
2 1-3 0.4445 0.4470 0.4715 0.4717
3 2-3 0.2837 0.2845 0.3229 0.3196
4 2-4 0.3267 0.2438 0.3766 0.2882
5 2-5 0.6413 0.7218 0.7366 0.8287
6 3-4 0.2564 0.5000 0.3192 0.5000
7 4-5 0.0760 -0.2393 0.0862 -0.1824
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Figure 8. 5: T3 simultaneous power transfer flow with and without VSC-HVDC transmission system
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lead to thermal limit violation. Fig. 8.5 gives details of power flow enhancement for better decipherment. Power
flow diversion was made possible through line 2-5 to bus 5 with VSC-HVDC transmission system. In all the

transfers, thermal limits of the transmission lines were not exceeded.

8.4.3 Network total real power flow

The total system power flow as enhanced with VSC-HVDC is presented in Table 8.6. The incorporation of
VSC-HVDC transmission system into the network has enhanced power flow greatly. An additional power flow
in the range of 35.31 MW to 46.00 MW were achieved during 20 MW transactions while 15.89 MW to 38.89
MW were recorded during 40 MW power transactions. These correspond to 12.28% to 15.66% and 5.08% to
11.96% for 20 MW and 40 MW transactions respectively. Therefore, ac network system containing VSC-
HVDC transmission system can successfully cope with the upsurge in power transaction due to deregulation
and restructuring. Similar scenarios played out for reactive power flow but could not be reported due to space

constraints.

Table 8. 6: Per unit power flow enhancement of VSC-HVDC system for various transactions

20 MW 40 MW
Power Basic with  Additional % Basic with  Additional %
Transactions AC HVDC Power Increase AC HVDC Power Increase
T1 (2-4) 2.8751 3.2282 0.3531 12.28 3.1274 3.2863 0.1589 5.08
T2 (2-5) 2.9365 3.3965 0.4600 15.66 3.2398 3.6273 0.3875 11.96
T3(2-(4&5)) 2.9048 3.3109 0.4061 13.98 3.1732 3.4512 0.2780 8.76

8.4.4 Bus voltage profile
The effects of VSC-HVDC transmission system on bus voltage profile during network power flow and various

power transfers for bilateral and multilateral transactions were investigated and recorded as follows.

m Basic Voltage  m Voltage with HVDC

1.1000
5
o 1.0500
i
@ 1.0000
S
- 0.9500
3
(2]
0.9000
1 2 3 4 5
W Basic Voltage 1.0600 1.0000 0.9872 0.9841 0.9717
M Voltage with HVDC 1.0600 1.0000 1.0000 1.0007 0.9618
Bus number

Figure 8. 6: Bus voltage profile for basic and with VSC-HVDC transmission system
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8.4.4.1 Bus voltage profile for power flow without power transactions

During normal power flow activities, the initial bus voltages which stood at 1.0000 p.u. dropped to 0.9871 p.u.,
0.9841 p.u. and 0.9717 p.u. for buses 3, 4 and 5 respectively however, these values were raised to 1.0000,
1.0007 p.u. and 0.9618 p.u. when ac transmission line 3-4 was replaced with VSC-HVDC transmission system.
The relationship between basic bus voltage profile and voltage profile with VSC-HVDC is depicted in Fig. 8.6,

for better understanding. Bus voltage profile deviation was minimized leading to a better network performance.

8.4.4.2 Bus voltage profile for 20 MW bilateral transactions T1 and T2
Fig. 8.7 shows the behaviors of system voltage profile for 20 MW transactions T1 and T2. During these trading,

increase in power flow resulted into voltage sag at buses 3, 4 and 5. However, when VSC-HVDC transmission
system was incorporated, voltage at bus 3 was raised back to 1.0000 p.u., while voltage deviations at buses 4
and 5 were well compensated for during T1. However, as can be inferred from the figure, during T2, bus 3 and

4 terminal voltage were restored to 1.0000 p.u., leaving voltage at bus 5 within its limits.
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Figure 8. 7: Bus voltage profile for 20 MW T1 and T2, for basic and with VSC-HVDC transmission
system

8.4.4.3 Bus voltage profile for 40 MW bilateral transactions T1 and T2

System network bus voltage profiles with 40 MW trading for T1 and T2 are depicted in Fig. 8.8. The magnitude
and nature of these transactions impaired voltage profiles when the system was operated in an ac mode. The
incorporation of VSC-HVDC transmission system improved the voltage at buses 3, 4 and 5. Values of the bus
voltages for T1 and T2 differ with the nature of transactions. However, all the bus voltages operated within the
limits.
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Figure 8. 8: Bus voltage profile for 40 MW T1 and T2, for basic and with VSC-HVDC transmission

system

8.4.4.4 Bus voltage profile for 20 MW and 40 MW simultaneous transactions T3
Simultaneous transaction that existed concurrently among bus 2, 4 and 5 are also very common because of

economy of power transactions especially in deregulated power network. The capability of power flow

enhancement via VSC-HVDC transmission system with voltage profile improvement under concurrent

transactions has been demonstrated in this work. Fig. 8.9 presents various bus voltage profiles during these

transactions. The magnitude of transaction also affected voltage profile in such a way that the higher the system

loading, the more the severity of bus voltage deviation. Notwithstanding, the voltage deviation was minimized
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Figure 8. 9: Bus voltage profile during 20 MW and 40 MW T3, for basic and with VSC-HVDC

transmission system
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with replacement of ac transmission line 3-4 using VSC-HVDC transmission system. Details of bus voltage
deviation and the corresponding deviation minimization control as offered by VSC-HVDC system are contained
in the figure.

8.45  Network real power loss
The real power loss control capability of VSC-HVDC transmission system on ac network was also investigated
for basic ac network power flow and for various power transfers during different bilateral and simultaneous

transactions.

8.4.5.1 Real power loss for base case power flow without power transactions

VSC-HVDC transmission system demonstrated the capability to control real power loss on ac network system.
Fig. 8.10 shows the loss pattern for basic ac network and a network containing VSC-HVDC system. Losses on
transmission lines 1, 2, 4 and 5 were reduced by 0.01 MW, 0.11 MW, 0.19 MW and 0.04 MW respectively.
Losses on lines 3 and 7 are almost of same magnitude, while the slight increase in loss on line 5 resulted from

increase in power flow as a result of presence of VSC-HVDC transmission system in the network.
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Figure 8. 10: Real power loss for basic ac network and with VSC-HVDC transmission system

8.4.5.2 Real power loss for 20 MW bilateral transactions T1 and T2

The real power loss for T2 was minimized on all the transmission lines save line 5 when VSC-HVDC
transmission system was incorporated into ac network as presented in Fig. 8.11. Reduction of 0.02 MW, 0.2
MW, 0.02 MW, 0.29 MW 0.05 MW and 0.04 MW were achieved for lines 1, 2, 3, 4, 6, and 7 respectively.
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During T1, loss was equally minimized on lines 1, 2, 4, and 7, corresponding to 0.03 MW, 0.09 MW, 0.2 MW

and 0.08 MW respectively. However, a slight increase in losses on line 5 during T1 and T2 corresponding to

0.12 MW

and 0.66 MW was as a result of more power flow because more losses usually accompany more

power flow [134]. Notwithstanding, other benefits recorded outweighed this slight increase in loss on line 5.
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Figure 8. 11: Real power loss during 20 MW T1 and T2, for basic ac network and with VSC-HVDC
transmission system
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8.4.5.3 Real power loss for 40 MW bilateral transactions T1 and T2
Real power loss during 40 MW transactions T1 and T2 as controlled by VSC-HVDC system is presented in

Fig. 8.12. Reductions of 0.05 MW, 0.07 MW, 0.17 MW, 0.15 MW and 0.01 MW were recorded on lines
corresponding to 1, 2, 4, 6 and 7 respectively for transaction T1. However, these were with diminutive loss
increase of 0.021 MW, 0.01 MW on lines 3 and 5. Major power flow diversion through adjacent transmission
line 2-5 resulted into major difference in power loss on this line number 5 during the transaction. Lines 2, 3, 4,
6 and 7 with loss reduction magnitude of 0.28 MW, 0.08 MW, 0.38 MW, 0.07 MW and 0.19 MW were major
transmission lines where loss minimization were recorded during T2. Line 5 experienced slight increase in

power loss due to reason earlier stated during this transaction.

8.4.5.4 Real power loss for 20 MW and 40 MW simultaneous transactions T3
Under the Simultaneous transaction that co-existed among bus 2, 4 and 5, the real power loss for 20 MW and

40 MW power transfer are presented in Fig. 8.13. VSC-HVDC transmission system has been demonstrated to
have capacity for loss control because of loss minimization achievement recorded during this type of
transactions. During 20 MW power transfer, losses were minimized on lines 1, 2, 4, 6 and 7 but with a slight
increase in loss magnitude on lines 3 and 5. The corresponding magnitude of the loss reductions are 0.0001,
0.0015, 0.0025, 0.0007 and 0.0001 p.u. respectively. During 40 MW power transfer, however, loses on all the
lines were minimized except for transmission line 2-5 due to reason earlier explained. There are 0.0019, 0.0004,
0.0031, 0.0011 and 0.0003 p.u. loss reductions but with slight increase of 0.005 p.u. on line 5, during this 40
MW power transfer exercise. Details are as contained in Fig. 8.13 for better understanding.
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Figure 8. 13: Real power loss during 20 MW and 40 MW T3, for basic ac network and with VSC-HVDC
transmission system
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8.5 Summary of chapter eight
Power flow enhancement capability of VSC-HVDC transmission system incorporated into an ac transmission

network has been presented in this study. VSC-HVDC described in steady state and static n-equivalent models
to obtain appropriate power equations and for determination of power loss on HVDC line were also
implemented in the research. Optimal location of VSC-HVDC transmission system has been achieved with
derivatives of total network system loss alongside VSC-HVDC transmission system loss with respect to control
parameters. The sensitivity resulted from magnitude of voltage and angle of injection of VSC-HVDC
transmission system formed the basis for HVDC location. Various power transfers resulting from different
types of bilateral and simultaneous transactions consequents of ongoing power system deregulation and
restructuring were implemented and the corresponding power flow examined. The associated bus voltage
profiles and real power loss were studied during these various power transfers. There were improvements in
power flow up to 15.66% corresponding to 46 MW for various transactions, transmission line power loss
minimization up to 0.38 MW and bus voltage profile deviation minimization with incorporation of a VSC-
HVDC based transmission system in the ac network. Power flow were enhanced, bus voltage profile deviations
were minimized, and real power loss magnitudes were also reduced. With the incorporation of VSC-HVDC
transmission system in an ac network, an improvement in system performance has been recorded, therefore,
HVDC based VSC transmission systems have the capacity to support and enhance system behavior especially
during power transactions to achieve system reliability and security. Having demonstrated its competence in
network performance enhancement, the next chapter is therefore dedicated to investigation of VSC-HVDV

transmission system’s ability to offer relief to network especially during n-1-line outage contingency.
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CHAPTER NINE

CONTINGENCY MITIGATIONWITHHIGH VOLTAGE DIRECT CURRENT
TRANSMISSION SYSTEM

9.1 Introduction
This chapter presents the investigation of high voltage direct current (HVDC) based on voltage source converter

(VSC) for power network contingency mitigation purposes. An optimized VSC-HVDC transmission system
was applied for mitigation of bus voltage and line thermal limit violation as a result of n-1-line outage
contingency occurrence during bilateral, simultaneous and multilateral transactions. Line contingency
evaluation through real power performance index (RPPI) as earlier presented in chapter four was adopted for
severe contingency identification purposes. Also as presented in chapter seven and as adopted in chapter eight,
optimization of VSC-HVDC system was achieved through statically developed sensitivity-based analysis of
VSC control parameters, while its performance for both steady state and contingency conditions were verified
with IEEE 30 bus network presented in Appendix A-2 of this thesis.

9.2  Application of HVDC for contingency alleviation
There are accruing challenges for network operators whose determination hitherto, was to ensure economy of

power operation with utmost consideration for maintenance of system security limits. This is because of renewed
interest in power industry consequent of ongoing power network deregulation and restructuring. In order to obtain
economic benefits in this regards, utility companies tend to operate network systems in the vicinity of their
constraints which could result into congestion issue, affect network security, decrease system reliability and
eventually lead to network contingency [208]. To alleviate these problems, system operators can manipulate
network topology in favor of reliability and congestion reduction because the solutions to network complexity

through generation and transmission expansions are both technically and economically bound [209].

In line with North American Electric Reliability Council (NERC) standard 51, system reliability and security
are necessary for operation of power system [210]. This implies that power system planning, and operation
should be such that an n-1 outage contingency of power components should not disrupt supply to the load. To
salvage this situation, several methods which include optimal power flow (OPF), unit commitment (UC),
security constrained OPF/UC, redispatch after continency, reconfiguration of network, contingency
management and transmission switching have been in operation, however, some of them are not economically
viable [211],[212],[213]. In the recent time, power electronics devices have made tremendous contributions to
the urgency for network capacity enhancement, constrained with sustainability and reliability improvement, with
due consideration for minimization of cost, through injection of supplementary controllability and flexibility of
operation [149]. The advancement in voltage source converter based technology enables FACTS devices and
HVDC systems to play these substantive roles in grid infrastructure sustainability and supports [150]. HYDC and
other flexible alternating current transmission systems (FACTS) imbedded with VVSC have established competence

for noticeable diverse power network characteristics improvements. Among other benefits however, HYDC has
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been established to be economical for power system transmission over long distance and its application apart from
being significant, will determine network grid operation in the future [151]. As highlighted, HVDC surpasses
HVAC in asynchronous interconnection of grids, broadened connection of underground cables, minimization of

fault currents, mitigation of impacts on environment and network congestion control [152].

The technology of VSC-HVDC system is fast evolving, with entrenched countless potentials and its suitability in
terms of transient stability, dynamic stability and oscillation damping have received increasingly great research
attentions. However, wide range of ac network support benefits, and other ancillary services formed bulk of
renewed research focus for deployment and application of VSC-HVDC systems. This chapter, therefore,
investigates power network contingency control capability of an ac network embedded HVDC based VSC
transmission system. The provision of ancillary support service which include system limits violation restoration
at the instance of an n-1 line outage contingency was well investigated and analyzed. For emphasis, the need for
increase in network transmission potentials to accommodate diverse nature of power transactions occasioned by
power sector liberalization forms the motivation for the study. The following are the major achievement of this
chapter among others;
(@) Investigation of power flow improvement and bus voltage profile deviation minimization of ac network
embedded with VSC-HVDC transmission system.
(b) Investigation of VSC-HVDC transmission system ancillary support services during contingency. The
following are the major steps taken to achieve the listed objectives;
i.  Application of mathematical equations of total system loss involving HVDC line loss for
derivation of sensitivity-based solution for optimal placement.
ii. Presentation and ranking of resultant sensitivity for voltage magnitude control and control angle
of VSC-HVDC transmission system for optimization.
iii. Performance of load flow of an ac network with alteration in Jacobian elements.
iv. Ranking and selection of the most severe n-1 line outage contingency.

V. Implementation of load flow with n-1 line outage contingency.

9.3 Results and discussions
VSC-HVDC transmission system incorporated into an ac network based on sensitivity optimization technique

is presented as a solution to contingency management in the subsequent paragraphs. System performance under
outage of the most severe ranked contingency line based on RPPI has been evaluated and properly reported.
The effectiveness of VSC-HVDC transmission system for contingency alleviation has also been demonstrated
on IEEE 30 bus network systems in MATLAB software environment. The special consideration for placement
of VSC-HVDC transmission system has well been spelt out in chapter eight. This also holds in this chapter and

is being considered for implementation.
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9.3.1 Optimal placement of VSC-HVDC transmission system

Like previous chapter, total loss of the system containing VSC-HVDC transmission system was differentiated
with respect to voltage magnitude and angle of control variables and the sensitivities factors obtained are
denoted x and y respectively. However, for effective placement, the sensitivity regarding voltage magnitude
must be predominantly negative, while the resulting absolute value of sensitivity for voltage angle control
should be the largest. This implies that highest negative value of sensitivity factor x determines the optimal
location of VSC-HVDC transmission system. Regarding voltage angle derivative, the transmission line where
highest absolute value of sensitivity factor y occurs determines the optimal location. Fig. 9.1 presents the
sensitivity factors x and y as obtained in this study. The highest negative value of x occurred on transmission
line 21-22 meaning this is the optimal location for placement of VSC-HVDC transmission system. The
maximum absolute value for sensitivity factor y also occurred on same line 21-22. Various values for x and y
are well depicted in the figure, but to be precise, the optimal value of x and y which occurred on transmission
line 21-22 are -33.6100 and 33.5940 respectively.
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Figure 9. 1: Sensitivity factors x and y for optimal placement

9.3.2 Test network system

IEEE 30 bus network used for analysis in this study has been earlier described. The modified configuration is
as shown in Fig. 9.2. However, network information, operating settings and line thermal limits as obtained from
IEEE bus networks Appendix 2 data sheet, are detailed in Appendix A-2. In brief, bus voltage lower limits for
all the buses including slack are taken as 0.95 p.u. and that of upper limit to be 1.05 p.u., with the exception of

generator buses whose upper voltage limit is 1.1 p.u. VSC-HVDC transmission system has been used to

Page | 155



outrightly replace the existing ac line 21-22 in the network as depicted in the figure. This location is as optimized

by the implemented sensitivity-based analysis method.

30 26 5

Figure 9. 2: Modified IEEE 30 bus test network

9.3.3  Severe contingency ranking and selection

In order to implement contingency ranking and eventual selection, as a quick recap, load flow was performed
after outage of each transmission line on the test network prior to placement of VSC-HVDC transmission
system. Ranking was done based on sensitivity of outage of each line to the disturbance. Order of ranking was
determined by performance index sensitivity to the various line outages, in descending order from utmost severe
to the least as earlier presented in chapter four. This presents line 2-5 as the most ranked severe contingency as
appears on Table 9.1, containing the first five ranked severe outage lines. Chapter four contains the details of
ranking processes.

Table 9. 1: Ranking of Contingency

Ranking Line  Transmission RPPI
Order No Line
1 5 2-5 321.0613
2 9 6-7 262.0340
3 14 9-10 258.2439
4 2 1-3 247.1413
5 4 3-4 243.9255
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9.3.4  Impacts of VSC-HVDC transmission system on network

The need to optimize network utilization amidst technical and economical restrictions confronted with physical
network expansion calls for intensive research into applications of FACTS and HVDC transmission systems.
Effects of VSC-HVDC transmission system on ac network especially during line outage contingency has been
investigated in the subsequent paragraphs. The investigations were conducted within the attributes of a
deregulated and restructured power network. Power transactions involving bilateral, simultaneous and
multilateral trading were implemented and investigated amidst contingency in this study. Bilateral transaction
of 40 MW power between generator bus 2 and load bus 20 is named T1, simultaneous transaction of 40 MW
power trading between generator bus 5 and load buses 16 and 18 is termed T2, while multilateral transaction of
40 MW power among generator buses 5 & 8 and load buses 15 & 24 are tagged T3 for the purpose of distinction
in this chapter.

9.3.5  Bus voltage profile with and without contingency
The impacts of VSC-HVDC transmission line on network bus voltage values during implemented bilateral,
simultaneous and multilateral transactions are investigated and presented as follows.

9.3.5.1 Bus voltage profile without transactions
Outage of transmission line 2-5 contingency was created here, and effects observed on the test network bus

voltage profile. Fig. 9.3 presents bus voltage profile for normal power flow and flow during outage of line 2-5.
During normal power flow, voltage profile deviation was pronounced in the upper region of the network where
generators are not located. The deviation is glaring from bus 15 up to 30. However, replacement of ac

transmission line 21-22 with VSC-HVDC transmission line minimizes this deviation as shown in the figure.
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Figure 9. 3: Bus voltage profile with and without contingency
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With the occurrence of contingency, bus limit violation occurred at buses 26 and 30 as indicated in magenta
color in Fig. 9.3. Presence of HVDC in the network not only minimized bus voltage deviation but also restored
violated bus limits. Bus 26 and 30 had their terminal voltage restored to 0.9621 p.u. and 0.9514 p.u. from 0.9476

p.u. and 0.9482 p.u. respectively as indicated by green color in the figure.
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Figure 9. 4: Bus voltage profile for bilateral transaction T1

9.3.5.2 Bus voltage profile for bilateral transaction T1
Bilateral transaction involves power trading between a seller and a buyer in a deregulated power sector. The

bilateral trading in this situation involves transfer of 40 MW of power from generator bus 2 to load bus 20 and
termed T1. Bus voltage profile associated with this transaction is depicted in Fig. 9.4. In this transaction, bus
voltage profile deviation was more pronounced compared to voltage profile without power transaction for both
normal network flow and contingency condition. In each case, voltage profile deviated towards the lower limits.
When line 21-22 was replaced with HVDC, the deviation was minimized as evident from the figure. The blue
color line indicates deviation minimization when compared with red colored curve that represents voltage
profile without compensation. Bus voltage limit was violated at bus 26 and 30 when contingency occurred
during this transaction. The depth of voltage dip at these buses transcends the depth when there were no
transactions. Voltage at bus 26 was sagged to 0.9408, and that of bus 30 to 0.9435 p.u. but restored to 0.9616
and 0.9517 p.u. respectively with incorporation of HVDC into the network.

9.3.5.3 Bus voltage profile for simultaneous transaction T2

Simultaneous transaction involves dispatching of power from the same generator to two or more load centers
concurrently. This was also implemented with generator bus 2 transferring 40 MW of power to load buses 16
and 18 at the same time. The response of network bus voltage to this transaction is shown in Fig. 9.5 below.

Voltage deviation profile was a bit relax unlike T1 because wheeling of power to these load buses flow through
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different paths as can be inferred from Fig. 9.2. In the case of T1, the dispatch was from single seller to another
single buyer but for T2 it was from single seller to two different buyers at the same time. This created room for

flexibility in power flow.

Just like previous transactions, the inclusion of HVDC in ac network provided support for bus voltage as can
be seen in the figure. Bus voltage at bus 21 was held around 1.0 p.u. while that of bus 22 was held constant at
1.0 p.u. This is depicted by blue and green line of the curves. As usual, voltage limit violation resulted from
outage of line 2-5, but the violation at buses 26 and 30 was restored in this case as well. Voltages were reduced
t0 0.9434 p.u. at bus 26 and to 0.9456 p.u. at bus 30, however, with presence of HVDC in the tested ac network

the violations were restored to 0.9615 p.u. and 0.9516 p.u. respectively.
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Figure 9. 5: Bus voltage profile for simultaneous transaction T2

9.3.5.4 Bus voltage profile for multilateral transaction T3
Multilateral transaction involves multiple sellers and multiple buyers for concurrent power wheeling in a

restructured power system. This type of transaction was also implemented, and the voltage profile obtained for
40 MW trading is as shown in Fig. 9.6. Multilateral transaction is more demanding on terminal voltage because
of concurrent wheeling of power to and from multiple buses. The response of bus voltage profile to this
transaction is as shown in the figure. Between bus one and thirteen where generators are located, the profile
deviation was controlled, but reactive power control capability of these generators has been weakened in the
upper region of the test network thereby giving room for significant deviation in voltage profile in the region,
as experienced during T3 without contingency.

When contingency occurred, the reactive power control responsible for bus voltage regulation was loss totally
thereby leaving bus 26 and 30 vulnerable. These buses operated below their lower limit bound at 0.9404 p.u.
and 0.9438 p.u. respectively. However, with embedded HVDC system in the test network, these values were

improved to 0.9571 p.u. and 0.9510 p.u. for buses 26 and 30 respectively.
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Figure 9. 6: Bus Voltage profile for multilateral transaction T3

9.3.6 Network power flow with and without contingency
The impacts of VSC-HVDC system on network power flow during various transactions as described are
reported in this section. Power flow control capability of VSC-HVDC system especially during contingency is

also reported in this section.

9.3.6.1 Power flow without transaction and contingency
Fig. 9.7 presents transmission line flows without power transaction and contingency. HVDC transmission
system alters the flow pattern when incorporated to replace transmission line 21-22 outrightly. The

improvement in the flows on the transmission lines in the vicinity of lines 21-22 are of great interest.
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Figure 9. 7: Network power flow without transaction and contingency
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More flows occurred on lines 10-21 and 10-22 but without thermal limit violation. Besides these lines, the

influence of flow enhancement capability of HVDC system were also felt by other transmission lines.

9.3.6.2 Power flow without transaction but with contingency

When contingency occurred as presented in Fig. 9.8, thermal limit violation occurred on transmission lines 4-
6, 5-7 and 25-27 as indicated by line numbers, 6, 8, and 35 respectively. The overloading of these lines resulted
into addition flow on them due to outage of line 2-5. With the presence of HVDC transmission system in the
network, power flows were diverted to adjoining interconnected transmission lines, thereby forcing the lines
operation within the limits. These initial flows which were 0.6781 p.u., 0.8639 p.u. and 0.1515 p.u. on lines 6,
8 and 35 reduced to 0.5137 p.u., 0.5174 p.u. and 0.0355 p.u. respectively. This is well depicted in the figure.
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Figure 9. 8: Network power flow without transaction but with contingency

9.3.6.3 Power flow during bilateral transaction T1 without contingency

Power trading due to liberalization constitutes additional burden to network operations which hitherto have
been in the region of their limits. When there was no trading as presented in Fig. 9.7, none of transmission line
limits were violated however, with 40 MW power transfer from generator 2 to load bus 20, thermal violation
of lines 9-10, 18-19 and 10-20 occurred as presented in Fig. 9.9 in addition to increase in power flow on other
transmission lines. These line overloads were properly controlled by HVDC transmission system as clearly
presented in the figure. These loads were reduced from 0.3020 p.u., 0.1719 p.u. and 0.3596 p.u. to 0.2507 p.u.,
0.1207 p.u. and 0.2324 p.u. agreeable to line limits 0.2560 p.u., 0.1280 p.u. and 0.2500 p.u. respectively for

these lines.
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Figure 9. 9: Network power flow for bilateral transaction T1 without contingency
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Figure 9. 10: Network power flow for bilateral transaction T1 with contingency

9.3.6.4 Power flow during bilateral transaction T1 without contingency
In Fig, 9.10, the magnitude and number of occurrences of thermal overload increased due to outage of line 2-5.

Line numbers 5, 6, 8, 17, 21, 22, 24, and 35 were affected as presented in the figure. Notwithstanding the
overloads created by this contingency, HVDC system adequately controlled and restored the violations when it
was incorporated into the ac network. In this condition, 0.7829 p.u., 0.7810 p.u., 0.8648 p.u., 0.3135 p.u., 0.2142
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p.u., 0.1772 p.u., 0.3542 p.u. and 0.1882 p.u. controlled to 0.0527 p.u., 0.4055 p.u., 0.7143 p.u., 0.1023 p.u.,
0.0391 p.u., 0.1258 p.u., 0.1212 p.u. and 0.0339 p.u. for lines 2-4, 6-28, 2-6, 5-7, 12-14, 15-18, 19-20, and 25-
27 respectively.

9.3.6.5 Power flow during simultaneous transaction T2 without contingency
Impacts of simultaneous transfer of power was as not as severe as that of bilateral trading on the network system.

Thermal overloading of lines 18 and 22 resulted from this transaction without contingency as presented in Fig.
9.11. The flows which exceeded the rated values of 0.2560 p.u. and 0.1280 p.u. with 0.0109 p.u. and 0.0535
p.u. were controlled to 0.2255 p.u. and 0.1218 p.u. respectively, when HVDC transmission system was used to

replace ac line 21-22 in the network.
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Figure 9. 11: Network power flow for Simultaneous transaction T2 without contingency
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Figure 9. 12: Network power flow for Simultaneous transaction T2 with contingency
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9.3.6.6 Power flow during simultaneous transaction T2 with contingency

The occurrence of line outage contingency aggravated thermal limit violations. Transmission lines 6-28, 16-17,
18-19 and 25-27 had their thermal limit violated because shed off power that would have otherwise flown
through line 2-5 flew through them. From Fig. 9.12, the flows which were 0.5709 p.u., 0.1845 p.u., 0.1465 p.u.
and 0.1873 p.u. were properly controlled to 0.0531 p.u., 0.0023 p.u., 0.0164 p.u. and 0.0355 p.u. respectively

when HVDC system was installed on the network.

9.3.6.7 Power flow during multilateral transaction T3 without contingency
Apart from the previous trading, multilateral power transaction is another type of transaction which occurs in a

deregulated network. The network responses to the implementation of 40 MW power transfer from seller
generators buses 5 and 8 to buyer load buses 15 and 24 are as depicted in Fig 9.13. Transmission line number
18 which was overloaded during this trading was relieved with presence of HVDC system. No other line thermal
violation was recorded meaning that the magnitude and the nature of this trading impacted less on the network
as shown in Fig. 9.13.
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Figure 9. 13: Network power flow for Multilateral transaction T3 without contingency

9.3.6.8 Power flow during multilateral transaction T3 with contingency

During contingency as presented in Fig. 9.14 however, transmission lines 5-7, 12-14, and 25-27 suffered
thermal overload. With thermal ratings of 0.5600 p.u., 0.2500 p.u., and 0.1280 p.u., power flow on these lines
were 0.7533 p.u., 0.2815 p.u. and 0.1860 p.u. respectively. These flows were controlled to fall within the limits,
thereby suppressing these values to 0.4974 p.u., 0.0951 p.u., and 0.0355 p.u. when line 21-22 was replaced with
HVDC transmission system. The incorporation of VSC-HVDC transmission system into ac network has
enhanced network performance including contingency mitigation as can be inferred from the various results of

implemented power flow analyses.
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9.4 Summary of chapter nine

Contingency control capability of VSC-HVDC system integrated into an ac network has been investigated in
this chapter. Equivalent = model representation of transmission line lump parameters was deployed with a view
to obtaining loss on the line containing VSC-HVDC system. This was mathematically embedded with steady
state model equations of VSC-HVDC system for determination of its optimal location for placement in an ac
network. The objective of using sensitivity analysis based on controlled parameters of VSC was discerned
through consideration for the impacts of shunt devices on network loss characteristics. Thereafter, an n-1
transmission line outage contingency was created based on the most severe ranked outage line. Real power
performance index ranking of the most severe outage line was adopted because of its effectiveness in
identification of the critical line for contingency implementation as earlier presented in chapter four. Various
power transactions which characterised deregulated and restructured power network were implemented on the
standard IEEE 30 bus system used in the analyses. The incorporation of VSC-HVDC system in-between ac
buses in a network minimized bus voltage profile deviation for steady state and restored violated bus voltage
limits during contingencies. Power flow were enhanced during steady state and thermal limit violations
occasioned by contingencies were adequately controlled. During bilateral, simultaneous and multilateral
transactions however, the presence of HVDC in the ac network not only damped the impactful effects of power
transfers on network dynamics but also control both voltage and thermal limit violations as a result of associated
contingencies. Therefore, VSC-HVDC system incorporated into ac network has the capacity to influence
system dynamics and it stands a solution to problems of contingency especially in a deregulated and restructured

power network.
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CHAPTER TEN
SUMMARY, CONCLUSION, RECOMMENDATIONS AND FUTURE RESEARCH

10.1 Summary and Conclusion
This thesis addresses the issues of power system performance enhancement of a deregulated and restructured

network, using standard IEEE 5 and 30 bus reliability test systems. Initially, RACPF method was successfully
implemented in determining the ATC of a deregulated and restructured system. Subsequently, ATC was
obtained using ACPTDF method. The accuracy of RACPF method was established when compared with the
results of previous work. Numerically to mention but few, 11.574 MW was obtained above the recorded ATC
value for transmission line 1-2 while 29.014 MW was obtained below the recorded value for line 6-8. Various
network operating conditions ranging from normal, contingency, bilateral, simultaneous and multilateral
transactions were investigated with this method. ATC values have been established to decrease with increase
in power transactions. It has also been established that least ATC occurs with contingency occurrence of
multilateral transaction. With these investigations, the importance of ATC to market participants in a

deregulated power system has been substantiated.

Performance index was also used as a tool for contingency ranking and evaluation of IEEE 30 bus test system.
This was done with a view to presenting the most suitable method in deploying PI for contingency problems.
The analyses of the ranked contingencies indicate the efficacy of Pl in presenting the severity of line outage
conditions for power network systems. The aftermath of post line outages for the most severe ranked lines based
on real power and voltage PI also presented unique but important ranking order. The investigation conducted
has demonstrated the behavioral attributes exhibited by these different approaches of PI. It has therefore been
established that the disturbance which resulted into lines overload did not necessarily cause bus voltage limits
violations. Subsequently, voltage and real power indices should be treated differently in order to obtain a
separate but meaningful contingencies rankings using PI, because the duo have been proven to be distinctly

dissimilar.

In order to enhance network performance, an up-to-date and comprehensive literature review of FACTS
controllers starting from description, generations, classifications, categories and connection types, were carried
out in this research work. It was discovered that FACTS devices optimal location and parameter settings are
sine-qua-non to their performance therefore, placement techniques that are categorized into four major groups
have also been exhaustively and properly discussed. Several cutting-edge applications of these controllers
obtained from published articles were presented and discussed. Essentially, this review has shown that future

of successful power network operations depends on applications of optimized FACTS controllers.

Based on this review, ATC values were improved with incorporation of TCSC and SVC into IEEE 30 bus
network system. These FACTS enhanced ATC for engaged bilateral, simultaneous and multilateral

transactions. During enhancements, TCSC maintained bus voltage magnitude for bilateral and simultaneous
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transactions but with slight voltage droop during multilateral trading. In contrast, SVC slightly improved bus
voltage profile for all the transactions. The introduction of SVC contributed to total system real power loss
minimization for all the transactions while that of TCSC had no significant minimization for bilateral and
simultaneous dealings but rather increased total real power loss for multilateral transaction. Therefore, for
transfer capability enhancement with voltage improvement and real power loss minimization in focus, SVC is

more relevant.

Consequently, application of different placement methods was implemented using TCSC for ATC enhancement
of IEEE 30 bus system. TCSC placement based on base case real power loss greatly enhanced ATC of
multilateral transaction and controlled both bus voltage profile and real power losses. Placements using real
power performance index and least bus voltage approaches enhanced ATC of bilateral transaction, controlled
bus voltage and minimized losses. FACTS location considering PTDF increased losses and led to bus voltage
deviations in all transactions. It greatly attenuated ATC for bilateral and multilateral trading without significant
ATC enhancement for simultaneous transaction. It has been concluded here that in optimal placement of
FACTS for ATC enhancement, bus voltage profile, real power loss and nature of transactions should also be
considered.

Based on the forgoing, an optimization technique known as BSO algorithm was proposed for optimum setting
of FACTS devices for multi-objective problem involving ATC enhancement, bus voltage profile deviation
minimization and real power loss regulation. ATC values of the tested network system were obtained for
different transactions with both line intact and n-1-line outage contingency cases. Enhanced ATCs for this
network were achieved with TCSC device which was set with the presented BSO algorithm. The achieved bus
voltage profile deviation minimization and real power loss control during ATC enhancement validate the innate
fitness of BSO for solving multi-objective problems regarding FACTS. Likewise, BSO performance in
comparison with PSO during the achievement of set objectives suggested an advantage of former over the latter.
It has therefore been verified that BSO algorithm is effective in solving multi-objective FACTS allocation and

optimization problems.

Subsequently, a universal method for FACTS optimal placement was developed based on total real power loss
minimization approach with the objectives of ATC enhancement, voltage profile improvement and active power
loss minimization. TCSC which was modeled analytically as SSSC was implemented for this method. Based
on this model, the total real power loss was partially differentiated with respect to voltage magnitude and angle
of injected voltage, and the sensitivity of which were then used for identification of optimal location for TCSC
device placement. ATCs which were hitherto determined by ACPTDF approach were enhanced by optimal
placement of TCSC in the position identified by this developed method. Comparative analysis of optimal
location based on this method and other existing approach revealed its advantage. It was also revealed that

placement based on this method increases the effectiveness of FACTS devices on system performance. The
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presented results and analyses indicate enhancement of ATCs, minimization of bus voltage profile deviation

and reduction of real power loss.

Power flow enhancement capability of VSC-HVDC transmission system incorporated into an ac transmission
network was also investigated and presented. VSC-HVDC described in steady state and static w-equivalent
models to obtain appropriate power equations and for determination of power loss on HVDC line were also
implemented in the research. Optimal location of VSC-HVDC transmission system had been achieved with
derivatives of total network system loss alongside VSC-HVDC transmission system loss with respect to control
parameters. The sensitivity resulted from magnitude of voltage and angle of injection of VSC-HVDC
transmission system formed the basis for HVDC location. Various power transfers resulting from different
types of bilateral and multilateral transactions consequents of ongoing power system deregulation and
restructuring were implemented and the corresponding power flow examined. The associated bus voltage
profiles and real power loss were studied during these various power transfers. Power flow were enhanced, bus
voltage profile deviations were minimized, and real power loss magnitudes were also reduced. With the
incorporation of VSC-HVDC transmission system in an ac network, an improvement in system performance
was recorded, therefore, HVDC based VSC transmission systems have the capacity to support and enhance

system behavior especially during power transactions to achieve system reliability and security.

In the same manner, contingency control capability of VSC-HVDC system integrated into an ac network was
investigated in this study. In this study also, sensitivity-based approach was applied for placement purposes.
The objective of using sensitivity analysis based on controlled parameters of VSC was discerned through
consideration for the impacts of shunt devices on network loss characteristics. However, an n-1 transmission
line outage contingency was created based on the most severe ranked outage line. Real power performance
index ranking of the most severe outage line was adopted because of its effectiveness in identification of the
critical line for contingency implementation. Various power transactions which characterised deregulated and
restructured power network were also implemented on the tested system. The incorporation of VSC-HVDC
system in-between ac buses in a network minimized bus voltage profile deviation for steady state and restored
violated bus voltage limits during contingencies. Power flow were enhanced during steady state and thermal
limits violation occasioned by contingencies were adequately controlled. During bilateral, simultaneous and
multilateral transactions however, the presence of this HVDC in the ac network not only damped the impactful
effects of power transfers on network dynamics but also control both voltage and thermal limit violations as a
result of associated contingencies. Therefore, VSC-HVDC system incorporated into ac network has the capacity
to influence system dynamics and it stands a solution to problems of contingency especially in a deregulated

and restructured power network.

Deregulated and restructured network define the future of power systems, hence, different power trading
including bilateral, simultaneous and multilateral transactions which characterize liberalised network were

implemented alongside determination and enhancement of ATC, improvement of bus voltage profile,
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enhancement of power flow and minimization of system loss using various FACTS devices in this thesis. The

investigation, analyses and contributions in this work present approaches, techniques and future directions for

operation of a restructured power network to researchers, system engineers, network operators and all the

stakeholders in power business.

10.2 Recommendations and Future Research

The following recommendations and future research direction are proposed based on the outcome of this thesis;

Literature review of FACTS deployment conducted in this work revealed high concentration of the
research work focus on single objective, therefore future research should dwell more on multiple
applications of FACTS because variation of one network objective could simultaneously lead to
enhancement, diminution or delimitate others.

FACTS optimization using metaheuristic optimization algorithms is making waves, however, efforts
should be channeled and intensified into applying more hybrid techniques because of its attendant
advantages ranging from accuracy of results, rapidity of convergence and computational efficiency.
TCSC, SVC and VSC-HVDC formed the principal FACTS devices deployed in this thesis, for multi-
objective applications. However, further research studies which will reveal innate capabilities of other
controllers (series, shunt, series-series and series-shunt) should be engaged to encourage their
applications.

The use of multi-FACTS for same target objectives should be part of focus of future research to give
room for comparison in terms of capabilities and performance of different controllers.

Deregulation with several distributed generators describes future power networks, hence, research that
will focus on FACTS utilization with incorporation of DG should be painstaking investigated.
Efforts should be made in future, to conduct research into coordinated control of simultaneously
installed DG and FACTS with a view to improving various power system network performance.
Most importantly, research in the areas of economic benefits of FACTS deployment needs concerted
efforts. Future research on these issues will assuredly lead to overall cost reduction and should be
given due consideration.

More research focus should go into HVDC based VSC transmission system to optimize its

performance especially in the area of network performance enhancement.
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APPENDIX A-1

The structure of IEEE 30 bus network and system data as presented here are as obtained from Appendix B of
IEEE 30 bus data. The network structure is presented in Fig. A-1, while the transmission line data is presented
in Table A-1.1. Table A-1.2 contains bus data, Table A-1.3 presents transformer tap setting and Table A-1.4
contains shunt capacitor data. The data as appeared on the tables are on 100MVA base. The maximum and

minimum voltage magnitude limits are taken to be 1.05 p.u. and 0.95 p.u. respectively.
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Fig. A-1. Structure of IEEE 30 bus network
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Table A-1.1: Transmission Line Data

Half Line
Line From To Resistance Reactance Charging MVA
Number Bus bus (p.u.) (p.u.) Susceptance Rating
(p.u)
1 1 2 0.02 0.06 0.03 130
2 1 3 0.05 0.2 0.02 130
3 2 4 0.06 0.18 0.02 65
4 2 5 0.05 0.02 0 130
5 2 6 0.06 0.18 0.02 65
6 3 4 0.01 0.04 0 130
7 4 6 0.01 0.04 0 90
8 4 12 0 0.23 0 65
9 5 7 0.05 0.12 0.01 70
10 6 7 0.03 0.08 0 130
11 6 8 0.01 0.09 0 32
12 6 9 0 0.21 0 65
13 6 10 0 0.56 0 32
14 6 28 0.07 0.06 0.01 32
15 8 28 0.06 0.2 0.02 32
16 9 11 0 0.21 0 65
17 9 10 0 0.11 0 65
18 10 20 0.09 0.21 0 32
19 10 17 0.03 0.09 0 32
20 10 21 0.03 0.08 0 32
21 10 22 0.07 0.15 0 32
22 12 13 0 0.14 0 65
23 12 14 0.12 0.26 0 32
24 12 15 0.07 0.13 0 32
25 12 16 0.01 0.12 0 32
26 14 15 0.22 0.12 0 16
27 15 18 0.11 0.22 0 16
28 15 23 0.1 0.21 0 16
29 16 17 0.08 0.19 0 16
30 18 19 0.06 0.13 0 16
31 19 20 0.03 0.07 0 32
32 21 22 0.01 0.22 0 32
33 22 24 0.11 0.18 0 16
34 23 24 0.13 0.27 0 16
35 24 25 0.19 0.33 0 16
36 25 26 0.25 0.38 0 16
37 25 27 0.11 0.21 0 16
38 27 29 0.22 0.4 0 16
39 27 30 0.32 0.6 0 16
40 28 27 0 0.4 0 65
41 29 30 0.24 0.45 0 16
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Table A-1.2: Bus Data
Voltage Load Generation Limits
Phase Real Reactive Real Reactive

angle Power  Power Power  Power
(Degree) (MW) (MVAR) (MW) (MVAR)

Qmin Qmax
(MVAR) (MVAR)

Bus Magnitude
Number (p.u.)

1 1 0 0 0 24963  -4.638 -20 150
2 1 0 21.7 12.7 60.97 27.677 -20 60
3 1 0 2.4 1.2 0 0 0 0
4 1 0 7.6 1.6 0 0 0 0
5 1 0 0 0 0 0 0 0
6 1 0 0 0 0 0 0 0
7 1 0 22.8 10.9 0 0 0 0
8 1 0 30 30 0 0 0 0
9 1 0 0 0 0 0 0 0
10 1 0 5.919 2 0 0 0 0
11 1 0 0 0 0 0 0 0
12 1 0 11.2 7.5 0 0 0 0
13 1 0 0 0 37 13.949 -15 44.7
14 1 0 6.2 1.6 0 0 0 0
15 1 0 8.2 2.5 0 0 0 0
16 1 0 3.5 1.8 0 0 0 0
17 1 0 9 5.8 0 0 0 0
18 1 0 3.2 0.9 0 0 0 0
19 1 0 9.5 3.4 0 0 0 0
20 1 0 2.2 0.7 0 0 0 0
21 1 0 19.669 11.2 0 0 0 0
22 1 0 0 0 31.59 40.34 -15 62.5
23 1 0 3.2 1.6 22.2 8.13 -10 40
24 1 0 15 6.7 0 0 0 0
25 1 0 1 0 0 0 0 0
26 1 0 35 2.3 0 0 0 0
27 1 0 0 0 28.91 10.97 -15 48.7
28 1 0 0 0 0 0 0 0
29 1 0 3.659 0.9 0 0 0 0
30 1 0 12 1.9 0 0 0 0

Table A-1.3: Transformer Tap Setting Data

From Bus To Bus Tap Setting value (p.u.)
6 9 1.0155
6 10 0.9629
4 12 1.0129
28 27 0.9581

Table A-1.4: Shunt Capacitance Data
Bus number Susceptance (p.u.)
10 19
24 4
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APPENDIX A-2

The structure of IEEE 30 bus network and system data as presented here are as obtained from Appendix 2 of
IEEE 30 bus data. The network structure is presented in Fig. A-2, bus data is contained in Table A-2.1, while
transmission line data is presented in Table A-2.2. The data as appeared on the tables are on 100MVA base.

The maximum and minimum voltage magnitude limits are taken to be 1.05 p.u. and 0.95 p.u. respectively.
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Fig. A-2. Structure of IEEE 30 bus network
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Table A-2.1. Bus Data

Bus Voltage Generation
BUS Magnitude Phase Real Reactive Real Reactive Qmin Omax
Number (p.u.) angle Power  Power Power  Power (MVAR) (MVAR)
(Degree) (MW) (MVAR) (MW) (MVAR)
1 1.05 0 138.48 -2.79 0 0 -15 100
2 1.0338 0 57.56 2.47 21.7 12.7 -20 60
3 1.0313 0 0 0 24 1.2 0 0
4 1.0263 0 0 0 7.6 1.6 0 0
5 1.0058 0 24.56 22.57 94.2 19 -15 62.5
6 1.0208 0 0 0 0 0 0 0
7 1.0069 0 0 0 22.8 10.9 0 0
8 1.023 0 35 34.84 30 30 -15 50
9 1.0332 0 0 0 0 0 0 0
10 1.0183 0 0 0 5.8 2 0 0
11 1.0913 0 17.93 30.78 0 0 -10 40
12 1.0399 0 0 0 11.2 7.5 0 0
13 1.0883 0 16.91 37.83 0 0 -15 45
14 1.0236 0 0 0 6.2 1.6 0 0
15 1.0179 0 0 0 8.2 25 0 0
16 1.0235 0 0 0 35 1.8 0 0
17 1.0144 0 0 0 9 5.8 0 0
18 1.0057 0 0 0 3.2 0.9 0 0
19 1.0017 0 0 0 9.5 3.4 0 0
20 1.0051 0 0 0 2.2 0.7 0 0
21 1.0061 0 0 0 17.5 11.2 0 0
22 1.0069 0 0 0 0 0 0 0
23 1.0053 0 0 0 3.2 1.6 0 0
24 0.9971 0 0 0 8.7 6.7 0 0
25 1.0086 0 0 0 0 0 0 0
26 0.9908 0 0 0 35 2.3 0 0
27 1.0245 0 0 0 0 0 0 0
28 1.0156 0 0 0 0 0 0 0
29 1.0047 0 0 0 24 0.9 0 0
30 0.9932 0 0 0 10.6 1.9 0 0
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Table A-2.2. Transmission Line Data

Half Line MW

Line Transmission Resistance Reactance Charging L
Number Line (p.u.) (p.u.) Susceptance Limit
(o) (pu)
1 1-2 0.0192 0.0575 0.0528 1.0400
2 1-3 0.0452 0.1652 0.0408 1.0400
3 2-4 0.0570 0.1737 0.0368 0.5200
4 3-4 0.0132 0.0379 0.0084 1.0400
5 2-5 0.0472 0.1983 0.0418 1.0400
6 2-6 0.0581 0.1763 0.0374 0.5200
7 4-6 0.0119 0.0414 0.0090 0.7200
8 5-7 0.0460 0.1160 0.0204 0.5600
9 6-7 0.0267 0.0820 0.0170 1.0400
10 6-8 0.0120 0.0420 0.0090 0.2560
11 6-9 0 0.2080 0 0.5200
12 6-10 0 0.5560 0 0.2560
13 9-11 0 0.2080 0 0.5200
14 9-10 0 0.1100 0 0.5200
15 4-12 0 0.2560 0 0.5200
16 12-13 0 0.1400 0 0.5200
17 12-14 0.1231 0.2559 0 0.2560
18 12-15 0.0662 0.1304 0 0.2560
19 12-16 0.0945 0.1987 0 0.2560
20 14-15 0.2210 0.1997 0 0.1280
21 16-17 0.0524 0.1923 0 0.1280
22 15-18 0.1073 0.2185 0 0.1280
23 18-19 0.0639 0.1292 0 0.1280
24 19-20 0.0340 0.0680 0 0.2560
25 10-20 0.0936 0.2090 0 0.2560
26 10-17 0.0324 0.0845 0 0.2560
27 10-21 0.0348 0.0749 0 0.2560
28 10-22 0.0727 0.1499 0 0.2560
29 21-22 0.0116 0.0236 0 0.2560
30 15-23 0.1000 0.2020 0 0.1280
31 22-24 0.1150 0.1790 0 0.1280
32 23-24 0.1320 0.2700 0 0.1280
33 24-25 0.1885 0.3292 0 0.4800
34 25-26 0.2544 0.3800 0 0.1280
35 25-27 0.1093 0.2087 0 0.1280
36 28-27 0 0.3960 0 0.5200
37 27-29 0.2198 0.4153 0 0.1280
38 27-30 0.3202 0.6027 0 0.1280
39 29-30 0.2399 0.4533 0 0.1280
40 8-28 0.0636 0.2000 0.4028 0.2560
41 6-28 0.0169 0.0599 0.0130 0.2560
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APPENDIX A-3

The structure of IEEE 5 bus network and system data as presented here are as obtained from Appendix 1 of

IEEE 5 bus data. The network structure is presented in Fig. A-3, bus data is contained in Table A-3.1, while

transmission line data is presented in Table A-3.2. The data as appeared on the tables are on 100MVA base.

The maximum and minimum voltage magnitude limits are taken to be 1.05 p.u. and 0.95 p.u. respectively.

45 # j15 4q‘+ j5
Bus 1 BUS 3 Bus 4
|
Bus 2 Bus 5
20 +j10

Fig. A-3. Structure of IEEE 5 bus network

Table A-3.1: Bus Data

60 + j10

Bus Bus Real Reactive Real Reactive
Code  Voltage ' ower Power Power Power
¥ (Mw)  (MVAR)  (MW)  (MVAR)
1 1.06 + j0.0 0 0 0 0
4 1.0 +j0.0 0 0 40 :
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Table A-3.2. Transmission Line Data

Half Line

Line Transmission Resistance Reactance  Charging
Number Line (p.u.) (p.u.) Susceptance

(p.u)

1 1-2 0.02 0.06 X per unit
2 1-3 0.08 0.24 0.0 +j0.025
3 2-3 0.06 0.25 0.0 +0.020
4 2-4 0.06 0.18 0.0 +j0.020
5 2-5 0.04 0.12 0.0 +j0.015
6 3-4 0.01 0.03 0.0 +j0.010
7 4-5 0.08 0.24 0.0 +j0.025

Page | 191





