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Abstract
Series inductive reactance of a given transmission line is a significant governing factor for the

power transmission capability of that line and as the length of line increases beyond a certain

range, this reactance may impose considerable limitations on the amount power that can be

transferred without violating the prudent operational constraints. Transfer beyond that level

can make the system significantly stressed and may even drive into the region of instability.

In many practical cases this transfer limit has been observed to be noticeably lower than the

thermal capability of conductors physically used to construct the line and hence creates a

scope for finding ways to exploit this otherwise unused capacity. In the cases, where the

transmission lines in discussion are interconnections among utilities, urge for maximum

capacity utilization is much stronger due the constraints related to additional line

construction.

This dissertation deals with enhancement of power transmission capability of

interconnections using series capacitive compensation. In most of the real world cases, tie-

lines among utilities are medium to long high voltage lines, which are usually more

susceptible to the power, transfer limitations imposed by series inductive reactance.

Introducing series capacitive compensation provides with a negative reactance, resulting in a

reduced net transfer reactance between two ends of a transmission line and hence the

electrical length of the line becomes shorter to facilitate loading towards thermal limit.

The Two-Area system and an approximate model of the Western Grid of Bangladesh Power

System network have been used as case study; both old and new East West Interconnection

has been considered. Controlled series compensation has been applied through Thyristor

Controlled Series Capacitor. Improvement of steady state, dynamic and transient performance

by applying series compensation has been presented based on the results obtain by standard

static and dynamic analyses, i.e., Load Flow, Continuation Power Flow, Modal Analysis and

Transient Analysis. Comparison of loading margins, corresponding to Saddle-Node and Hopf

Bifurcation of the system, with and without compensation has been performed to reveal the

effect of Series compensation' on transmission capability. Financial feasibility of series

compensation project for these interconnections has been performed in a simplified manner

arid findings are presented in the thesis.
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. CHAPTER 1

Introduction

Controlled Series Capacitor (TCSC).

1.1 Introduction
Necessity of exploiting mmumum capacity of power transmission infrastructures IS

increasing day by day due to simultaneous effect of demand growth and limitations of

constructing new transmission infrastructures. EVolution of different commercial schemes for

the electric power industry, specially deregulation of the market, has made this necessity even

stronger. As a result, utility planners and operators are in constant search for effective ways

to utilize full capacity of their existing resources and infrastructures.

Tie lines or interconnections, being the corridor for inter-area bulk power transactions, are of

great importance - both technically and commercially. Considering the construction time,

cost, right-of-way and environmental issues in the construction of interconnections, it is

usually preferred to find ways to maximize the capacity of existing tie lines.

Theoretically, a transmission line can be loaded up to its thermal limit. But in real life, this is

practical only in case of short transmission lines (less than 80 km). Longer lines face the

constraints of voltage drop and steady state stability limits before reaching the thermal limit.

In medium lines (from 80 km to 250 km), voltage drop limits the loadability, whereas, in long

lines (greater than 250 km) loadability depends on the steady state stability limit [1].

Conventionally, power handling capability of a transmission system can be directly

influenced by series and shunt compensation [2]. Application of Flexible AC Transmission

System (FACTS), capable of providing .controlled shunt and series compensation in a

dynamic environment, c'!ll enhance the power transfer capacity of transmission lines. This is

accomplished at the same time with improvement .of system stability [3-4]. A number of

utilities in the world have applied this solution in their systems and are enjoying the benefits

[3, 5].

Possibility of power transmission capability enhancement by series compensation has been
J •. '"'
,'\

studied in this work; controlled series compensation has been implemented by Thyristor)
. ~!. ,.
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1.2 Literature Review
Utilizing full thermal capacity of installed transmission lines has long been an issue in the

electric utility industry and development of techniques and schemes for accomplishing this

has always been insisted on by utility owners and other entities related to commercial

operations. At the initial stage of electric industry evolution, voltage drop across distribution

circuits used to be a limiting factor in power delivery and series capacitive compensation was

in application to minimize this problem. Marbury et. al. defines series capacitor [6] as an

element which is connected in series with a circuit and improves the voltage regulation by

inserting a negative reactance. Although many of the first generation installations of series

capacitors in the US, since early 1930s;were intended to improve voltage regulation of radial

distribution circuits [7], growing requirements for long distance bulk power transmission,

mainly attributed to utilization of cheaper generation resources in the distant places pursued

to consider the application of series capacitors to enhance power transfer capability of those

"long" transmission circuits.

Several early age literatures discussed the requirements of applying series compensation on

transmission circuits and discussed the practical difficulties experienced with their operation.

In [8], Starr and Evans reviewed the fundamental limitation of a transmission system arising

from 'transfer reactance between the sending and receiving end. Amount of power transfer is

an inverse function of the transfer reactance and reducing it enhances the transfer capability

of the line. High voltage operation of the lines was proposed as a solution. This seems

justified and apparently attractive as, even if line resistances are neglected, both of the ends

are modeled as infinite buses and voltage at those buses are kept constant to rated values, still

the maximum synchronous capacity of the transmission system increases to 100 times for a

10 times step-up in voltage at both ends. But cost of high voltage equipment and engineering

considerations such as high voltage transformer reactance, stability considerations of long

lines and requirements of reactive power hinders the worthiness of this option to be a unique

one. Multiple circuit operation can be another option, where cost of multiple high voltage

lines is again detJimental and makes the project economics less attractive .. Operation with

reduced system frequency may be an option which is limited by larger size and higher cost of

induction equipment and requirement for frequency changers, DC operation has been

reported to be economical ,over the AC operation if the line lengths are in the order of 500

miles and also provides with additional advantages such as no synchronous stability limit

exists and lines can be loaded up to economic limit, but basic limitation with DC operation

2



has been identified as lack of flexibility to supply power in ,the intervening area. Among all

the methods discussed in this publication for reducing transfer reactance, series compensation

was identified as the "most important alternative or supplement" among the available options.

A. A. Johnson [9] discussed introductory ideas on the effect of applying series compensation

on radial and tie feeders. For interconnecting lines among utilities, main application of series

compensation is to enhance the transmission capability and system stability rather than to

improve voltage regulation which is usually the case for radial feeders., For a given phase

angle difference between voltage at the two ends, amount of power transferred is greater with

series compensation and this in tum enhances the stability of the system by interchanging

more synchronizing power during transient conditions.

Several operating difficulties with the use of initial stage series capacitors have been reported

and analyzed in the literature [7, 9], such as ferro-resonance in transformers causing

extremely high exciting current which may sustain even at. the steady-state, hunting of

synchronous machines due to increased resistance-to-reactance ratio and self-excitation of

induction motors at sub-synchronous frequency; solutions to mitigate these problems have

also been discussed. Voltage drop across and current through series capacitors is several

times of that during normal operating condition. For a fixed reactance, cost of series

compensation is approximately proportional to the square of current magnitude and hence,

based on economic considerations, it was necessary to develop protection systems which

allows the capacitors to be rated by nominal operating cudent [7, 9]. Protective gaps have

been used for low-voltage application of series capacitors; magnetic contactors were in use to

put back the capacitor when the circuit becomes normal. In high-voltage interconnections,

special type of gap was used for by-passing the capacitor; system stability being the major

concern with tie-line applications, high speed breakers were used for reinsertion of capacitor

units within half cycle to one cycle after fault clearing [9].

With advancement of commercially available capacitor units and to meet ever increasing

need for distant and bulk transmission of electrical energy, analyses had been carried out in

the industry to realize series compensation of longer and higher voltage lines for

enhancement of stable power transfer limit in consideration with practical implementation

factors. Long distance lines are usually designed with intermediate switching stations. In

, [10], Crary et. al. discussed different configurations for locating series capacitors on linesin

the range of 300 to 600 miles with several switching stations, on the basis of economic and

3



stability benefits. Application of series capacitors in intermediate switching stations has been

proved to be a highly economical and practical means of long distance power transmission,

Theoretically, magnitude of transfer reactance of a series compensated line should be equal to

the difference between magnitudes of series inductive reactance of the line and capacitor

reactance; but in practice ihis is true for comparatively shorter lines and hence, in longer

series compensated lines, the terril "compensation efficiency" has been used to reflect higher

transfer reactance than the theoretical value [11]. It is defined as the ratio of net reduction in

transfer reactance to the actual capacitive reactance used. In [11], Kumar et. al. analyzed the

effectiveness of series compensation on 500 kV lines of length up to 1000 km. If single

capacitor bank is used, best compensation efficiency is achieved by locating the capacitors at

. the mid-point, and in this case efficiency does not depend on degree of compensation; it is

only a function of position and line length; efficiency is higher with lower line length. But,

for applications where series compensation is implemented in several parts along the line due

to maximum permissible voltage ratings, fault conditions and protective requirements,

compensation efficiency is additionally a proportional function of the degree of

compensation.

The first commercial installation of 500 kV series capacitors was realized in California, USA

- on the Pacific Inter-Tie. Reference [12] provided engineering considerations related to

design, installation and operation of the units and serves as a source of practical information

for series capacitor installation projects. Degree of compensation is 70% for each of the line

sections, applied in two parts and'located at both ends of the section;, which is exceptional to

the previously discussed midpoint location. From economic point of view, installation and

operating cost can influence the position of capacitor banks and hence, construction costs

related to additional substation for mid-point location of series capacitors may not always be

appreciated. Some of the line sections of the Pacific Inter-Tie was not series compensated as

those are of moderate lengths and remains overloaded at normal operation. Hence, series

capacitors for these sections will require a higher MVAR rating and obviously the project

cost will be higher than the achievable benefits.

Whenever faults occur in long series compensated lines with more than one section, and

. faulted section is isolated subsequently, the overall line reactance is increased and threatens

the system stability, Kimbark [13] proposed a switched-capacitor scheme that increased the

amount of compensation upon occurrence of a fault by an amount equal to the increase

caused by isolation of faulted line-section, Example calculations for a 360 mile, 525 kV
4 'c



double circuit transmission line with two sections showed that application of the scheme can

enhance the transient stability limit from 2.22 to 2.98 GW, which indicates an increase of

34%.

An electric power system is rarely found to stay in any equilibrium state for a long time; it is

rather continuously changing due to natural load behaviors, faults, outage of network

elements arid so on. Compensation systems installed in a power system should be capable to

cope with this characteristic. Until the invention of Thyristor by GE in the early 1960s,

compensation schemes have been fixed in nature. The first commercially available controlled

compensation system was of shunt type, i.e., a shunt connected Static VAR Compensator

(SVC) installed by GE in 1974, whereas the first controllable series compensation appeared a

decade later, in 1984. It was a scheme for oscillation damping invented by N. Hingorani and

was demonstrated by Siemens on Southern California Edison's Mohave - Lugo 500 kV line

[14, 15].

Theory and techniques for analyzing performance of compensation systems on the dynamic

behaviors of a power system is different than those for steady state analysis. In [16], Rauth

reviewed the typical dYnamic behaviors of a power system upon occurrence of a disturbance.

The first few cycles upon the disturbance occurred is referred to as "Subtransient Period"

where rapid decay of AC and DC components of fault current takes place. If the disturbance

occurred is severe and rotor angle excursion is large, then the duration of first half-cycle of

rotor angle oscillation is called the "First Swing Period", which usually lasts for 0.5 - -I sec.

This period is highly significant as this is the span of time where transient stability may be

lost. Series capacitor enhances the peak synchronizing power capability and hence for a fixed

initial power, first-swing stability is higher with series compensation. Rauth [16] also

identified the effects of controllable or adjustable reactive .compensation on system dynamic

and transient stability. Voltage control by reactive compensation aids to stabilize the rotor

angle excursion during system disturbances. Adjustable compensation is also required to

maintain the voltage within acceptable limits as the system loading or network configuration

changes and to minimize the unnecessary flow ofreactive power by keeping the transmission

losses at a reasonably minimum value.

In [17], Miller et. al. provided a comprehensive analysis of Thyristor Controlled Reactor

(TCR) based static compensators including control strategies; though these analyses are

focused on shunt applications, yet can be used as reference for analyzing series applications,

because of the fact that the TCR scheme analyzed is the main source of variable susceptance

5



in many of the continuously controllable compensation systems. In a TCR, two oppositely

poled thyristors are connected in parallel and this combination is connected in series with a

reactor. For a fixed amount of physical reactance, available susceptance of the TCR branch is

a function of the conduction angle [17].

Concept of "FACTS" was first introduced to the power system community by N. Hingorani

in April 1988 and was defined as "thyristor-assisted ac power system" [14], though other

power electronic devices and static controllers have been included in the latter definitions.

The ever first Thyristor Controlled Series Capacitor (TCSC) scheme for increasing power

transmission capability appeared inl992 by Siemens on WAPA's Shriprock-Glen Canyion

transmission line. Before installation of this new FACTS device, a joint publication by

researchers from WAPA and Siemens [18] provided with theory of operation of the

controlled compensation scheme, which was termed as Advanced Series Compensation

(ASC). The scheme consisted of a TCR in parallel with a fixed series capacitor. In this paper,

authors provided an analytical expression of the resultant reactance available from the ASC

as thyristor firing angle is varied and discussed some of the important design considerations

for operating the device.

The scheme is electrically a parallel combination of an L-C circuit, where value of inductive

reactance is a function of the firing angle, as discussed before. Based on conduction angle of

thyristors, the device can be operated both in inductive and capacitive mode, though natural

application requires the capacitive one. At firing angle of 1800
, thyristor switches are non-

conducting and equivalent reactance is equal to the physical reactance of the capacitor; as the

firing angle is decreased, equivalent capacitive reactance starts to increase. As the scheme is '

in series with the transmission line reactance, limits of the firing angle is to be chosen so that

series resonance is avoided to save the controller from probable damage due to high voltage

drop and internal current. Reference [18] also provides with an expression for percentage

harmonic content in ASC voltage and shows that harmonic pollution increases with decrease

of firing angle and hence puts another limitation in selecting the firing angle range.

Slow response time of the ASC scheme, influenced by initial firing angle, amount of change

in firing angle and amount of net series reactance resulting from change in firing angle, has

also been reported in [18]. Given this inherent slow response of the ASC system, capability

of this device to respond appropriately to damp power oscillations has been examined;

simulation results showed that reactance can be satisfactorily modulated at 2 Hz to damp

power swings of less than 2 Hz, which was stated as a reasonable limit considering the real-
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world experiences from interconnected system operations. At that time, different local and
(

remote signals were under investigation for using as modulation control input [18].

Since the first generation installations of controlled series compensation systems as

mentioned above, considerable amount of research work have been deployed in the industry

to develop more accurate models to be able to capture system dynamics with Thyristor

Controlled Series Capacitor (TCSC) and to prepare engineering specifications with higher

degree of precision for future installations. TCSC being a variable reactance system, limits or

constraints of achievable reactance from this system has been an important consideration in

modeling approaches. In [19], Paserba et. al. reviewed voltage and reactance characteristics

of TCSC and identified it's reactance limit based on firing angle, voltage across TCSC and

line current; the final limit to be chosen was proposed as the minimum of these individual

limits. The authors here proposed a "voltage-limited" model of TCSC for typical transient

and oscillatory stability studies, where magnitude of variable reactance is limited by voltage

rating of the TCSC. Simulation results presented show that this model produces more

accurate transient performance than the "fixed reactance limit" model.

Several references including [19] and power system analysis tools such as PSS/E and ETMSP

initially have been using similar type of model which approximated TCSC dynamics by

variable reactance [20]. As reviewed and discussed by Jalai .et. al. in [20], these models

assumed the controller as an "ideal" one i.e., lacking considerations for controller response

time and included the control as an integral part of the TCSC design, lacking flexibility in

incorporating external control. Here [20] the authors proposed a new model which represents

the inherent slow response of TCSC and keeps provision for external control. For transient

analysis, this model replaces the reactance of TCSC with a parallel combination of a

capacitor with similar reactance and a current source representing the thyristor current. As the

line current is modulated in both rnagnitude and phase, this model provides a lagged response

based on the inherent time-delay 'whereas the output from traditional models tracked the

magnitude ofline current without any delay.

In [21], the authors provided a theoretical derivation of the relation of TCSC equivalent

reactance with thyristor conduction angle and discussed the limiting factors affecting the

range of controllable reactance. Ratio of physical reactance of capacitor and inductor

influences the number of resonating points and to obtain only a single resonating point the

ratio should be limited to a certain value. This paper also discussed relationship of this ratio

to TCSC specifications such as rating of capacitor and inductor, thyristor peak current and

7



peak reverse voltage. Impedance Sensitivity Factor (ISF) has been defined as rate of change

of TCSC equivalent reactance with respect to thyristor conduction angle and explains the

limitation of TCSC operation near resonance point based on this concept; magnitude of ISF

becomes very large near resonance point, i.e., a small change in conduction angle results in a

large change in equivalent reactance and severely affects stable operation of the system.

As observed in [18-20], integration of a control loop in the TCSC control function to

modulate the equivalent reactance provides satisfactory damping to power oscillations in the

post-disturbance scenario and thus enhance power transfer limits caused by transient stability

problems. Gronquist et. al. [22] proposed damping control strategies for FACTS controllers

based on locally measurable variables and concluded that structural variations of power

system does not impact the control laws. Though the analyses presented in this publication

are based on energy function method, which is expected to be valid for a larger region of

applications than that with linearized system models [22], many of the literatures used

linearization technique for this purpose [23-25]. Damping controller used in these references,

and also in this work, is the traditional "lead-lag" compensator. Design of the controller

involves determination of appropriate control signal and parameters of the controller based on

linear analysis. In [23], Fouad et. al. reviewed the controller design approach based on mode

controllability and observability analysis and calculation method for determining controller

parameters.

Rouco and Pagola [26] discussed controller design approach based on eigenvalue sensitivity,

specifically for series compensation devices. For controllers used in series connected FACTS

devices, there is a direct dependence of the output on the input if a branch variable is applied

as an input signal to the controller and the eigenvalue sensitivity is simply the product of

controllability aild observability, which is termed as residue. Phase of residue indicates

amount of phase compensation required. for stabilizing and based on this controller

parameters are determined.

In [24], Canizares et. al. discuss the characteristics of a proper input signal for TCSC

damping control functions and demonstrate the stability improvement and transfer capability

augmentation achieved by application of TCSC on Argentinean HV grid. The same test

system has been used in [25] to show the effects of controller gain variation with change in

TCSC set point and variable post-contingency set point - both the strategies showed

improved transient performance.

8



Deregulation of the electricity market around the world compels transmission systems to be

loaded up to highest possible limit, which is mostly governed by network stability problems,

especially the Voltage Stability. A joint taskforce of IEEE/CIGRE [27] defines this as the

ability of a power system to maintain steady voltage upon encountering a disturbance from an

initial operating condition; physical appearance of "voltage collapse" has been explained as a

phenomenon of "blackout" or abnormally low voltage in network resulting from a collection

of events accompanying voltage instability. Since several major blackouts around the world

have been directly associated with this incident [28], it is of high importance in the industry.

Voltage collapse point is mathematically associated with Saddle-Node Bifurcation when one

of the eigenvalues of the state matrix becomes zero [29]. Another local bifurcation, termed

Hopf Bifurcation, is of adequate importance to the power system community and is identified

when a pair of complex conjugate eigenvalue crosses the imaginary axis in course of

changing the system load. This phenomenon brings in oscillatory instability to the system.

The term Available Transfer Capacity (ATC) of a transmission utility has achieved

considerable attention due to commercial and contractual scenario prevailing in typical

deregulated environment A report by Dobson et al. [30] serves as an informative source for

transfer capacity related issues and provides methodologies for determining different types of

transfer capacity. In this reference, ATC has been defined as "the amount by which inter-area

bulk power transmission can be increased without compromising system security".

In [2], Canizares et al. reviewed voltage collapse problems, defined ATC as the maximum

possible power transfer before appearance of the collapse point and discussed application of

TCSC to enhance ATC of transmission systems. A practical example of Italian transmission

grid has been presented; both constant PQ and voltage dependent loads have been considered.

Similarly, [28] refers voltage collapse point as the maximum loadability point and analyzes

effects of TCSC on voltage collapse phenomenon; a real European system model has been

used. Both of the publications conclude that application of TCSC improves the ATC, i.e.,

increase the distance of collapse point and hence increase the loading margin of the system.

Discussions presented above provide a literature based idea on the limitations imposed by .

line inductive reactance on transmission capability, possible enhancement by applying series

compensation and also motivates to study the effect of this compensation technique for

transmission capability enhancement of a tie-line in Bangladesh Power System.
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1.3 Problem Identification
Power System in Bangladesh is geographically divided into two main regions by the river

Jamuna - namely the Eastern and Western Region. These regions were being operated

independently until they were interconnected by the first East-West Interconnector (EWI)

between Ghorasal and Ishurdi 230 kV substations in the early 1980s. To facilitate higher

transfer of electricity to Western Grid, another interconnection has been constructed and

commissioned in March 2009. Main motivation of this work originated from the power

transfer limitations experienced in the past, with single interconnection.

The first EWI is a medium length (179 km) double circuit transmission line, rated at 230 kV;

actual operation suffers from low voltage problem. Based on actual operating voltage and

ampacity of the conductor used (Mallard) as per American Aluminum Company data

provided in reference [I], thermal limit of this line is more than 300 MW per circuit at unity

power factor. But in practice, transfer of power to Western Grid is usually limited to 200MW

per circuit (in terms of injection into Ishurdi bus) by load shedding and hence, a significant

portion of thermal capacity remains unused. No study or analysis has been found from

Bangladesh Power Development Board (BPDB) or Power Grid Company of Bangladesh

(PGCB), during this work, in support of 200 MW transfer limitation; verbal discussion with

System Planning Directorate of BPDB uncovered that non-convergence of load flow

equations have been found beyond 200 MW injection into Ishurdi bus.

This thesis investigates the possibility of applying series compensation for higher utilization

of thermal capacity of East-West Interconnector; and additionally analyzes the effect of

controlled series compensation on power transmission capability and stability of the system

with both of the tie-lines.

1.4 Organization of the Thesis
This dissertation has been organized into Five Chapters and Two Appendices. Chapter 1

contains brief literature review on fixed and controlled series compensation with focus on the

specific goals of this work, i.e., transmission capability enhancement. Chapter 2 deals with

the tests systems, describes the dynamic models in brief, and discusses briefly the analytical

techniques and simulation tools used in this work. Results of analyses have been presented

and discussed in Chapter 3. Chapter 4 provides a simplistic financial analysis of the series

compensation project. Conclusions and scope for future research work are provided in

Chapter 5. Appendices are provided to supplement the study and analysis presented herein.

10



CHAPTER 2

Test Systems,
Analytical Techniques & Tools

This chapter deals with the test systems for used for studying the effect of senes

compensation on power transmission capability of tie lines; provides brief theoretical

background on the analytical techniques; and presents a short description of the simulation

tools used.

2.1 .Test Systems

Two test systems have been used in this work to show the effect of series compensation in

transmission capability enhancement. The first one is the well-known Two Area System [31],

chosen for demonstrative purposes and the second one is an approximate model of the

Western Grid of Bangladesh Power System (BPS) network, which is the main concern of the

objective of this thesis.

2.1.1 Two Area System

Two Area Test System [31] and it's modified versions have been 'in application for years in
I,

studying inter-area phenomena of power system operations, specially the stability related~

issues .. The test case comprises of two simple power systems of similar configuration,:

designated as Area-I and Area-2, interconnected by a double-circuit tie line. Each of the

areas consists of two generators with similar capacity feeding the load centers of that area.

The tie line is a medium length transmission line, divided into two sections of identical span.

Two capacitive shunts are also connected with the load buses to facilitate reactive support.

According to the base case configuration, Area-2 has a generation shortfall of 367 MW and is

covered by surplus generation from Area-I through the tie-line. Series compensation has

been applied at the middle point of the line by additional bus adjacent to the existing

sectioning bus. Detailed modeling data of the system is provided in Appendix B.
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Figure 2.1: Two Area System

2.1.2 East-West Interconnected System

Topology of this system has been derived from the actual network configuration of the

western part of BPS network, that can be approximated as a radial one, divided into 5

operational regions, namely - Dhaka, Central, Southern, Northern and Western region. Dhaka

region has the largest bulk of generation and exports power to the western part. Dhaka,

Central and Southern - these three regions together form the greater Eastern Grid, whereas,

the Northern (Rajshahi-Rangpur) and Western (Khulna-Barisal) region form the Western

Grid of the system. A single line diagram of the proposed approximation of EWIS is shown

in Figure 2.2.

Until March 2009, these two grids have been interconnected by only a single tie-line between

Ghorasal (east) to Ishurdi (west). Along with the new interconnection between Ashuganj

(east) to Sirajganj (west), several 230 kV lines have been constructed to enhance the power

handling capability of the west grid itself. Two scenarios of the EWIS have been considered.

One is with single interconnection and without the newly constructed 230 kV lines (Scenario-

1) and the other is with two interconnections and those new 230 kV lines (Scenario-2).

In the prevailing time period of Scenario-I, Ishurdi substation was the gateway to receive

power from eastern grid and to deliver it over the western grid through several tapped

branches from this node extending up to districts of Northern and Western region. Line

between Natore and Bogra creates a meshed configuration at the mid part of the western grid.

In Scenario-2, Sirajganj substation has been turned into as another flow-gate to facilitate

further import to western grid through the new EWL New 230 kV tapped extensions from

Sirajganj into.Northern Region (Barapukuria) and into Western Region (Khulna South) forms

the 230kV backbone of western grid and uplifts the power handling capability of western

12



part. Considering the scope of study, modeling of the eastern grid was not required and hence

was represented by a single standalone bus, which has been used as the reference or slack bus

for power flow model.

Bogra
f ~ajganj

I,)Shahzadpur 2"' EWI..---Pabna .

Nator.

1"EWI

Ashuganj

GOOra.al .
System

Barisal

Madaripur

klShurdl

\Bottail -....,\

~

Fandpur
Jhinaida "

Bagherhat Bhandaria

Bheramara

Fig. 2.2: Single Line Diagram of East-West Interconnected System

Scenario-I of the EWIS has been set up as the base case and specified as such, that real

power injection into Ishurdi 230 kV node is approximately 200 MW, which has been

considered to be the highest possible import through the 1st EWL System operatio~ in PGCB

is accustomed to keep the transfer to western grid up to this limit by means ofload-shedding

and as a consequence, practical operating data shows that this transfer scenario usual1y

appears due to loss of generating units in the west-grid. Since this work intends to find out

transmission capability enhancement for healthy system operation (without contingency),

highest transfer in this work is simulated by increasing the West' Grid loading and keeping al1

the generating units of this region in-service.
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2.2 System Modeling

The Two Area intercorinected system, being a standard test-bed, has been used 'as available'

from the reference except for the exciter and turbine governor. Emphasis has been given to

discuss detailed modeling of the EWIS.

2.2.1 Generating Units and Synchronous Machines

In the greater western grid, the largest amount of generation takes place in the mid-part of the

grid, which comprises of units at Baghabari and Bheramara. Generation in the Northern

region has been aggregated in Barapukuria, the largest unit in this region; other small units in

Rangpur, Saidpur and Thakurgaon have not been considered due to lower availability, rather
r .

generation in Barapukuria has been considered higher than the actual generation available to

represent the total generation in this region. In the Western part, generations both in Khulna

arid Barisalhave been considered. Other new rental power plants are expected to corne online

soon, which have not been considered in this work.

For dynamic modeling of synchronous generators, sub-transient model available from the

simulation package has been used. Block diagrams of the Direct and Quadrature-Axis flux

linkage model are shown in Figures 2.3 (a) and (b).

Field
Currenl +

+

+

+

+

r
1 4'kd

1+sT"",

K5<j

+

Fig. 2.3 (a): Block Diagram of Direct Axis Sub-Transient Model
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Where,

(X; -Xd")( Xd -X;) . (Xd' -Xd")
KId = " [Eqn. 2.I(a)), Kld = (' ) [Eqn.2.1(b)),

(Xd -Xl) Xd -Xl

(xd" -Xl) . (xd' -xd")( Xd -xd')
K'd = (' ) [Eqn.2.I(c)), K4d= (') [Eqn.2.I(d)),

~-~. ~-~
,

KSd=Xd -Xl [Eqn.2.I(e))

Xl = Leakage Reactance
X d Direct-Axis Transient Reactance
X d = Direct-Axis Sub-Transient Reactance
iqo Direct-Axis Open Circuit Time Constant
T do Direct-Axis Open Circuit Sub-Transient Time Constant

K3q

1 + 1 \Vkg I
~O~~q

-- K2'lsT", '-.,/ l+sT'",
-

Ksq . I X"'ll
1+K1q

-

I I
r •• K4q'-. .+ i'l-

.
K1q -

Fig. 2.3 (b): Block Diagram of Quadrature Axis Sub-Transient Model

Where,

(' ")( ') . (' ")Xq -Xq Xq-Xq . Xq -Xq
K,q = " [Eqn. 2.2(a)), K'q = ( , . ) [Eqn.2.2(b)),

(X -X) X -Xlq I q
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[Eqn.2.3]

(X " - x )" (x ' - x ")(X - x ')q I q q qq ..

KJq = (' ) [Eqn. 2.2(c)], K 4q= (' ) [Eqn.2.2(d)],
~~~ ~-~
,

K,q=Xq -Xl [Eqn.2.2(e)]

Xl, X'q, X'"q, T"qo"T"qo have the same meaning as before, as applicable for quadrature axis. Due

to constraints in the simulation package, same value of X"d and X"q has beenused. Complete

dynamics of the machine is modeled by the following inertial equations [32]: .

SO = {))-l

(D +Tjs:k = Tm - (E;1q +E;d

Here, J andw represents Rotor Angle and Speed respectively;

D and rj represents Damping Constant and Inertia Time Constant, respectively;

Tm represents Mechanical Torque Input;

E"d and E"q represents direct and quadrature axis component of sub-transient EMF or

generator internal voltage, respectively, determined from flux linkage;

and, 1a and 1qrepresents direct and quadrature axis component of armature current,

respectively, determined from load equations;

Machine data for EWIS have been chosen based on sample data of nearest MYA SIze

machine, as provided in [32].

2.2.2 Exciter

Considering the fact that most of the units in the EWIS are of older type, IEEE Type-l self

excited DC exciter has been used to capture the dynamic behavior of excitation systems; as

per IEEE Recommended Practice [33], newer units. are modeled with AC or Static type

exciters.

1
l+s7;,

.ViFB

VRMAXr
~
l+s7;,

J
Vr~MIN

Fig. 2.4: IEEE Type-l DC Exciter
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The process starts with smoothing of the input terminal voltage through a first order filter

with time constant TR. Filtered terminal voltage and stabilizing feedback VFB is subtracted

from reference input VREF and the output is then amplified with an amplifier of gain KA and

time constant TA. Inherent time constants of the voltage regulator is modeled using TB and

Te, which is usually set to zero for many applications [33] and also in this work. The

regulator incorporates a non-windup limit of VRMAX and VRMIN to represent saturation or

power supply limitation. Voltage regulator output controls the exciter. Value ofKE is used to

model the shunt field rheostat setting; in this work KE is entered zero and the simulation

program calculates the appropriate value so that initially the value of VR is zero [33]. Effect

of saturation is modeled by a non-linear function SE; value.of this function at two points of

the saturation curve, usually at 100% and 75% of the exciter ceiling voltage, are used to

represent the saturation function for computer simulations. Stabilization to the exciter is

provided by a derivative feedback compensation [32] of gain KF and time constant TF.

Exciter data have been chosen based on sample data provided in [32].

2.2.3 Turbine-Governor

Simplified turbine-governor model as available with the simulation package has been used.

Speed error signal is amplified via steady-state gain, lIr, where r represents droop or speed

regulation. Summation of power and amplified speed error signal, being limited by maximum

power output Tmax> goes through dynamic blocks representing speed governing and turbine

systems. The reheater time constant is typically high, which causes the siow response of the

governor [34].

Speed - r

. 1
1+sT"

Governor
H

Servo

.H. :::;, Lp. . ~r-P::~Wh
Rehealer

Fig. 2.5: Simplified Turbine Governor Model

2.2.4 Transmission Line

Medium length transmission lines are typically modeled using Nominal Pi-Circuit, which

represents the shunt capacitance of the line as two lumped capacitances placed at both ends of

the line, each having a value equal to half of the total capacitance [1]. Though T-model is

also applicable for medium length lines, the EWIs have been modeled using nominal Pi-.
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Model in this work. Based on the design data, the nominal-pi model of the 151 interconnector,

line is shown below.

Is • •
+ Z LINE" 0.0267 +j 0.1371 +.
Vs .• _' _ Y""E ; 0,1324 • Vp

2

- -

Figure 2.6: Nominal-Pi Modell 51 of East-West Interconnector

The nominal-pi model above has been used for the generic two-port network representation

of the line. Sending and receiving end quantities of a two-port network are related to each

other by general network constants ABCD in the following way. Detailed derivation is

available in textbooks e.g. [1,35].

[~;]=[~~I~:][Eqn.2.4]

Where,
YIJNEA=D=I+--ZuNE
2

B = ZIJNE

C = YuNE(l+ YL;E ZUNEJ

ZLINE and YLINE represent the line impedance and susceptance respectively. Besides the tie-

lines, all other lines in the network are also represented with pi model.

2.2.5 Load

Load has been applied to 132 kV buses in the western grid. Active load data at these buses

have been collected from PGCB. Constant active and reactive power load, usually defined as

"Constant PQ" load has been used. As PGCB does not keep record of reactive demand at

substation end, power factor from operational data was not available. During Power System

Master Plan (PSMP) [36] update in 2005, collected data on grid substations showed that

power factor varied from 0.85 to 0.95 during peak periods. Based on collected data and

discussions with PGCB and BPDB, PSMP assumed an improved power factor scenario of
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"0.90 or more" by 2010. In this work, power factor at all of the load buses has been assumed

as 0.928 lagging, which corresponds to the Ishurdi end power factor in the Scenario-I base

case during approx. 200 MW injection. Variation of load is accomplished by multiplying

each of the loads by Loading Factor (LF) - this provides a cornmon platform for finding the

loading margins in terms ofLF from two 'different simulation tools.

2.2.6 Capacitive Shunt

BPS network contains capacitive shunt compensation at 33 kV sides of the grid substations.

As loads are applied in aggregate manner at 132 kV bus, capacitive shunts are also modeled

in the same way for the respective buses.

2.2.7 Series Compensation

This is essentially a capacitive element in series with the inductive reactance of the

. transmission line to be compensated as shown in Fig. 2.7 and introduces a negative reactance

[6], which in tum reduces the net transfer reactance of the transmission system. Series

capacitive reactance has been represented by a variable reactance to model the controllability

of series compensation.

Figure 2.7: Variable ReactanCe Model of Series Compensation

In this work, controlled series compens'ation has been applied by TCSC. Typically, a TCSC

consists of a TCR module and a fixed capacitor connected in parallel. This combination is

connected in series with the line to be compensated, as shown in Fig. 2.8.

Figure 2.8: Basic Schematic of a TCSC
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Equivalent reactance produced by the TCSC depends on the firing angle of the TCR branch.

For the analyses performed in this work, "Phasl< Controlled" mode of TCSC operation has

been used [37]. Mathematical relation of thyristor firing angle with the fundamental

frequency equivalent reactance of TCSC used for the simulations of this work has been

presented in several papers, e.g. [18-19,21,28] as:

[Eqn.2.5]

Where, 6" = 2(7[-a) and kx =) Xc
XL

a = thyristor firing angle

Xe = equivalent reactance produced by TCSC

Xc = fundamental frequency reactance ofthe capacitor of TCSC

XL = fundamental frequency reactance of inductor ofTCSC
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Figure 2.9: Variation ofTCSC Reactance with Thyristor Firing Angle

By variation of the firing angle, the device can be operated both in inductive and capacitive

region. As typical application of TCSC is in providing series capacitive compensation, limit

of the firing angle is set up as [24]:

amin < a < 180', where amin> ar.

amin = minimum thyristor firing angle

ar firing angle which produces resonance in the system and must be avoided
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For steady state analyses at a given .Ievel of compensation, the effect of series compensation

can be modeled either by directly inserting a negative reactance or can be obtained from the

. relation of TCSC equivalent reactance with firing angle. Both the approaches have been used

in this work based on the requirements of the simulation tools used. Detailed modeling data is

provided in Appendix B.

In [25], the authors described typical control schemes used for a TCSC controller - namely

the "internal control" and "external control". External control guides the TCSC to provide the

required compensation based on specified objective and measured system variables whereas,

the internal control provides the required gate firing signals for thyristors to produce desired

output reactance. In addition to providing steady-state series reactive compensation for power

flow control, oscillation damping controller is usually included in the external control, which

provides with improved transient performance for a given level of power transfer.

External control function for steady state power flow control is usually implemented by PI

controller or direct operator intervention [25]. In this work, steady-state level of

compensation, i.e., the set point is varied manually for achieving different degrees of

compensation. For oscillation damping purpose, the reactance is varied by dynamic action of

a stabilizing or Damping Controller, which is discussed in Section 2.2.8 below.

2.2.8 TCSC Damping Controller

A fixed level of series compensation can improve transient performance of a transmission

system than that without compensation; but for achieving even better transient performance, a

damping controller can be added for modulating the TCSC reactance [18, 24-25].

The first step in addition of a damping controller is identification of the critical mode of

oscillation by performing modal analysis of the system; then appropriate controller is added

to provide additional damping to that mode. Controller structure and parameter calculation

methods used in reference [23, 38] have been applied in this work.

K sT". 1+s1;",,; I
Input Sigllal 1+ sT" 1+s1;~ I Outp---l vi Signal

LimiterWashout SbJge Dynamic
Compensator

Figure 2.10: Block Diagram ofTCSC Damping Controller

The controller contains three blocks as shown in Fig. 2.9; the first one is a wash-out block

used to make the controller non-responsive to the DC offset of the input signal [24]. Then
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[Eqn.2.6]

comes the lead-lag block, which provide dynamic compensation and finally a limiter is

placed to limit the level of compensation within practical ranges.

For an oscillation mode to be damped by the stabilizing action of a controller, the mode must

be visible in the input signal to, and must be excited by the output of that controller [38].

These properties are defined as "observability" and "controllability" of that mode

respectively and determined from eigenvectors, input and output matrix of the linear

representation of power system. Details on this subj ect matter are discussed in several

references e.g., [26, 34, 38]. Line active power flow has been used as.input signal for TCSC

controller in several references, e.g., [23-25,38] and also in this work.

2.3 Analytical Techniques
Considering the scope of this work, i.e., demonstrating the enhancement of transmission

capability of tie-line by applying series compensation, the analytical framework has been

structured based on methods that are typically used for analyzing static and dynamic

performance of transmission systems. Bifurcation based techniques have been used in this

work to identifY system loading limits based on stability considerations [39].

2.3.1 Steady State Analysis

For demonstrating steady state performance of series compensation, ABCD parameter based

analysis and load flow studies have been performed.

A. Two-Port Network based Analysis

Application of generic two-port representation of a transmission system is widely used in

analyzing basic steady state performance. General network constants of two-port network,

conventionally termed as ABCD constants, have been determined from the Pi-Model of the

transmission line and have been applied to demonstrate the improvement of line performance.

Amount of real power delivered to the receiving end by a line can be expressed in terms of

ABCD parameters as the Equation 2.5 below [I]:

_ VRVs IAIV.'
PR-lBIcos(BB -J)-lBIcos(BB -BA)

Where, PR is Receiving End Power, Vs and VRrepresent Sending and Receiving End Voltage

respectively and J is the Transmission Angle
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From this expression it is apparent that modification of the ABCD parameters can change the

level of power transferred for a fixed sending, receiving end voltage and transmission angle.

With the application of series compensation, ABCD parameters of the line can be changed in

the direction which enhances the level of power transferred through the line.

B. Load Flow Analysis

As known .for years, this is a basic study which provides the platform to perform further

studies by providing the steady state operating conditions of the network. ABCD constant

based analysis reveals the improvement in performance of an isolated single line from a

circuit point of view; to demonstrate the improvement with the line in an actual network, load

flow analysis is applied. Newton-Raphson based power flow routine, as available with the

simulation tools, has been used for this work. Transmission angle and voltage at the receiving

end was observed in the load flow results to compare the steady state performance with and

without series compensation.

Transmission Angle

Fundamental requirements of bulk electric power transmission is that the major synchronous

machines must remain in synchronism and voltages must be kept near the rated values [40].

For a given transmission line, there is a maximum level of power which can be transferred

stably through the line and this is called the steady state stability limit. Angular displacement

has always been used as a convenient criterion for assessing stability of power system [41].

For a given level of steady state power transfer, a system operating with lower angular

displacement is said to have a better stability. Approximate expression of a power system

consisting of a source, load and a series compensated transmission line connecting them can

be stated as follows [40]:

[Eqn.2.7]

Where, P = power transferred through the line

Vs, VR = sending and receiving end voltage respectively

XL = inductive reactance ofline

kse = percentage of series compensation
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Figure 2.11: Variation of Transferred Power with Degree of Compensation

When k,e = 0, the line behaves like a natural or uncompensated line. The curves shown in

Figure 2.11 depicts that with increasing level of series compensation, same amount of power

can be transferred with lower angular displacement, i.e., with better steady state stability.

Voltage Drop

Bus voltage lower than the specified range indicates that line loading is approaching the

steady state stability limit. Though, due to lumped characteristic, natural application of series

compensation is to increase limit of stable power transmission by compensating for line

electrical length, it has been observed that improvement in voltage drop scenario can also be

achieved as a by-product of applying series compensation, when installed in a radial system.

Series compensation decreases the voltage drop along the line by decreasing the net series

reactance [I].

Improvement III voltage drop scenano can also be explained based on Characteristic

Impedance of the line, which for a lossless approximation, is defined as Surge Impedance and

expressed as,

20 = ~ [Eqn. 2.8]

where L is the series inductance of line and C is line shunt capacitance per unit length of line
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[Eqn.2.9]

Surge Impedance Loading (SIL) is the power delivered by a lossless line to a load whose

ohmic value is equal to the surge impedance of the transmission line and mathematically

expressed as,

SIL = (kV,,"d )'
Z,

where k Vmted = rated system voltage and Zc = Surge Impedance

If a line is terminated by its surge impedance, it produces a flat voltage profile and reactive

power flow through the line is zero. In real world cases, transmission lines are not terminate a
exactly by surge impedances, rather loading vary from fraction to multiples of the SIL

depending on the natural behavior of a power system. If the SIL of the line can be modified

such a way that the actual requited loading of the line is near the SIL, a substantial

improvement in the voltage profile can be achieved at that particular load level.

Effect of series compensation is to decrease the series reactance of the line, which eventually

decreases the surge impedance and increases SIL; surge impendence varies in the following

way as the degree of compensation is changed [40]:

[Eqn.2.iO]
,

Where Zo and Zo are the modified and natural surge impedance respectively and kse is the

degree of series compensation.

2.3.2 Bifurcation Analysis

Bifurcation Analysis is a mathematical tool used to study the non-linear behavior. of a

dynamic system, as any specific parameter of the system changes. Bifurcation occurs when

an incremental change made to that parameter causes a sudden change in the system

behavior. Mainly two types of bifurcation are of interest to the power system community -

Saddle-Node Bifurcation (SNB) and Hopf Bifurcation (HB). Determination of bifurcation

points 'of a system by mathematical techniques requires appropriate representation of the

system in mathematical terms.

An electric power system, being a highly non-linear and dynamic physical system, can be

represented by the following "general mathematical description" [2, 28] as in Eqn. 2.11:

x = j(X,y,A,p)
0= g(X,y,A,p)

[Eqn.2.11]
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Where, x E 91n is a vector of power system state variables related to dynamic states of

generator and its associated controls such as exciter, governor etc, FACTS state variables and

so on; y E 91m represents system algebraic variables such.as bus voltage, A E 91' is a set of

non.controllable parameters, typically represents sys.tem loading factor which is varied to

drive the system into bifurcation and p E 91k corresponds' to a set of directly controllable

system parameters, such as series or shunt compensation levels,f() and g() represents vector

function of right hand side of the system differential equations and algebraic constrains

respectively. Determination of bifurcation points involves monitoring the eigenvalues of

system Jacobian at the operating point [42, 43].

To detect bifurcation points, system loading is increased in the following manner:

P=p"(l+),) [Eqn.2.12]
Q=Qo(I+)")

Po and Qo represent Base Case Loading and }.is the Loading Factor

A. Detection of Saddle Node Bifurcation - Continuation Power Flow

Combined effects of constraints associated with constructing new transmission facilities and

contractual bindings compel utilities to operate the system in stressed condition which may

lead to the situation of static voltage instability, more often termed as "voltage collapse" [2,

28,42-44].

The following two-bus radial system shown in Figure 2.12 .can be used to describe the

voltage collapse phenomenon in quite fundamental manner, where the constant PQ load in

region-2 receives power from the source in region-l through the tie line with impedance jX.

Region-2

Transmission Line

Figure 2.12: T\\;o Bus Radial System
Region-t

For a base-case transfer scenario, it is assumed that Region-2 is receiving Po amount of active

power from Region-l and in this scenario, Vo is the voltage of the receiving end bus. Now, if

Po is increased with all other network conditions fixed, Vo will decrease and at some point, a
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further increase in transfer may lead to a situation of sharp and rapid decrease in voltage

magnitude, i.e., the voltage "collapses". The following PV curve Fig. 2.13, commonly known

as "Nose" curve, depicts the voltage collapse phenomenon. This is also called "Bifurcation

Diagram".

0.9

0.8

0.7

~ 0.6
1\ .•
~ 0.5

0.4

0.3

0.2

15 2
Loading Factor

3 35

Figure 2.13: Nose Curve or, PV Curve or, Bifurcation Diagram

Physically, voltage collapse is an issue related to reactive power imbalance in the system.

Availability of reactive power for any specific node of the system limits the loading margin at

that node. With the course of increasing the loading of that bus, a point - usually called as

"Nose" point, is reached - beyond which an incremental change in loading cannot any more

be supported by the system reactive supply and the voltage declines very sharply. Large

amount of voltage drop is observed before reaching the nose point due to huge reactive loss

[44-45]. By applying series compensation, reactive loss of the system is reduced resulting in

a better reactive reserve and thus loading margin of the system can be improved.

In mathematical terms, the static voltage collapse phenomenon is typically associated with

Saddle Node Bifurcation [2, 28, 43] and is "characterized" as an equilibrium point where the

system Jacobian is singular and has a simple and unique "zero" eigenvalue with non-zero left

and right eigenvectors [46], under the assumption that the Jacobian of algebraic constraints is

non-singular along the system trajectories of interest [42, 47]. For a power system

Differential Algebraic (DAE) model, as shown in Eqn. 2.11, SNB corresponds to the

equilibrium point (xo, Yo, J,o,Po) where:
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These criteria are based on a "local reduction" [47] by elimination of algebraic variables y by

applying Implicit Function Theorem [47]: y = y-I (x, A ) [Eqn. 2.14],

if, Dyg(.), i.e., Jacobian of the algebraic constraints gO can be assumed non-singular along.

the system trajectories of interest. Detailed mathematical representations and conditions for

Saddle Node Bifurcation can be found in several references, e.g., [42-43, 46-48]. It is to be

noted that all of the voltage collapse phenomena are not related to SNB [43, 47-48], rather

may be caused by "fast dynamic events", such as "large disturbances" [47] or by voltage

control devices [42-43].

Voltage collapse point corresponding to SNB has been used in several papers to identify the

loadability limit of a system based on static voltage stability [28, 44, 49]. Gradually

increasing the system load and performing conventional power flow analysis in each step

until the solution fails to converge may be thought as a "simple alternative" to find out

loadability margins [46]. This approach has drawbacks like intervention between two

consecutive steps to change the system loads manually and numerical problems related to ill-

conditioned Jacobians near singularity points [46, 48]. Solutions obtained by this approach

also depend on the specifications of the power flow routine and may vary depending on the

simulation tools used [48].

More convenient and precise detection of the proximity to SNB is typically performed by

Continuation Power Flow technique. In [46], the technique for tracing bifurcation diagrams

by continuation method has been described in details. The three step process is initiated with

predicting a new equilibrium point from the previous one by choosing arbitrary steps of

loading parameter and state variables; this is called the Predictor Step. For finding actual

position of the new equilibrium, Corrector Step is used which finds the intersection point

between the plane perpendicular to the tangent vector at previous equilibrium and the

bifurcation diagram itself. If the solution fails to converge, step sizes are reduced. As the

system approaches bifurcation in the course of varying the loading parameter, system

Jacobian becomes iii-conditioned. Parameterization step is then used to replace the loading

parameter with one of the system variables which possesses the highest change and makes

the Jaccobian non-singular at bifurcation point; bus voltage has been used as the swap

variable in the simulation tool used. Bifurcation point is detected as sign change in the

determinant of power flow Jacobian for the case of loading parameter itself or sign change in

the change in loading parameter step for the case of replacing loading parameter with system

variable.
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B. Detection of Hopf Bifurcation - Modal Analysis

Physical appearance of this type of local bifurcations in the system is characterized by

oscillatory behavior of system variables and probable "instabilities" [50]. Linearized model

of power systems about an operating point is widely used to extract oscillatory stability

related information of the system and aids to reveal the feasibility of a desired operating point

based on a given set of dynamic data. Modal analysis involves computation of eigenvalues,

eigenvectors and system modes from state-space representation of power system model.

These. aIlalyses are also collectively termed as "Small Signal Stability Analysis" or

"Eigenvalue Analysis".

Reference [50] reviews the approach for determining Hopf Bifurcation point that starts with

linearization of nonlinear dynamic system model about an operating point. Linearization of

the DAE model in Eqn. 2.11 at an operating point (xo, Yo) for given values of (Je, p) gives:

811 81
... [ill:J = OX

IO

oy 0 [~J [Eqn.2.15]
a og og fly

oXo oyo
Eliminating the vector of algebraic variables y In Eqn. 2.15, based on. non-singularity

assumption of og as before, it is found,
. . 0'0

ill:= [81
1 - 81 [Og )-' og J~=A~ [Eqn.2.16]

oXo 0'00'0 ax 0

Where, A is System State Matrix.

HB is identified as an equilibrium point when a pair of complex conjugate eigenvalues of the

system state matrix crosses the imaginary axis with "non-zero speed", i.e., at the HB point,

derivative of real part of the purely imaginary eigenvalue with respect to system loading

parameter is non-zero and all other eigenvalues have non-zero real parts [42, 50-51].

For a given set of dynamic data of the system, such as parameters for synchronous machine,

exciter, governor and TCSC, modal analysis routine of the simulation tool used constructs the

state matrix and computes eigenvalues, left and right eigenvectors and system modes.

Position of an eigenvalue in the s-plane gives an idea of system's dynamic stability.

Eigenvalues closer to the imaginary axis indicates lower system damping and higher degree

of oscillatory behavior.
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With series compensation applied, critical eigenvalues have been observed to move more into

the left half region of the s-plane which indicates the system is achieving better dynamic

stability [49, 51]. Position of critical eigenvalues with and without series compensation has

been compared in this work to show the effect of series compensation on dynamic stability of

the system.

2.3.3 Transient Stability Analysis

The concept of transient stability is based on the ability of the system to recover normal

operation upon occurrence of a major disturbance. For testing the improvement in transient

performance by applying series compensation, a severe disturbance has been applied to a

specific load bus in the test networks. System variables such as Voltage at faulted bus,

machine angle of the nearest unit from the fault and tie-line active power flow has been

plotted in a 20 sec. snap-shot. Profiles of these variables with and without senes

compensation are presented on the same plot to compare the transient performance.

2.3.4 Analytical Framework

For the Two Area System, the analysis has been started with finding the steady state

operating conditions of the uncompensated system at the base case loading and loading factor

was increased up to the point where transmission angle across the tie lines exceed safe limit

Though theoretical steady state limit of a system is calculated assuming the transmission

angle as 90', in practice, for safe operation of the system transmission angle is not allowed to

exceed 30' across the line, even it is tried to keep smaller for ensuring better stability [52].

Series compensation was then applied and improvement achieved was observed. Bifurcation

analyses have been performed to find Static Loading Margin (SLM) by CPF technique and

Dynamic Loading Margin (DLM) by Modal analysis [49] of the uncompensated system and

compared with the results of the compensated one. Finally time domain simulations have

been performed to assess the system's transient behavior with and without compensation.

For the EWIS, two-port network based analysis was the starting point. Before working with

the detailed model, static bifurcation analysis has been performed with a three-bus

approximation of EWIS by keeping the voltages at rated level and providing with a higher

reactive supply. This has been performed due to the fact that positive effects of series

compensation on transmission capability enhancement is not fully understood due to low

voltage and lack of reactive supply in BPS network. After this, all the other similar analyses

as in Two Area System have been performed.
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2.4 Simulation Tools

Two software tools have been used for the simulations in this thesis. UWPFLOW has been

used for perf~rming continuation based analysis; modal and transient simulations have been

performed with PST. Load flow results presented in the thesis are also performed with PST.

A brief narrative on the packages is presented below.

2.4.1 UWPFLOW

This is a research tool designed and developed by Prof. Claudio A. Canizares and Shu Zhang

from University of Waterloo, Ontario, Canada and Prof. Fernando L. Alvarado from

University of Wisconsin-Madison, Wisconsin, USA, for calculating local bifurcations related

to system limits or singularities in the system Jacobian. The program codes are written in C /

C++ and run both under WINDOWS and UNIX environments.

The program reads basic power flow data in WSCC / BPA / EPRI format and IEEE common

format and FACTS devices data in a special format exclusive to this package. Power flow

equations are solved using Newton-Raphson algorithm. Static bifurcations can be determined

both by Direct Method and Continuation Method.

Solutions form this tool are provided in ASCII format; additional data can be obtained with

specified options for post processing analyses such as bifurcation diagrams, tangent vectors,

left and right eigenvectors at a singular bifurcation point, jacobians, voltage stability indices

etc. The program and associated information is available in [53].

2.4.2 PST

This is a MATLAB based tool for initially designed and developed by Prof. Joe Chow of

Rensselaer Polytechnic Institute. Since 1993, it has been marketed and further developed by

Graham Rogers from Cherry Tree Scientific Software, Ontario, Canada. The version of PST

which has been used for this work is based on the version that Graham Rogers has used for

[34].

PST can be used for dynamic analysis of AC/DC/F ACTS power systems. The most attractive

feature of PST is that it can integrate user-defined models into simulation environment; and

as the program codes are open, users can modify or extend the computational capabilities to

tailor for specific simulation requirements. The program and associated information. is

available in [54].
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CHAPTER 3

Analysis and Results
This chapter presents the results of analyses performed on the Two Area test system and the

proposed approximate model of the EWIS based on the analytical framework developed in

the Chapter-2.

3.1 Two Area System

The Two Area system has a base case load of 967 MW in Area-I and 1767 MW in Area-2;

reactive load is 100 MVAR in both areas.

3.1.1 Steady State and Bifurcation Analysis

'Power flow analysis has been performed on the base case and then loading in Area-2 is

increased up to the level where transmission angle exceeds safe operating limit; power flow

results are provided Table 3.1

Table 3.1: Steady State Conditions of the Uncompensated Two Area System

Increase in
Area-2 Loadin

0.0%
1.5 %

Export from Area-l
[MW+'MVAR]
400.44.+ . 12.30
430.76 + . 26.72

Voltage at Area-2
Load Bus u

0.9712
0.9642

Transmission Angle
[de .]
27.48
30.21

It is observed that transmission angle limit exceeds at 430 MW transfer level, which is 1.5%

higher than the base case loading. If series compensation is applied at this loading level,

transmission angle is reduced and further loading becomes possible.

Table 3.2: Steady State Conditions of the Compensated Two Area System

Increase in Area-2 Export from Area-l Voltage at Area-2 . Transmission Angle
Loadin!!: [MW+i MVARl Load Bus [pu] [de!!:.l
1.5 % 429.04 - j 43.30 0.9734 17.39
12 % 651.70 + i 21.38 0.9227 30.06

20.3 % [70% Comp.] 842.26 - j 14.32 0.8889 21.34

Table 3.2 shows that with 40% steady state series compensation, at approx. 12% higher

loading than the base case, the transmission angle limit exceeds. As the level of series

compensation is increased at this condition, transmission angle is further reduced and system
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loading can be further increased. Analysis has been performed up to 70% senes

compensation, which is considered as the practical maximum [48].

Maximum loadability of the system has been determined by performing bifurcation analysis

based on the given set of static data. CPF analysis shows that in the system without

compensation, voltage collapse occurs at LF of 0.07747 whereas in the 40% compensated

system, the collapse point corresponds to LF = 0.13524 which is more than 74% higher than

the natural system. For 70% compensation, voltage collapse appears at LF = 0.203; power

flow analysis at this level shows transmission angle is satisfactorily below the safe limit, as

shown previously in Table 3.2.

Modal analysis reveals that the oscillatory instability related to HB is triggered at LF = 0.045.

in the uncompensated system, whereas, no such phenomenon was observed III the

compensated system in the entire operating range up to the collapse point .
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Fig. 3.1: Bifurcation Diagram of Two Area System

Eigenvalues of the system with and without compensation have been plotted in Fig. 3.2,

which shows that the critical eigenvalue moves deeper into the left half region of the complex

plane for the system with series compensation - indicating better dynamic stability.
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Table 3.3: Critical Eigenvalue with Series Compensation in Two Area System

Level of LF = 0.015 LF - 0.12
Compensation
Uncompensated -0.0197 + j 3.3537 -

40% -0.0740 + j 4.1362 -0.0219 + 3.5176

Dynamic response is further improved by deploying of a damping controller, as shown in

, Chapter 2. For using active power flow though the line as input signal to the controller,

controllability and observability analysis has been performed. Finally controller parameters

are calculated from residue ofthe critical mode.

Table 3.4: Indices for using Line Active Power Flow as Input Signal

Residue
0.0068 + . 0:0487

Eqn. 3.1 (a)

Phase compensation required to shift the critical eigenvalue more into the left half plane

, along the -ve real axis is equal to the supplement of residue phase angle, which in association

with frequency of the critical mode is used to calculate the time constants of the lead-lag

controller, as shown in Eqn. 3.1 [23, 38].

I . (,p"mp)-sm -'-
~ead n= -a
1;,g 1+ sin( ,p ,:mp )

Here, ,p"mp =Amount of Phase Compensation
n =Number of Controller or Compensator Stage

I
1;,g = ..rc;

Wmode to be damped a
Eqn. 3.1 (b)

Table 3.5: Controller Parameters for TCSC in Two-Area System

Gain (K) Washout Time Constant [sec.] T'a. [sec.] T'ead [sec.]
30 10 0.6460 0.0905

Root locus of the critical eigenvalue with the damping controller deployed is shown in Figure

3.2, which depicts the shift of the critical eigenvalue with controller action. Selection of gain

is performed so that damping is more than 3% - 'and no other eigenvalue is shifts to the

unstable region with the selected value of gain.
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The plotted root locus of the system shows that for the same range of gain, shift of critical

eigenvalue from initial position is greater in the system with higher loading; this is due to the

fact that the magnitude of residue, i.e, sensitivity of the critical eigenvalue is higher than the

previous loading (LF = 0.015).

3.1.2 Transient Stability Analysis

Now, transient performance of the system with and without compensation is compared. A

three phase fault is applied at t= 0.3 sec at a load bus [Bus 12] in Area 2 with subsequent

tripping of the line. Time domain simulation profiles obtained show the improvement in

transient stability of the series-compensated system with a tuned damping controller.

Transient performance at the highest possible loading level with 40% series compensation,

i.e., LF = 0.12 has also been presented on the same plots.
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Fig. 3.7: Tie Line Power Flow in the Two Area System

Fig. 3.4 depicts the dynamic action of the TCSC controller, fed back by input signal as the

active power through the tie-line. Controller provides the highest compensation in the post

fault scenario. Voltage profile at the faulted bus, angle of the machine nearest to the faulted

bus .and tie line active power flow variables have been plotted in Fig. 3.5 to Fig. 3.6

respectively to compare the improvement in transient performance by applying controlled

series compensation.
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3.2 East-West Intercomiected System.

3.2.1 Two-Port Network Based Analysis

General Two-Port Network Constants or "ABCD" Constants of a transmission can be used to

show mathematically the improvement of line performance by applying series compensation.

From the Equation 2.5 in Chapter 2, it is apparent that modifying "B" can contribute to the

increase of power transferred through the transmission line for a fixed sending and receiving

end voltage and transmission angle. For this work, a Simulink model has been created that.

takes these parameters and transmission line constants as input and calculates the ABCD

parameters of the uncompensated line. An input is provided in the model for varying

percentage of series compensation. Based on the compensation provided, the model then

calculates the modified ABCD parameters and displays the power delivered with and without

series compensation .

.Though the nominal operating voltage for EWI is 230 kV, practical operating data before

commissioning the 2nd EWI shows that the voltage level rarely crossed 200 kV at Ghorasal

end; most of the cases it has been found to be around 190 kV. Based on this observation,

. sending and receiving end voltage in the Simulillk Model has been kept 190 kV and 175 kV

respectively and the transmission angle has been assumed 25 degree, slightly below the safe

operating limit.

Variation of ABCD parameters resulted from variation of level of series compensation and

corresponding amount.of real power transferred is shown in Table 3.6. Analysis has
". _. stperformed on the I EWI only.

Table 3.6: Received Real Power with Different Level of Series Compensation

Compensation Level A B Real Power [MW]
0% (Natural Line) 0.981 + i0.00353 14.12 + i 72.53 185.4

30% 0.992 + j 0.00355 14.20 + j 51.16 253.4
40% 0.996 + jO.00356 14.23 + i 44.04 287.1
50% 0.999 + i 0.00357 14.25 + i36.92 329.3

It is observed, the natural or uncompensated line is unable to carry more than 185 MW of real

power into the receiving end for the specified voltage and angle conditions; at this operating

point, theoretically about 210 MVA flows from the sending end which is about 70% of the

thermal rating of the line. Applying series compensation can increase the" level of power

transferred for fixed sending and receiving end voltage and transmission angle. In other
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words, for a fixed amount of power transfer, transmission angle is reduced if series

compensation is applied - which indicates better steady-state stability of the system. At 50%

series compensation, the apparent power flowing from sending end is beyond the thennal

rating and hence results beyond this are not tabulated.

Typical surge impedance of a 230 kV overhead line is in the range of 365 to 395 Ohm and

SIL varies usually from 134 to 145 MW [I]. Table 3.7 shows the enhancement of SIL by

applying different level of series compensation. As the SIL is increased with series

compensation, higher loading with less voltage drop becomes possible.

Table 3.7: Variation ofSIL with Different Level of Series Compensation

Compensation Level SUrl!e Impedance (Ohm) SIL (MWI
0% (Natural Line) 380.86 138.89

30% 318.43 166.01
40% 295.01 179.31
50% 269.31 196.43

3.2.2 Analysis on 3-Bus Approximation of EWIS

A 3-bus approximation of the East-West interconnected system has been shown in Figure 3.8.

1-0
Ishurdi

1" East-West Interconnector

Ghorasal

Western Region . Eastern Region

Fig. 3.8: 3-Bus Approximation ofEWIS

The system consists of two regions, representing eastern and western grid of BPS and a

transmission line interconnecting them with its Pi-model parameters same as the first EWI.

The western region has a generation deficiency of 200 MW, which is being met by the

eastern grid. Before entering into analysis with a mote detailed system model, improvement

in line perfonnance by applying series compensation has been examined by this three bus

approximation.
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CPF analysis has been performed on this model, without enforcing the practical limitations of

voltage and reactive power generation at the PV node representing generators in the western

grid. The load is applied at 230 kV, the rated operating voltage of EWI.

The plot in Figure 3.9 shows nose curves for the system. In the uncompensated system,

voltage collapse occurs at LF slightly above 0.206 whereas in the 70% compensated system it

occurs at about 0.816.
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Fig. 3.9: Bifurcation Diagram of the 3-Bus Approximation of EWIS

Thick lines in the bifurcation traces of Figure 3.9 shows that thermal limit ofEWI exceeds at

LF = 0.140 in the uncompensated system, whereas in the compensated system it is 0.337,

which is more than double of the uncompensated limit.

Now, analyses have been performed on the approximate model shown in Chapter 2. Here two

scenarios have been considered - the first one is with single interconnection but without the

new 230 kV transmission lines in west region (Scenario-I) and the second one is with two

interconnections and with those new lines (Scenario-2).
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3.2.3 Analysis on the Approximate Model (Scenario-I)

Tho.ugh Scenario.-I do.es nat co.rrespo.nd the prevailing to.po.lo.gyo.f the actual BPS netwo.rk at

present (i.e., with two. interco.nnectio.ns), it is has been co.nsidered due to.the fact that the main

mo.tivatio.n o.fthis thesis o.riginated the transfer capacity limitation with single interco.nnectio.n

and base case o.fthe test netwo.rk in this thesis has also.been set up an this scenario..

Available data fro.m PGCB shaw that during the maximum transfer, i.e., 200 MW, the po.wer

facto.r at Ishurdi end is aro.und 0.983 and appro.x. IS to. 20 kV vo.ltage drop o.ccurs acro.ss the

line. In this wo.rk, the base case netwo.rk set up gives nearly similar results - po.wer facto.r at

Ishurdi 230 kV no.de is fo.und as 0.9826 and 15.27 kV drop o.ccurs acro.ss the interco.nnectio.n.

With this base case set-up, several mo.dal simulatio.ns have been perfo.rmed, changing the

Io.ading facto.r in each run. It has been o.bserved, the system can transfer 244.86 MYA fro.m

Gho.rasal to. Ishurdi before HB is triggered in the system; an incremental additio.n o.f Io.ad in

the western grid beyo.nd this level triggers the o.scillato.ry instability.
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Fig.3.10: Occurrence o.fHo.pfBifurcatio.n in Scenraio.-I

Results fo.und with mo.dal analyses stated abo.ve are platted in Figure 3.10, which eventually

farms a roo.t Io.cus o.f eigenvalues o.f the unco.mpensated system with the Io.ading facto.r
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variation; it is observed that at approx. loading factor of 0.303, i.e., at equivalent import level

of 198.35 MW the system encounters the Hopfbifurcation.

Performing load flow study at the maximum loading level prior to the occurrence of HB, i.e.,

at LF = 0.3 provides the following steady state results, as shown in Table 3.8, for the

uncompensated system.

Table: 3.8 Steady State Conditions without Compensation (Scenario-I)

Import Required Export to Voltage at Transmission
to West Grid West Grid Ishurdi Bus Angle

[MW] IMW+ iMVAR] [nul [de!!.)
197.00 240.35 + i46.83 0.7932 27.12

It is observed that beyond 77% of the total MVA transfer capacity of the line can not be used

due to dynamic stability limitation. Transmission angle is also near the safe operating limit.

Static bifurcation analysis performed on Scenario-I system, reveals that the voltage collapse

occurs at LF = 0.33124, which corresponds to an import of 211 MW to west grid. For

analyses with EWIS, "import" is defined as the difference in own active power generation

and active power demand in the west grid.

Now if series compensation is applied to the line, electrical length is reduced and system

loadability is enhanced. Figure 3.11 depicts that distance to the collapse point is increased

with the application of series compensation. The plots also show the points of HB as the

loading factor is varied and similarly demonstrates that the compensated system possesses a

higher dynamic stability limit. Analyses have been performed up to maximum 70%

compensation, as with the Two Area System.
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It is evident from the plot of Figure 3.11 that system loadability is enhanced with series

compensation - and further enhances as the level of series compensation is increased. With

highest level of series compensation, the SLM is approx. 37% higher and the DLM is approx.

29.7% higher than the uncompensated system. Table 3.9 shows a comparison of DLM and

SLM of the system with and without compensation and aids to understand the enhancements

achieved by applying different level of series compensation.

Table 3.9: Loading Margins with and without Compensation (Scenario-I)

Level of
Com ensation
Uncom ensated

50%
60%
70%

Static Loading Margin
SL

0.331 (210.95 MW)
0.452 ( 265.4 MW)
0.478 (277.1 MW)
0.504 (288.8 MW)

Dynamic Loading Margin
L

0.300 (197.0 MW)
0.390 (237.5 MW)
0.412 (247.4 MW)
0.430 (255.5 MW

Steady state conditions of the compensated network at LF = 0.300, which is the highest

possible transfer of the uncompensated network due to oscillatory instability, have also been

investigated and it has been observed that transmission angle and voltage at Ishurdi end

improves as the level of compensation increases [Table 3.10].

44



Table3.1O: Steady State Conditions with Series Compensation (Scenario-I)

Level of Series Export to Voltage at Transmission Angle
Compensation West Grid Ishurdi Bus [deg.]

[MW]) [DU)
50% 237.31 + i7.830 0.8113 13.17
60% 237.02 - j 0.040 0.8135 10.65
70% 236.84 - j 8.340 0.8150 8.159

With 70% compensation the transmission angle reduces by 69.9% and creates a significant

amount of safe margin before the steady state stability limit. As found in the bifurcation

studies, the both the SLM and DLM are higher than the thermal limit, ~hich is found to be

0.4,20. At this loading, the system attains the steady state conditions shown in Table 3.11.

Table 3.11: Steady State Conditions at Thermal Limit (Scenario -I)

Import Required Export to Voltage at Transmission Angle
to West Grid West Grid Ishurdi Bus [deg.)

[MW) [MW+ iMVARI [DU)
251.00 315.86 + i 7.060 0.7888 10.98

Modal analysis reveals that in the uncompensated system with LF of 0.300 the critical mode

has a damping co-efficient of 0.0036, which is much lower than typical minimum -level of

0.03 [55]. By applying series compensation position of the critical eigenvalue moves into the

left direction on the s-plane and damping is improved. Fig. 3.10 depicts position of some of

the eigenvalues of the system with and without compensation.
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Fig. 3.12: Critical Eigenvalue without and with Compensation (Scenario-I)

Table 3.12 pin-points the position of critical eigenvalue as the level of compensation is

varied; the loading factors correspond to the highest possible transfer with and without series

compensation.

Table 3.12: Critical Eigenvalue with Different Level of Compensation (Scenario-I)

Level of
Com ensation
Dncom ensated

50%
60%
70%

0.1044 + 4.3616
0.0144 + . 4.2761
-0.0369 + . 4.2093

It is observed that at LF = 0.42, even with 70% compensation, damping of the critical mode

is 0.0088, i.e., much lower than 0.03. This is improved by deploying the dynamic controller.

Root locus of the critical eigenvalue with variation of controller gain is shown in Figure 3. I3.

Controller parameters are given in Power System Data in Appendix B.
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Fig. 3.13: Root Locus of Critical Eigenvalue of EWIS for Scenario-I

Root locus plot depicts, when system loading is 0.42, as the gain is varied beyond 40, one of

the modes enters into the right half plane; magnitude of gain has been selected carefully to

avoid this kind of difficulties.

Now a severe disturbance has been applied to test the system's transient stability. Two pre-

fault operating conditions are simulated; one is with LF = 0.3 which corresponds to the

highest possible transfer based on the dyoarnic stability limit of the uncompensated system

and the other one is with LF = 0.42, which corresponds to the thermal limit of the line with

highest degree of compensation.

The disturbance applied is a three phase fault at Ishurdi 132 kV bus with a subsequent

tripping of small line serving an active load of 10 MW, modeled for the simulation purpose

only. As observed before with the Two Area System, the dyoarnic compensator functions to

provide highest level of compensation immediately upon the occurrence of the fault. Figure

3.14 shows the variations in level of compensation in the post fault period. The steady state

compensation in the pre-fault system was 70% - it jumps steeply up to 80% immediately

upon clearing the fault - and then varies dyoamically to minimize the oscillation and aids the

system state variables to the new equilibrium point. Voltage at Ishurdi bus, machine angle at
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Banghabari and active power flow through the tie line have been plotted to show the systems

transient performance [Figure 3.15 to 3.17].
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Fig. 3.14: Compensation with TCSC Controller in EWIS (Scenario-I)

Each of the plots contains transient simulation results for two loading levels; LF = 0.300

represents the maximum loading without series compensation. Improvement in transient

performance with series compensation at this loading level is quite visual. LF = 0.420

represents the maximum loading with 70% series compensation. The machine angle profiles

in Fig. 3.16 shows the angle excursions in Bahgabari unit, as this is the largest machine near

the faulted bus (Ishurdi 132 kV) and showed largest angle excursion.
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3.2.4 Analysis on the Approximate Model (Scenario-2)

For the system with two EWls and with the new 230 kV lines, loading in west-grid has been

increased gradually as before with Scenario-1 to reach the safe steady-state transmission

angle limit and modal analysis has been performed in each case. It has been observed that at

loading level of 386 MW [LF. 0.720], Hopf Bifurcation is triggered in the system, as shown

in Fig. 3.18. Dynamic Loading Margin is hence considered to be limited at LF = 0.700, i.e.,

equivalent to 377 MW, where damping of thecritica1 mode is 0.0018.
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Fig. 3.18: Occurrence of Hopf Bifurcation in Scenraio - 2
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At this transfer level, steady state results shown in Table 3.13 reveal that about 47% of

thermal capacity in the first EWI and about 60% of the 2nd EWI is left unexploited if dynamic

stability limit is to be considered.

Table 3.13: Steady State Conditions of EWIS without Compensation (Scenario-2)

Import Export to Voltage at Transmission Angle
Required to West Grid Ishurdi Bus [deg.)
West Grid [MW+ "MVAR) IIml

[MW] *G-I **A-S I S G-I . A-S
377.00 165.32 + j 4.200 256.89 + i 4.090 0.8370 0.8542 17.82 15.30

*Ghorosal-Ishurdi
**Ashuganj-Sirajganj

51

r
\



0.9

0.85

0.8

~
"'"J'l
:!Z

0.75

0.7

1.4

Loading Factor

Fig. 3.19: Bifurcation Diagram for Scenario - 2

Transmission angle and receiving end voltage is satisfactorily within the safe operating

limits. As before, bifurcation analyses have been performed on the system. For this scenario,

results shown are only for 70% compensation. Table 3.14 provides a summary of the loading

margms.

Table 3.14: Loading Margins ofEWIS with and without Compensation (Scenario-2)

Level of
Coni ensation
Uncom ensated

70%

Static Loading Margin
(SLM)

0.838 (439 MW)
1.0134 (518 MW)

Dynamic Loading Margin
LM

0.700 (377.0 MW)

In the 70% compensated system, no Hopf Bifurcation occurs in the entire operating range -

transfer is only limited by SNB or voltage collapse point. Though the modal and transient

analyses for Scenario-2 have been performed by operating the compensated system at LF =

1.0134, in actual practice this would not be "safe" as an incremental increase in the loading

will drive the network into voltage collapse and hence, it would be necessary to keep a

margin before this limit.
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Table 3.15: Steady State Conditions of EWIS with 70% Compensation (Scenario - 2)

Import Export to Voltage at Transmission Angle
Required to West Grid Receiving Bus [deg.)
West Grid [MW+ iMVAR) [ u)
[MW) G-I A-S I S G-I A-S
377.00 184.31 ~ j 28.10 238.61 - j 37.11 0.8386 0.8567 6.60 9.85
518.00 266.98 + j 11.72 343.94 + i46.69 0.7970 0.8213 9.01 6.05

Position of critical eigenvalue is exactly shown in Table 3.16 which reveals that for 70%

compensation, the shift into the left half plane along real axis is about 6.5 times of the initial

position and the damping ratio increases from 0.18% to 1.25%.

Table 3.16: Critical Eigenvalue of EWIS with 70% Compensation (Scenario-2)

Level of
Com ensation
Dncom ensated

70%

LF = 0.700
(377 M

-0.0077 + . 4.1558
-0.0505 + j 4.0398 0.1044 + 4.3616
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Fig. 3.20: Position of Critical Eigenvalue in Scenario - 2

Action of the damping controller associated with TCSC shifts the critical eigenvalue more

into the left half plane and aids to exceed the threshold of 3%.
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Root locus of the critical eigenvalue with the controller gain variation is presented in Figure

3.21 for LF = 0.700 and LF = 1.0134, which are the highest possible loading without and

without TCSC, respectively. Shift of eigenvalue has been observed to be more with higher

loading for the same range of gain and is attributed to higher controllability of the TCSC to

the critical mode, similar to the Two Area System.
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Fig. 3.21: Rootlocus of Critical Eigenvalue with TCSC Controller Gain (Scenario - 2)

Time-domain simulation profiles in the Figures 3.22 to 3.25 reveal the improvement in

transient performance. Similar to Scenario-I, simulation results for maximum loading

without (LF = 0.700) and with (LF = 1.0134) compensation has been presented. Active power

flow through both ofthe interconnections has been presented.
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Fig. 3.23: Voltage Profile at Ishurdi Bus (Scenario - 2)
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3.2.5' Summary of Capacity Enhancement (Scenario-2)

From the static, dynamic and transient analyses performed above it is understood that

introducing series compensation enhances the power transmission capability of EWI, though

full thermal capacity is yet to be exploited due to limitations resulting from adequate reactive

power reserve and low voltage.

Based on the sending end voltage used in this work (200 kV) and ampacity of the conductor

[I], thermal rating of the 1st and 2nd EWI is approx. 315 MVA and 630 MVA respectively.

Based on the steady state data presented in Table 3.15, even with the highest level of series

compensation, 15% capacity of the lSIEWI and 45% capacity of the 2nd EWI are left unused;

beyond this loading limit the system encounters voltage collapse. Though in Table 3.17, SLM

of the 70% compensated system has been shown as LF = 1.0134, the actual limit for safe

operation is kept slightly lower with I% margin, i.e., LF =1.00, i.e., equivalent to 512 MW

imporl.

Table 3.17 provides a summary of transmission capability improvement by applying series

compensation. The MW values shown are in terms of double circuit operation.

Table 3.17: Capacity Enhancement of EWIS by Series Compensation (Scenario-2)

Cause of Limitation Uncompensated 70% Compensated Enhancement
Svstem [MW] Svstem [MW] [%]

Voltage Collapse (SNB) 878 1024 . 16.62
Oscillatory Instability (HB) 754 1024 35.80

It is to be noted that system enhancement at 132 kV, 33 kV or at distribution leyel might be, .

required to deliver this additional amount of power to the load centers, in order to keep bus

voltage and line currents below the operational constraints and thermal limits.
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CHAPTER 4

Simple Financial Analysis

This Chapter provides a financial appraisal of series compensation project for East-West

Interconnectors of Bangladesh Power System network in a simplistic manner. Adequacy of

transfer capacity of the compensated lines in context with the existing Power system Master

Plan has also been studied.

4.1 Sufficiency of Transfer Capacity

To study the sufficiency of transfer capability of the series compensated transmission corridor

to serve peak import requirement from Eastern to Western Grid of BPS, load and generation

forecast data available from [36] was compared with Table 3.17, which shows the maXimum

possible active power import to west grid through the series compensated lines.

Table 4.1: Generation and Load Forecast Data in West Grid

Year Total Generation in Capacity in West Peak Load Peak Import
West Grid [GWhl Grid [MWl* [MW] rMW]

2010 8,129 1237 1588 351
2011 8,801 1340 1718 378
2012 9,528 1450 1858 408
2013 10,315 1570 2010 440
2014 11,167 1700 2174 474
2015 12,089 1840 2352 512
2016 12,996 1978 2527 549
2017 13,971 2126 2714 588
2018 15,019 2286 2914 628
2019 16,145 2457 3131 674
2020 17,356 2642 3362 720
2021 18,526 2820 3587 767
2022 19,776

.
3010 3825 815

2023 21,109 3213 4080 867
2024 22,532 3430 4351 921
2025 24,052 3661 4641 980

* Based on 75%-average plant/actor

As per 2007-2008 Annual Report of BPDB [56], many of the larger units in Western Region

have been found to run at more than 70% plant factor, except Barapukuria, for which plant

factor was found 60.83%. Provided the units are maintained with prudent utility practices and
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[Eqn.4.1]

operation is not hindered due to unavailability fuel, plant factor higher than the existing

should be achievable. In this work, calculation of Peak Import in Table 4.1 has been

performed assuming 75% annual average plant factor.

As seen from Table 4.1, therm'al capacity of the corridor is more than sufficient for serving

peak load up to 2025. But due to the dynamic stability limitation presented in Table 3.17, the

uncompensated system.is not able to transfer beyond 754 MW, i.e., which is below the peak

import required in Year 2021, whereas the transfer limit of 70% series compensated lines is

higher than peak import of Year 2025.

4.2 Financial Feasibility

Benefit-Cost Ratio approach, as defined in [57], has been used for determining financial

feasibility of the project. Further, a Simple Payback Period [57] method has been used for

finding the time required for the financial benefit to be equal to the investment.

B fi C R. Present Worth of Benefitsene t - ost alio = ----------
Present Worth of Cost

EAB[(I + i)" -I]
i(1 + i)"
PC

EAB = Estimated Annual Benefit

i = Interest Rate (%)

n = Project Life (Years)

PC = Project Cost

Simple Payback Period

4.2.1 Project Cost Estimation

Investment
Annual'Benefit

[Eqn.4.2]

For determination of indicative cost for installing controlled series compensation in both of

, the interconnections, cost data provided in [45] has been used. The following assumptions

have been made for financial modeling ofthe proj ect.

• Total amount of series compensation for each line has been split into fixed and

variable part.

• Fixed part has been estimated as 78.5% of the tota:! compensation, I.e., 55 %

compensation has been assumed to be implemented with fixed series capacitor and
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rest 12.5 % has been assumed to come from the controlled portion. These

proportions have been assumed from guidelines provided by equipment

manufacturers [58]. With a boost factor of 1.2 at nominal operation [3], this will

provide 15% compensation and hence will produce a total steady state

compensation of70%.

• Thermal rating for the capacitors for 1st EWI has been assumed equal to the

amapcity the conductors whereas for the 2nd EWI it has been assumed lower (1.2

kA), as load flow studies indicated that even at with highest possible transfer with

series compensation, current through the line is about 1.03 kA, about 56.7% of the

ampacity. Hence, estimating the series compensation for full thermal capacity seems

not be an economic choice at this moment. However, as per practical project

experience, provisions can be kept to expand the thermal capability without

considerable modification in control and protective scheme [12].

• TCSC will be installed at the receiving end substations, i.e:, at Ishurdi substation for

1st EWI and at Sirajganj substation for the 2nd EWI to save additional substation and

infrastructural costs.

Table 4.2: Series Compensation Project Cost

Line Reactance Ghorashal-Ishurdi (Ohm) 72.5259
Rated Current (Amps) 910
Line Reactance Ashugani-Sirajganj (Ohm)

-c-
40.733

Assumed Rated Current (Amps) [actual rating: 1800 A] 1200
Fixed Compensation 55%
Variable Compensation 15%
Physical Capacitance Required with 1.2 Boost Factor 12.5%
Cost ofFC (USDIMVAR) 20000
Cost ofVC (USD/MV AR) . 40000
Fixed Compensation in Ghoralshal-Ishurdi Line (MVAR) 198
Variable Compensation in Ghoralshal-Ishurdi Line (MVAR) 45
Fixed Compensation in Ashugani-Siraiganj Line (MVAR) 194
Variable Compensation in Ashuganj-Siraigani Line (MVAR) 44
Total Compensation in Ghorasal-Ishurdi Line (MVAR) 243
Total Compensation in Ashuganj-Sirajganj Line (MV AR) 238
Total (MVAR) 481
Cost of Compensation (USD) 11,396,565
Cost of Compensation (BDT) 790,921,605
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4.2.2 Operating Cost

Operation and maintenance cost for this project is negligible as no additional workforce will

be required - manpower at the existing substations can be used to operate and maintain the

equipment. Yet, for the purpose of modeling, an annual O&M budget ofBDT 10 million has

been considered.

4.2.3 Financial Benefit and Feasibility Analysis

Determination of financial benefit from a series compensation project depends highly on the

prevailing scenario of electricity industry, where the project is being installed. For instance, if

such a project can enhance transmission capability of a system to carry additional hydro

power to the load center and hence avoid thermal generation costs, the financial benefit may

be highly attractive in comparison to the cost - a practical experience from Venezuelan EHV

grid shows a benefit-cost ratio of 17 for such a project [5]. For BPS, generation is mostly

thermal all over the grid and can not be justified by such comparison. However, the following

three sources of financial benefit, common for a FACTS project [59], match with the BPS

context.

A. Profit from Additional Energy Sales

Studying some recent power generation project financial models, it is apparent that a net

.profit of BDT 0.3 or more can be achieved from per unit sale of electricity. As a conservative

approach, it has been assumed as 0.25 BDT ..

B. Revenue from Additional Wheeling Charge

Per unit wheeling charge is assumed as 0.23 BDT at 230. In order to be conservative in

estimating financial benefits, calculation of additional units wheeled and sold has been

performed based on 50% utilization of maximum transfer capacity of the compensated lines.

C. Delaying ofInvestment for New Transmission Line

From Table 4.1, it is observed that by installing series compensation project, investment for

new line can be delayed for about 5 years. At 12% interest rate, the cost of compensation is

recovered in 2.71 years solely from the money available from the interest.
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Table 4.3: Simple Financial Analysis

Profit from Electrical Energy Sales (BDTIkWh) 0.25
Charge for per unit wheeling (BDT) 0.23
Cost of230 kV Line (BDT) 2,429,000,000
Annual Avg. Additional Units Transferred (kWh) 1182600000
Profit from Additional Sales (BDT) 295,650,000
Revenue from Additional Energv Wheeling (BDT) 271,998,000
Annual Interest from Cost of Additional 230 kV Line IaJ. 12% Interest 291,480,000
Total Financial Benefit from Additional Units and Investment Delav 859,128,000
Annual Avg. O&M Cost (BDT) 10,000,000
Annual. Operating Benefit (BDT) 849,128,000
Interest Rate 12%
Project Life Cycle (Years) 5
Benefit-Cost Ratio 3.87
Years for Payback (without considering Time Value) 0.931

As seen from Table 4.3, the series compensation project has a benefit-cost ratio of 3.87 and

simple payback period ofless than one year.

62

f\.



CHAPTERS

Conclusion

Though operation of transmission system in Bangladesh is still a state owned monopoly and

the stringent commercial competition existing in typical deregulated environment is yet to be

experienced in this region, the importance of installing series compensation is still justifiable

due to the benefits achieved from exploitation of the unused thermal capacity, improvement

in steady state, dynamic and transient stability and above all the operational flexibility. This

thesis investigates the effect of applying controlled series compensation on both I st and 2nd

EWls and also analyzes the economic feasibility of the project in a very basic manner.

5.1 Conclusion

5.1.1 Observations

Reducing electrical length of a line by applying senes compensation has considerable

positive effect on power transmission capability of interconnections among utilities or

regions of a power system. A standard Two Area test system has been chosen as a test bed

before entering into the approximate model of BPS network. For finding out the maximum

transmission capability of the compensated system, 70%' series' compensation has been

applied, which is considered as the highest level. The improvement in loading margin is

about 20% than the uncompensated system. Steady state transmission angle limit has also

been considered for this system and found to be lower in the compensated system.

Unavailability of required modeling and operational data has been the basic limitation in

working with EWIS. Approximate model has been created based on available data from

PGCB and the base case has been set up principally based on the network behavior during

approx. 200 MW real power injection into the Ishurdi node. Dynamic data has been chosen /

set up so that the system behaves in a typical manner.

The analyses have been performed by setting up two scenarios - one with single

interconnection and the other with both the old and the new one; the newly commissioned

230 kV lines in western grid have also been included in the latter scenario. Transmission

angle has not been found as a limitation for the EWIS;oscillatory stability related issues
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appeared before reaching the transmission angle limit. SLM and DLM of the system without

compensation have been compared with the ones with compensation. For the system with

single tie line, analyses have been performed with the level of compensation starting from

50% to 70% step-by-step, whereas for system with two tie lines, 70% compensation level has

been applied initially as the intension is to determine maximum possible transfer with highest

compensation. In the system with old and new interconnection, 16% improvement in SLM

and 35% improvement in DLM have been observed as a result of applying 70% series

compensation.

Load and generation forecast provided in Power System Master Plan [36] has been studied to

observe the sufficiency of compensated tie lines' capacity in the planning horizon. As per the

"base case" forecast in [36] and Table 3.17 in Chapter 3, DLM of the uncompensated system

is lower than the peak import requirement of Year 2021, whereas the loadability of 70%

compensated system is higher than peak import level of 2025.

Economic feasibility of the series compensation project has been studied based on typical

cost data. Total amount of compensation has been: split into fixed and variable parts -

proportions have been determined based on typical design recommendations from the

manufacturers. Pay back period has been found less than one year and benefit-cost ratio has

been found more than 3.8, based on a 5 years project life and 12% interest rate, and identifies

the project as a feasible one.

It is noteworthy that, as stated before, all of the analyses on EWIS in this work have been

performed with limitations in availability of system data, the results may deviate from that

with accurate and actual data. Yet, based on the conservative approach in assumptions, the

basic finding, i.e., the possibility of transmission capacity enhancement and higher utilization

of thermal capacity by series compensation, is supposed to remain unaffected.

5.1.2 Contribution ofthe Work

Commercial electric utilities world wide conduct extensive studies to ensure maxImum

utilization .of the installed infrastructures to sustain the profitability and future growth.

Application of advanced analytical techniques has not been in wide use in the planning and

operation of BPS network. As a consequence, system planners and operators are not always

equipped with the required information to plan and operate the system with prudent utility

practices and standards.
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Though this work principally aims to study the possibility of transmission capacity

enhancement by applying controlled series compensation on the tie lines between East and

West region of BPS and hence to propose a way for exploiting the unused thermal capacity of

the corridor, additionally this work will serve as a sample study in assessing static and

dynamic status of the network at different operating points and also to have an idea of the

maximum loadabilty of the system, which provides with valuable information for expansion

planning.

5.2

•

•

•

Future Research Suggestions

This work has been performed with limitation on the availability of adequate system

modeling data and operational records of BPS network. Further researchinay be

conducted to tune the dynamic models to capture more accurate dynamic behavior of

the BPS network. The model can also be extended into a detailed one by splitting the

aggregated loads and generations according to actual distribution, incorporating the

tapped areas etc.

Several shunt compensation devices are in the process of installation at different 132

kV nodes in the western grid, which have not been considered in this work. These will

eventually increase the loadability of the system. Studies may be conducted to find

out the ultimate maximum transfer capability with both series compensation and shunt

compensation. Co-ordination of the control schemes for series and shunt

compensation in power system stabilization is another important scope of further

research.

Appearance of Sub-Synchronous Resonance (SSR) is a phenomenon experienced in

systems with series compensation; and TCSC schemes are used to mitigate this. Study

of SSR in the context of BPS network presents an option for future research.
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APPENDIX A

Series Compensation Examples

Examples of Series Compensated Medium Length Lines

Country Line - Length [km] (approx.)
Miguel- Imnerial Valley 500 kV 135.18

USA
Imnerial Valley- North Gilla 500 kV 128.74
Hassavamna - North Gilla 500 kV 185.07
Los Banos - Gates 500 kV 135.18

Finland
Petiiiiiskoski - Pyhiinselkii 400 kV 160.00
Pirttikoski - Pikkarala 400kV 150.00
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APPENDIXB

Power System Data

B-l. Data Format for UWPFLOW

Bus Data Format:

T IOwlName IkV IZIPL IQL IMW IMvalPM IP IQM IQm IVpu

T-Type
"B" PQ load bus

"BQ" PV generator bus with Q limits

Ow-Owner
Name - Bus Name
kV - Bus kV base
Z-Zone
PL- P load inMW
QL-Q load inMVAR

SHUNT - MW and MVars shunts (+ve for Capacitors)
PM - Max. Generator Active Power in MW
P - Generator Active Power in MW
QM - Max. Generator Reactive PoWer in MVAR
Qm - Min. Generator Reactive Power in MVAR
Vpu - Desired voltage magnitude in p.u. for PV buses

Line Data Format:

T IOwlName_1 IkVIIIName_2jkV211IIn IIR Ix IG/21 B/2IMill

T - Type ("L " for Line)
Ow-Owner
Name_l-NameofSendingBus'
kVl - kV Base for Sending Bus
M - Metered Bus for Flow Interchange
Name_2 - Name of Receiving Bus
kV2 - kV Base for Receiving Bus
C - Circuit ID
S - Section Number
In - Rated Amps.
N - Circuit Number
R - p.u. Series Resistance of Line PI Equivalent
X - p.U. Series Reactance of Line PI Equivalent
G/2 - Half of p.u. Shunt Conductance of Line PI Equivalent
B/2 - Half ofp.u. Shunt Susceptance of Line PI Equivalent
Mil - Length in Miles

Transformer Data Format:

T IOwlName_1 IkV11lName_2lkV211lIn IIR IX IG/21 Bl2lMil1 •

T - Type ("T " for Transformer)
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Ow-Owner
Name_1 - Name of Sending Bus
kVI - kV Base for Sending Bus
M - Metered Bus for Flow Interchange
Name _2 - Name of Receiving Bus
kV2 - kV Base for Receiving Bus
C - Circuit ID
S - Section Number
Sn - Rated MVA
N - Circuit Number
R - p.u. Series Resistance of Equivalent Circuit
X - p.ll. Series Reactance of Equivalent Circu}t
G - p.u. Shunt Conductance of Equivalent Circuit
B - p.u. Shunt Susceptance of Equivalent Circuit
Tapl - kV Tap for Sending Bus
Tap2 - kV Tap for Receiving Bus

TCSC Data Format:

T IBusl IkVI IBus2 IkV21xc IXI lamlaMlcont IIMVAlal IMI I

Type - "FC" (F for FACTS, C for TCSC).
Busl - Name of Sending Bus, where TCSC is Connected
kVI - kV Base for Sending Bus
Bus2 - Name of Receiving Bus, where TCSC is Connected
kV2 - kV Base for Receiving Bus
Xc - Per unit TCSC capacitive X w.r.t MVA and kVI base.
XI- Per unit TCSC inductive X w.r.t MVA and kVI base.
am - Minimum fIring angle alpha in degrees.
aM - Maximum fIring angle alpha in degrees.
cont - TCSC control value: % of X; MW for P; KA for I; degrees for D.
Mode - Control Mode: X for reactance; P for power; I for current; D for angle.
MVA - TCSC rating in MVA. Defaults to MYA system base.
al- Initial value offrring angle in degrees (optional).
MI - Needed for determining series line reactance for % X Control: MI~Xline/Xc

B-2. Data Format for PST

Bus Data Format:

Call Number
Col 2 Voltage Magnitude (pu)
Col 3 Voltage Angle(degree)
Col4 Generator Active Power (pu)
Col 5 Generator Reactive Power (pu),
Col 6 Active Load (pu)
Col 7 Reactive Load (pu)
Col 8 Shunt Conductance (pu)
Col9 Shunt Susceptance (pu)
Col 10 Bus_Type

- I, Swing Bus
- 2, Generator Bus (PV bus)
- 3, Load Bus (PQ bus)

Col II Generator Maxiruum Reactive Power (pu)
Col 12 Generator Minimum Reactive Power (pu)
Col 13 Rated Voltage (kV)
Col 14 Maximum Voltage (pu)
Col 15 Mlltimum Voltage (pu)
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Line Data Format

Col I From Bus
Col2 To Bus
Col3 Resistance (pu)
Col 4 Reactance (pu)
Col 5 Line Charging (pu)
Col 6 Tap Ratio
Col 7 Tap phase
Col 8 Tap Max
Col 9 Tap Min
Col 10 Tap Size

Machine Data Format

Col I Machine Number,
Col 2 Bus Number,
Col 3 Base MVA,
Col4 Leakage Reactance x_l(pu),
Col5 Resistance r_a(pu),
Col 6 d-Axis sychronous reactance x_d(pn),
Col 7 d-Axis transient reactance x'_ d(pu),
Col 8 d-Axis subtransient reactance x"_ d(pu),
Co19 d-Axis open-circuit time constant T'_do(sec),
Col 10 d-Axis open-circuit subtransient time constant T'_do(sec),
Colli q-Axis sychronous reactance x_q(pu),
Col 12 q-Axis transient reactance x'_ q(pu),
Col 13 q-Axis subtransient reactance x"_q(pu),
Co114 q-Axis open-circuit time constant T'_qo(sec),
ColIS q-Axis open circuit subtransient time constant T"_qo(sec),
Col 16 Inertia Constant H(sec),
Col 17 Damping Coefficient d_o(pu),
Col 18 Dampling Coefficient d_l(pu),
Col 19 Bus Number
Col 20 Saturation Factor S (1.0)
Col 21 Saturation Factor S (1.2)

IEEE DC-l Exciter Data Format:

Call Type
Col 2 Machine Number
Col 3 TR
Col4 KA

Col5 TA
Col 6 TB
Col 7 Tc
Col 8 VRMAX
Col 9 VRMlN

Col 10 KE
Colli TE
Col 12 E,
Col 13 SE(E,)
Col 14 E,
Col 15 SE(E,)
Col 16 KF
Coil? TF
Cols 18 to 20 are required for Type 3 Exciters and are put "zero" in Type-1 Model
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Turbine-Governor Data Format:

Call
Col 2
Col3
Col4
Col 5
Col 6
Col?
ColS
Co19
Col 10

Turbine Model Number (~I)
Machine Number
Speed Set Point Wf (pu)
Steady State Gain I/r (pu)
Maximum Power Order Tmax (pu, On Generator Base)
Servo Time Constant T, (sec)
Governor Time Constant T, (sec)
Transient Gain Time Constant T3 (sec)
HP Section Time Constant T4 (sec)
Reheater Time Constant T, (sec)

Non-Conforming Load Bus Data Format (for derming TCSC):

Col I Bus Number
Col 2 Fraction Canst Active Power Load
Col 3 Fraction Canst Reactive Power Load
Col 4 Fraction Canst Active Current Load
Col 5 Fraction Canst Reactive Current Load

TCSC Data Format:

Col I TCSC Number
Col 2 From Bus Number
Col 3 To Bus Number
Col 4 Contra! Gain
Col 5 Control Time Constant
Col 6 Maximum Susceptance B - On System Base
Col7 Minimum Susceptance B - On System Base
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B-3. Two Area System Data

1. UWPLOW Format

HOG

Two Area Interconnected System

IOwlName_l IkV11lName_2 IkV2 IIIIn II R I X I G/2 I B/2 IMill
BUS 01 230 BUS 05 2301 .0167
BUS 02 230 BUS 06 2301 .0167
BUS 05 230 BUS 06 2301 .0025 .025 .02187- 230 BUS 07BUS 06 2301 .001 .01 .00875-BUS 07 230 BUS 08 2301 .011 .11 .09625

- -BUS 07 230 BUS 08 2302 .011 .11 .09625
-BUS 12 230 BUS 09 2301 .011 .11 .09625
-

BUS 12 230 BUS 09 2302 .011 .11 .09625
BUS 09 230 BUS 13 2301 .01
BUS 09 230 BUS-10 2301 .001 .01 .00875
BUS 10 230 BUS 11 2301 .0025 .025 .02187
BUS 04 230 'BUS 10 2301 .0167
- 03 230 BUS-BUS 11 2301 .0167

IBus! IkV1 IBus2 IkV21Xc IXI lamlaMlcont IIMVAlal IM1 I
BUS 08 230 BUS 12 230.03300 .003300 144175 70.0 X 3.33
BUS 08 230 BUS 12 230.06600 .006600 144175 40.0 X 3.33- -

50 BUS 01 230 20.2-

BAS
C

C

C IOwlName
BQ BUS 01
BQ BUS 02
BQ BUS 03
BQ BUS 04
B BUS 05
B BUS 06
B BUS 07
B BUS 08
B BUS 09
B BUS 10
B BUS 11
B BUS 12
B BUS 1.3
C

C

C

C
L

L
L
L
L
L
L
L
L
L
L
L
L
C
C

C

FC
CFC
C

SOL
C
C
ZZ
END

IkV IZIPL IQL IMW
230
230
230
230
230
230
230 967.0100.0
230
230 1717.100.0
230
230
230
230 50.

IMvalPM IP IQM IQrn IVpu
4000700.01000.-10001.03
800700.0500.0-500.1.01
800719.0500.0-500.1.03
800700.0500.0-500.1.01

200.0

350.0
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2. PST Format

bus = [ ...
1 1.0300 20.2000 7.0000 1.8500 0.00 0.00 0.00 0.00 1 10,0 -10.0 230,0 1.1 0.9;
2 1.0100 10.5000 7.0000 2,3500 0.00 0.00 0.00 0.00 2 5,0 -5.0 230,0 1.1 0.9;

3 1.0300 -6.8000 7.1900 1. 7600 0.00 0.00 0,00 0.00 2 5,0 -5.0 230.0 1.1 0.9;
4 1.0100 -17.0000 7.0000 2.0200 0.00 0.00 0.00 0.00 2 5.0 -5.0 230.0 1.1 0.9;
5 1. 0074 20.3799 0.0000 0.0000 0.00 0,00 0.00 0.00 3 0.0 0.0 230.0 1.1 0.8;
6 0,9804 10.3201 0.0000 0.0000 0.00 0,00 0.00 0.00 3 0.0 0.0 230.0 1.1 O. B;
7 0.9652 1. 9560 0.0000 0.0000 9.67 1.00 0.00 2,00 3 0.0 0.0 230.0 1.1 0,8;

1.0000 -11. 7915 0.0000 0.0000 0.00 0.00 0.00 0.00 3 0,0 0.0 230.0 1.1 0,8;
9 0.9763 -25.2580 0.0000 0.0000 1. 015*17.17 1.0150*1.00 0.00 3.50 3 .0,0 0.0 230.0 1.1 0.8;

10 0.9862 -16.8988 0.0000 0,0000 0.00 0.00 0.00 0.00 3 0.0 0.0 230.0 1.1 0.8;

11 1.0093 -6.6276 0.0000 0.0000 0.00 0.00 0.00 0.00 3 0,0 0.0 230.0 1.1 0.8;
12 1.0000 -6.6276 0,0000 0.0000 0.00 0.00 0,00 0.00 3 0.0 0.0 230.0 1.1 0.8;
13 0,9763 -25,2580 0.0000 0.0000 1. 015*0. 5 0.00 0.00 0.00 3 0.0 0.0 230.0 1.1 O. B i

];

line = [ ...
1 5 0.00 0.0167 0.00 1 0 0 0 0;
5 6 0.0025 0.025 0.04375 1 0 0 0 0;
2 6 0,00 0,0167 0.00 1 0 0 0 0;
6 7 .0,001 0,01 0.0175 1 a 0 0 O'. ,
7 0,011 0.11 0.1925 1 0 0 0 0;
7 8 0.011 0.11 0.1925 1 0 0 0 0;

12 9 0.011 0.11 0.1925 1 0 0 0 0;
12 9 O.Oll 0.11 0.1925' 1 0 0 0 0;
9 10 0.001 0.01 0.0175 1 o . 0 ,0 0;
9 13 0.00 0.01 0 1 0 0 0 0;
4 10 0,06 0.0167 0,00 1 0 0 0 0;

10 11 0.0025 O.025 0.04375 1 0 0 0 0;
3 11 0.00 0.0167 0,00 1 0 0 0 0;
8 12 0.00 -0,11*0.4 0.00 1 0 0 0 0;

;8 12 0.00 -0,22*0.4 0.00 1 0 0 0 0;
];

mac con = [ ...
1 1 900 0.200 0.0025 1.8 0.30 0.25 8.00 0.03 1.7 0.55 0.25 0.4 0.05 6.5 2 0 1 0.039 0.267 ;
2 2 900 0,200 0.0025 1.8 0.30 0.25 8.00 0.03 1.7 0.55 0.25 0.4 0.05 6.5 2 0 2 0.039 0,267 ;
3 3 900 0.200 0,0025 1.8 0.30 0.25 8.00 0.03 1.7 0.55 0.25 0,4 0.056,175 2 0 3 0.039 0.267 ;
4 4 900 0.200 0.0025 1.8 0.30 0.25 8.00 0.03 1.7 0.55 0.25 0.4 0.056,175 2 0 4 0.039 0.267 ;

],

exe con = [ ...
1 1 0.01 46.0 0.06 0 0 1.0 -0.9 0.0 0.46 3.1 0,33 2.3 0.1 0.07 1.0 0 0 0,
1 2 0.01 46.0 0.06 0 0 1.0 -0.9 0,0 0.46 3.1 0,33 2.3 0.1 0.07 1.0 0 0 0,
1 3 0.01 46.0 0,06 a 0 1.0 -0.9 0.0 0.46 3;1 0,33 2.3 0.1 0.07 1.0 0 0 A'
1 4 0.01 46.0 0,06 0 0 1.0 -0.9 0,0 0.46 3.1 0,33 2.3 0.1 0.07 1.0 0 0 0
],

tg_ con = [ .. ,
1 1 1 25.0 1.0 0.1 0.5 0,0 1.25 5.0,
1 2 1 25.0 1.0 0.1 0.5 0.0 1.25 5.0,
1 3 1 25.0 1.0 0.1 0.5 0.0 1.25 5.0,
1 4 1 25.0 1.0 0.1 0.5 0.0 1.25 5.0,
J;

load_con = [ ...

B 0 0 a 0;
12 0 0 0 0,
J;

tcsc con = [

1 S 12 1.0 0.05 0 -3;
],
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%TCSC Damping Control Function
tcsc_dc=[];
tcsc_dc{l,l}=30.*wo_stsp(lO) .*(ldlg_stsp(1,O.6460,O.0905) .A2); %control state-space object
tcsc_dc{1,2}=1; ttcsc number
tcsc_dc{1,3}=8; %bus number
tcsc_dc(1,4}=0; ~control max output limit
tcsc_dcll,5)=-3i icontrol min output limit
tcsc_dcll,6]=3; ~number of control.states

sw con [ , "

0 0 0 0 0 0 0,01; %sets intitial time step
0,3 9 13 0 0 0 0.005; %thee phase fault
0,35 0 0 0 0 0 0,005556; £,c1ear fault at bus 3

0,40 0 0 0 0 0 0,005556; %clear remote end
0,50 0 0 0 0 0 0",005; ,increase time step
LO 0 0 0 0 0 0, 01i. % increase time step
20,0 0 0 0, 0 0 0;
J; ~ end simulation

%Monitors All Line Currents
Imon con = [1:1ength(line(:,l})) I;
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B-4. East-West Interconnected System Data

1. UWPFLOW Format

HDG

East-West Interconnected System

BAS
C

C
BQ BUS 01 230 500.0-500 ..87- 230B BUS 02- 03 230B BUS
B BUS 04 230
B BUS 05 132 24.00 9.60 10
B BUS 06 132 37.0014.80 5

-B BUS 07 132- 08 230B BUS - 09 230B BUS
B BUS 10 132 20.00 8.00
B BUS 11 132 30.0012.00 10
B BUS 12 132 20.00 8.00 7.5
B BUS-13 132 10.00
B BUS 14 132 20.00 8.00 2.5
B BUS 15 132 20.00 8.00 2.5
B BUS 16 132 20.00 8.00-B BUS 17 132 10.00 4.00

-

B BUS 18 132 ,10.00 4.00 7.5
-

B BUS 19 132 5.00 2.00
B BUS 20 132 5.00 2.00
B BUS 21 132 10.00 4.00
B BUS 22 132 20.00 8.00
B BUS 23 132 25.0010.00
B BUS 24 132 26.0010.40 7.5
B BUS 25 132 38.0015.20 7.5
B BUS 26 132 10.00 4.00
B BUS 27 '132 10.00 4.00 15
B BUS 28 132 10.00 4.00
B BUS 29 132 15.00 6.00 35
B BUS 30 132 35.0014.00
B BUS 31 132 10.00 4.00 10
B BUS 32 132 10.00 4.00
B BU,S_33 230
B BUS 34 230
B BUS 35 132 10.00 4.00
B BUS 36 230
B BUS 37 230-B BUS 38 33
BQ BUS 39 11 10.00 7.50 -7.5.950
BQ' BUS 40 11 125.0127.0-127 ..870

-

BQ BUS 41 11 120.0122.0-122 ..950
BQ BUS 42 11 23.00 20.0 -20 ..870
BQ BUS 43 11 105.0107.0-107 ..850

-

BQ BUS 44 11 15.0013.00-13.0.850
C

B BUS 45 230-B BUS 46 230-c
L BUS 01 230 BUS 02 2301 .001
L BUS 01 230 BUS 03 2301 .001
L BUS 02 230 BUS 45 2301 910 .0267 .1371 .1324

-

L BUS 03 230 BUS 46 2301 1820 .0110 .0770 .1477
L BUS 31 132 BUS 05 1321 .0174 .066 .0078
L BUS 31 132 BUS 17 1321 .0093 .0352 .0042
L BUS 17 132 BUS 26 1321 .0232 .088 .0104- 132 BUS 26L BUS 07 1321 .00462.0135 .00155
L BUS 26 132 BUS 32 1321 .0197 .0748 .00884
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L BUS 31 132 BUS 07 1321 .0385 .1125 .0127
-

L BUS 04 230 BUS 33 2301 .0044 .03025 .0581
L" BUS 06 132 BUS 25 1321 .0261 .099 .0117
L BUS 05 132 BUS 06 1321 .0377 .1430 .0169
L BUS 31 132 BUS 23 1321 .0261 .099 .011
L BUS 05 132 BUS 23 1321 .0308 .09 .0102
L BUS 23 132 BUS 24 1321 .0275 .104 .0122
L BUS 07 132 BUS 32 1321 .0232 .088 .01044- 08 .022" .0422L BUS 33 230 BUS 2301 .0032

- BUS-L BUS 06 132
-
32 1321 .0383 .1452 .0172

L BUS 34 230 BUS 08 2301 .00544.0374 .0717
- .1104 .0131L BUS 06 132 BUS 16 1321 .0291

L BUS 16 132 BUS 27 1321 .0304 .11528 .0136
L BUS 34 230 BUS 09 2301 .008 .0577 .08
L BUS 27 132 BUS 35 1321 :0222 .0839 .00985
L BUS 27 132 BUS 28 1321 .0222 .0839 .00985
L BUS 35 132 BUS 29 1321 .033 .264 .0116
L BUS 27 132 BUS 29 1321 .02378.0902 .0106
L BUS 29 132 BUS 30 1321 .01212.0459 .0054
L BUS 31 132 BUS 10 1321 .0058 .022 .0026- .0105L BUS 04 230 BUS 36 2301 .0008 .0055- -
L BUS 10 132 BUS 14 1321 .01305.0495 .0058

- -
L BUS 14 132 BUS 18 1321 .02517.09548 .0113

- 18 BUS 20 .099 .0117L BUS 132 1321 .0261
L BUS 20 "132 BUS 11 1321 .02767.1049 .0124
L BUS 36 230 BUS 37 2301 .013 .09 .1

-

i32L BUS 10 BUS 15 1321 .0805 .2353 .0253
- BUS 22 .1449 .0165L BUS 15 132 1321 .0495

L BUS 22 132 BUS 12 1321 .0433 .1267 .0145
L BUS 11 132 BUS 19 1321 .0251 .09526 .0112

-

L '.BUS 19 132 BUS 21 1321 .0246 .072 .0083
L BUS 21 132 BUS_12 1321 .0385 .1125 .013
L BUS 31 132 BUS 13 1321 .0303
"C
T BUS 04 230 BUS 31 1321 .01

- 33 07T BUS 230 BUS 1321 .01
- -

T BUS 08 230 BUS 32 1321 .01
T BUS 34 230 BUS 06 1321 .01
T BUS 36 230 BUS 10 1321 .01
T BUS 37 230 BUS 11 1321 .01
T BUS 09 230 BUS 35 1321 .01
T BUS 06 132 BUS 38 331 .01-
T BUS 38 33 BUS 39 111 .01-
T BUS 07 132 BUS 40 111 .01- -
T BUS 09 230 BUS 41 111 .01
T BUS 10 132 BUS 42 111 .01
T BUS 11 132 BUS 43 111 .01-12T BUS 132 BUS 44 111 .01- -

FC BUS 45 230 BUS 04 230.04113 .004113 144180 70.0 X 3.33- -
FC BUS 46 230 BUS 08 230.02310 .002310 144180 70.0 X 3.33- -
C
SOL 50 BUS 01 230 O.
C
C
ZZ
END
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2. PST Format

bus"'(.
1 0.87 00. a 0.0 0.0 0.0 0.0 0.0 0.0 1 5.0 -5. a 230 1. 01 O.50i ~Systern

2 0.86 -10.0 0.0 0.0 0.00 o. 0000 0.0 0.0 3 0.0 0.0 230 1. Gl 0.50; SGhcrashal

3 0.86 -10,0 0.0 0.0 0.00 0.0000 0.0 0.0 3 0.0 0.0 230 1. 01 0.50; SAshuganj

4 0.86 -10.0 0.0 0.0 2.0134*0,00 0.400*2.0134*0.00 0.0 0.0 3 0.0 0.0 230 1. 01 0.50; iIshurdi
5 0.86 -10,0 0.0 0.0 2,0134*0.24 0.400" 2.0134" 0.24 0.0 0.1 3 0.0 0.0 132 1. 01 0.50; :Natore

6 0.86 -10.0 0.0 0.0 2.0134*0.37 0.400*2.0134*0.37 0.0 0.05 3 0.00 0.00 132 1. 01 0.50; SBogra
7 0.86 -10. a 0.0 0.0 0.00 0.00 0.0 0.0 3 0.0 0.00 132 1. 01 0.50; tBaghabari

8 0.86 -10.0 0.0 0.0 2,0134*0.000.400*2 0134*0.00 0.0 0.0 3 0.0 0.0 230 1. 01 0.50; tSirajganj

9 0.86 -10. a 0.0 0.0 2.0134*0.000.400*2.0134*0.00 0.0 0.0 3 0.00 0.00 230 1. 01 0.50; t:Barapukuria

10 0'.86 -10.0 0.0 0.0 2.0134*0.20 0.400*2.0134*0.20 0.0 0.0 3 0.0 0.00 132 1. 01 0.50; '2Bheramara

11 0.86 -10.0 0.0 0.0 2.0134*0.300.400*2.0134*0.30 0.0 0.1 3 0.0 0.00 132 1. 01 O. so; ~Khulna

12 0.86 -10.0 0.0 0.0 2.0134*0.200.400*2.0134*0.20 0.0 0.075 3 0.00 0.00 132 1. 01 o. so; tBarisal

13 0.86 -10.0 0.0 0.0 0.10 0.00 0.0 0.0 3 0.0 0.0 132 1. 01 0.50; !,;Remote-Bus for Fa If

,It
14 0.86 -10.0 O. 0.0 2 0134*0.20 0.400*2.0134*0.20 0.0 0.025 3 0.0 0.00 132 1. 01 0.50; ~Bottail

15 0.86 -10.0 O. 0.0 2 0134*0.20 0.400*2.0134 *0.20 0.0 0.025 3 0.00 0.00 132 1. 01 0.50; ~Faridpur

16 0.86 -10.0 0.0 0.0 2. 0134*0.20 0.400*2.0134 *0.20 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; ~Pa1ashbari

17 0.86 -10.0 0.0 0.0 2. 0134*0.10 0.400*2.0134*0.10 0.0 0.0 3 0.00 o. 00 132 1. 01 0.50; t-Pabna

18 0.86 -10.0 O. a 0.0 2. 0134*0.10 0.400*2.0134*0.10 0.0 0.075 3 0.00 0.00 132 1. 01 0.50; tJhenida

19 0.86 -10.0 0.0 0.0 2. 0134*0.05 0.40(1*2 0134*0.05 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; ~Bagherhat

20 0.86 -10.0 0.0 0.0 2.0134*0.050.400*2.0134*0 05 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; ~Jessore

21 0.86 -10.0 0.0 0.0 2.0134*0.100.400*2.0134*0 10 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; tBhandaria

22 0.86 -10.0 0.0 0.0 2.0134*0.20 0.400*2.0134*0 20 0.0 . 0.0 3 0.00 0.00 132 1. 01 0.50; SMadaripur

23 0.86 -10.0 0.0 0.0 2.0134*0.25 0.400*2.0134*0.25 0.0 0.2 3 0.00 0.00 132 1. 01 0.50; SRajshahi

24 0.86 -10.0 0.0 0.0 2.0134*0.260.400*2.0134*0.26 0.0 0.075 3 0.00 0.00 132 1. 01 O.so; SChapainawabganj

25 0.86 -10.0 0.0 0.0 2.0134*0.380.400*2.0134*0.38 0.0 0.075 3 0.00 0.00 132 1. 01 0.50; ~Noagaon

26 0.86 -10.0 0.0 0.0 2.0134*0.100.400*2.0134*0.10 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; ':Shahjadpur

27 0.86 -10.0 0.0 0.0 2.0134*0.100.400*2.0134*0.10 0.0 0.15 3 0.00 0.00 132 1. 01 0.50; ~Rangpur

28 0.86 -10.0 0.0 0.0 2.0134*0.100.400*2.0134*0.10 0.0 0.0 3 O.00 O.00 132 1. 01 0.50i ~Lalmanirhat

29 0.86 -10. a 0.0 0.0 2.0134*0.150.400*2.0134*0.15 0.0 9.35 3 0.00 0.00 132 1. 01 0.50; SSaidpur

30 0.86 -10. a 0.0 0.0 2.0134*0.35 0.400*2.0134*0.35 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; ~Purbasadipur

31 0.86 -10.0 0.0 0.0 2.0134*0.10 0.400*2.0134*0.10 0.0 0.1 3 0.0 0.0 132 1. 01 0.50; ~Ishurdi

32 0.86 -10.0 0.0 0.0 2.0134*0.10 0.400*2.0134*0.10 0.0 0.0 3 0.0 0.0 132 1. 01 0.50; ~Sirajganj

33 0.86 -10.0 0.0 0.0 2.0134*0.00 0.400*2.0134*0.00 0.0 0.0 3 0.0 0.0 230 1. 01 0.50; 'oBaghabari

34 0.86 -10.0 0.0 0.0 2.0134*0.00 0.400*2.0134*0.00 0.0 0.0 3 0.0 0.0 230 1. 01 0.50; ~Bogra

35 0.86 -10.0 0.0 0.0 2.0134*0.10 0.400*2.0134*0.10 0.0 0.0 3 0.00 0.00 132 1. 01 0.50; tBarapukuria

36 0.86 -10.0 0.0 0.0 2.0134*0.00 0.400*2.0134*0.00 0.0 0.0 3 0.0 0.0 230 1. 01 0.50; 'i-Bherarnara

37 0.86 -10.0 0.0 0.0 2.0134*0.00 0.400*2.0134*0.00 0.0 . o. a 3 0.0 0.0 230 1. 01 0.50; tKhulna

38 0.86 -10.0 0.0 0.0 2.0134"0.000.400*2.0134*0.00 0.0 0.0 3 0.0 0.0 33 1. 01 0.50; tBogra

39 0.95 -10.0 0.1 0.0 2~0134*0.00 0 400*2. 0134*0.00 0.0 0.0 2 0.075 -0.075 11 1. 01 0.50; ~G-Bogra

40 0.870 -10.0 1: 25 0.0 0.00 O.00 0.0 0.0 2 1.27 -1.27 11 1. 01 0.50; SG-Baghabari

41 0.950 -10.0 1. 20 0.0 2.0134*0.000 400*2.0134*0.00 0.0 0.0 2 1. 22 -1.22 11 1. 01 0.50; '1rG-Barapukuria

420.870 -10.0 0.23 0.0 2.0134*0.000 400*2. 0134*0.00 0.0 0.0 2 0.2 -0.2 11 1. 01 0.50; ~G-Bherarnara

43 0.850 -10.0 1. 05 0.0 2.0134*0.000.400*2. 0134*0.00 0.0 0.0 2 1. 07 -1.07 11 1. 01 0.50; SG-Khulna

440.850 -10.0 0.15 0.0 2.0134"0.00 0.400*2 0134*0.00 0.0 0.0 2 0.13 -0.13 11 1. 01 0.50; %G-Barisal

45 0.86 0.0 0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.0 230 1. 01 0.50; >;TCSC 8"
46 0.86 0.0 0.0 0.0 0.00 O.00 0.0 0.0 0.0 0.0 230 1. 01 0.50; tTCSC ,,,

I,

line= [.
1 2 0.000 0.001 0.00 1.0 0.0 0.0 0.0 0.0;
1 3 0.00 0.001 0.00 1.0 0.0 0.0 0.0 0.0;
2 45 0.0267 0.1371 0.2647 1.0 0.0 0.0 0.0 0.0;

45 4 0.0 -0.7*0.1371 0.0 1.0 0.0 0.0 0.0 0.0;
3 46 0.0110 0.0770 a .2954 1.0 0.0 0.0 0.0 0.0;

46 , 0.0 -0. 7"0.0770 0.0 1. a 0.0 0.0 0.0 0.0;
31 5 0.0174 0.066 2*0.0078 1.0 0.0 .0.0 0.0 0.0;
31 17 0:0093 0.0352 2*0.0042 1.0 0.0 0.0 0.0 0.0;
17 26 0.0232 0.088 2"0.0104 1.0 0.0 0.0 0.0 0.0;
7 26 0.00462 0.0135 2*0.00155 1.0 0.0 0.0 0.0 0.0;

26 32 0.0197 0.0748 2"0.00884 1.0 0.0 0;0 0.0 0.0;
4 33 0.0044 0.03025 0.1161 1.0 0.0 0.0 0.0 0.0;

31 7 0.0365 0.1125 2'*0.0127 1.0 0.0 0.0 0.0 0.0;
6 25 0.0261 0.099 2'*0.0117 1.0 0.0 0.0 0.0 0.0';
5 6 0.0377 0.1430 2"0.0169 1.0 0.0 0.0 0.0 0.0;

31 23 0.0261 0.099 2'*0.0115 1.0 0.0 0.0 0.0 0.0;
5 23 0.0308 0.09 2'*0.0102 1.0 0.0 0.0 0.0 0.0;

23 24 0.0275 0.104 2"0.0122 1.0 0.0 0.0 0.0 0.0;
33 8 0.00320 0.022 0.0844 1.0 0.0 0.0 0.0 0.0;
7 32 0.0232 0.088 2*0.01044 1.0 0.0 0.0 0.0 0'-0;

34 , 0.00544 0.03740 0.1435 1.0 0.0 0.0 0.0 0.0;
6 32 0.0383 0.1452 2'*0.0172 1.0 0.0 0.0 0.0 0.0;
6 16 0.0291 0.1104 2"0.0131 1.0 0.0 0.0 0.0 0.0;

16 27 0.0304 0.11528 2+0.0136 1.0 0.0 0.0 0.0 0.0;
34 9 0.008 0.05775 0.20 1.0 0.0 0.0 0.0 0.0;
27 35 0.0222 0.0839 2"0.00985 1.0 0.0 0.0 0.0 0.0;
27 28 0.0222 0.0839 2"0.00985 1.0 0.0 0.0 0.0 0.0;
35 29 0.033 0.264 2*0.0116 1.0 o. a 0.0 0.0 0.0;
27 29 0.02378 0.0902 2*0.0106 1.0 0.0 0.0 0.0 0.0;
29 30 0.01212 0.0459 2"0.0054 1.0 o. a 0.0 0.0 0.0;
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, '6 0.0008 0.0055 0.021 LO 0.0 0.0 0.0 0.0

" " 0.0058 0.022 2 ••..0.0026 LO 0.0 0.0 0.0 0.0
"0 H 0.01305 0.0495 2"0.0058 LO 0.0 0.0 0.0 0.0
H "' 0.02517 0.09548 2+0.0113 LO 0.0 0.0 0.0 0.0

"' 20 0.0261 0.099 2+0.0117 LO 0.0 0.0 0.0 0.0

" H 0.02767 0.1049 2*0.0124 LO 0.0 0.0 0.0 0.0,. '7 0.013 0.09 0.340 LO 0.0 0.0 0.0 0.0
"0 "5 0.0805 0.2353 2*0.0253 LO 0.0 0.0 0.0 0_ 0;

"5 22 0.0495 0.1449 2"'0.0165 LO 0.0 0.0 0.0 0.0;

22 "2 0,0433 o . 1267 2+0.0145 LO 0.0 0.0 0.0 0.0;
H "' 0.0251 0.09526 2*0.0112 LO 0.0 0.0 0.0 0.0;
"9 n 0.0246 0.072 2"'0.0083 LO 0.0 0.0 0.0 0.0;
n "' 0.0385 0.1125 2*0.013 LO 0.0 0.0 0.0 0.0;

'" . u 0.00 0.0303 0.00 LO 0.0 0.0 0.0 0.0;

, " 0.00 O.Ol 0.00 LO 0.0 0.0 0.0 0.0;

" 7 0.00 0.01 0.00 LO 0.0 0.0 0.0 0.0;, '2 0.00 O.OJ. 0.00 LO 0.0 0.0 0.0 0_ 0;

" 6 0.00 O.Ol 0.00 LO 0.0 0.0 0.0 0.0;

'6 "0 0.00 0.01 0.00 LO 0.0 0.0 0.0 0.0;

'7 H 0.00 O.Ol 0.00 LO 0.0 0.0 0.0 0.0;

S '5 0.00 0.01 0.00 LO 0.. 0 0.0 0.0 0.0;

" 09 0.00 O.Ol 0 .. 00 LO 0.0 0.0 0.0 0.0;

6 " 0.00 0.01 0.00 LO 0.0 0.0 0.0 0.0;
7 " 0.00 0.01 0.00 LO 0.0 0.0 0.0 0.0;
9 '" 0.00 O.Ol 0.00 LO 0.0 0.0 0.0 0.0;

"0 '2 0.00 0.01 0.00 LO 0.0 0.0 0.0 0.0;

H " 0.00 0.01 0.00 LO 0.0 0.0 0.0 0.0;

"' " 0.00 0.01 0.00 LO 0.0 0.0 0',0 0.0;

J-

moo _con e I ...
1 1 768 0.240 0.0012 2.100 0.400 0 250 4. 50 0.034 2.050 1.200 0.250 1. 50 0.15 2.40 2.0 0 "2 39 25 0.134 0.0014 1.250' 0.232 O. 120 4.75 0.0590 1.220 0.715 0.120 1. 500 0.210 5.020 2.0 0 39;

3 40 192 .0.102 0.0026 1.651 0.232 O. 171 5.90 0.033 1. 59 0.380 0.171 0.535 O.078 3.30 2.0 0 40;

4 41 192 0.102 0.0026 1.651 0.232 0.171 5.90 0.033 1.59 0.380 0.171 0.535 0.078 3.30 2.0 0 41;
5 42 35 0.134 0.0014 1.250 0.232 0.120 4.75 0.0590 1.220 0.715 0.120 1. 500 0.210 5.020 2.0 0 42 ;
6 43 160 0.110 0.0031 1.700 0.245 0.185 5.90 0.033 1. 64 0.380 0.185 0.540 O.076 3.96 2.0 0 43;

7 44 25 0.134 0.0014 1.250 0.232 0.120 4.75 0.0590 1.220 0.715 0.120 1. 500 0.210 5. 020 2.0 0 44 ;
],

exc- con=[ .
1 1 O.01 46.0 0.06 0 0 1.0 -0.9 0.0 0.4 4.5 0.267 3 ., 0.07 0.02 1.0 0 0 0,
1 2 0.01 46.0 0.06 0 0 1.0 -0.9 0.0 0.4 <.5 0.267 3. 4 0.07 0.02 1.0 0 0 0,
1 3 0.01 46.0 0.06 0 0 1.0 -0.9 0.0 o. , 4.5 0.267 3. 4 0.07 0.02 1.0 0 0 0,
1 , 0.01 46 0 0.06 0 0 1.0 -0.9 0.0 o. , '.5 0.267 3.4 0.07 0.02 1.0 0 0 0,
1 5 0.01 46.0 0.06 0 0 1.0 -0.9 0.0 O. , '.5 0.267 3. 4 0.07 0.02 1.0 0 0 .0;
1 6 0.01 46.0 0.06 0 0 1.0 -0.9 0.0 o. , '.5 0.267 3. 4 0.07 0.02 1.0 0 0 0,
1 7 0.01 46.0 0.06 0 0 1.0 -0.9 0.0 O. , 4.5 0.267 3.4 0.07 0.02 1.0 0 0 0,
],

tg_con e [ ...
1 1 1 25.0 1.0 .0 1 0 5 0.0 1. 25 5.0;
1 2 1 25.0 1.0 O. 1 0 5 0.0 1.25 5.0;
1 3 1 25.0 1.0 O. 1 0 5 0.0 1. 25 5.0;
1 4 1 25.0 1.0 O. 1 O. 5 0.0 1. 25 5.0;
1 5 1 25.0 1.0 O. 1 O. 5 0.0 1.25 5.0;
1 6 1 25.0 1.0 0 1 O. 5 0.0 1.25 5.0;
1 7 1 25.0 1.0 0 1 O. 5 0.0 1. 25 5.0;
],

tcsc-coo I...
1 45 1.0 .05 0 -1.3,
2 46 1.0 .05 0 -1 3,
],

load_ con I.
4 0, foe TCSC

45 0, foe TCSC
46 0, foe TPC

8 0, , foe TCSC
],
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tesc_de=[] ;
~tcsc_de{1,l)=20."wo stsp(2).*(1dlg stsp(l,O 4216,0.1468))."1; "'for Scenario-l
tesc _de {I, 1) =70 "wo _ stsp (10) ." Ildlg stsp (1, 0.4227, ° .1449) ) ."1; i;for Scenario-2 ITCSC-l)
tesc_dc[1,2)=1;~tcsc number
tcsc_dc(1,3)=45;~bus number
tcsc_dc{1,4)=O;~ control max output limit
tcsc_dc[1,5)=-1.3;~ control min output limit
tcsc_dc[I,6)=2;~ number of control states

tcsc _ dc {2, 1) =70. "wo _stsp (10) .•.(ldlg stsp (1,0.4227,0.1449) l."1, Hor Scenario-2 (TCSC-2)
tcsc_dc{2,2J=2;~tcsc number
tcsc_dc{2,3J=46;~bus number
tcsc_dc{2,4}=O;~ control max output limit
tcsc_dc{2,5)=-1.3;i control min output limit
tcsc~dc{2,6)=2;~ number of control states

'" con = [ ...
0 0 0 0 0 0 0.01; %sets intitial time step
0.3 31 13 0 0 0 0.005; %thee phase fault
0.35 0 0 0 0 0 0.005 ; ~clear fault at bua 3
0.4 0 0 0 0 0 0.01 ; '!clear remote end
0.50 0 0 0 0 0 0.01 ; , increase time step
1.0 0 0 0 0 .0 0.01 ; % increase time step
10 0 0 0 0 0 0,
], ,end simulation

, Monitor all line flows
lmon_ con = [1 ;length lline (;,I) }) ';
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