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ABSTRACT

The study of the transient stability enhancememabdity of Unified power flow
controller (UPFC) in a multi-machine power systenpiesented. The test system was
Nigerian 330kV power system and the focus was enefifect of disturbances on the
largest generating unit (Egbin) in the system. Dhiginal network was reduced to
retain the area of interest (i.e. South West buss#sding Egbin generator). The UPFC
was connected between Egbin and lkeja-west busktharanalysis was conducted by
simulating a 3-phase fault at three locations; o terminal of the largest generator
unit at Egbin bus, the bus with the largest loatkefa—west and the bus at Benin. The
response of the system for the three cases witlwéhdut the device in operation was
observed. The dynamic model for the series patheflevice was developed in Python
programme using the application program interfadel) in Power System Simulation
for Engineering (PSS/E) software used for the asisl\5imulation results showed that,
with the UPFC in the network, the steady stateagdtprofiles of some buses were
improved by as much as 4.9% especially those diogbe point of connection. In
addition, the device was able to damp power osimiaand the system transient
stability was enhanced. The enhancement is fromcthieal clearing time of the
system which was increased from 380ms to 590ms whenfault was at Egbin
generator terminal, from 470ms to 510ms followihg fault at lkeja-west, and from

770ms to 830ms when the fault was at Benin bus.
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CHAPTER ONE

INTRODUCTION

1.1Background
Deregulation of power system around the world hasight to the forefront the issue
of power system stability. The stability issuenssefrom new regulatory requirements,
economic/environmental factors, and increase demaitiout a corresponding
increase in generation and transmission line retefoent. All these results in power
systems being stressed beyond the capacity theg weginally built to handle.
Considering that some generators are far fromadhae tentres, the problem of transient
stability following a major disturbance will be hreéat to the security of supply and
utility operators will find it critical to the dail operation of power systems. Power
system stability is the ability of synchronous maehto remain in synchronism with
one another after disturbances at various locationthe system. It can be broadly
divided into Steady-State or Small Signal Stabidihd Rotor Angle Transient Stability
(Padiyar, 2008). The former is the stability of #ystem under conditions of gradual or
relatively slow change in load while the latteremsfto the maximum power transfer
possible through a point without losing stabilityttwsudden and large changes in the
network conditions such as 3-phase bolted faults, sadden loss of large
loads/generating unit(s). Stressed power systeraskapwn to exhibit nonlinear
behaviour and the interactions among power systemngoonents results in various
modes of oscillations. These oscillations if naigerly damped, may be sustained for
several minutes affecting power flows and may ewstrease to cause loss of
synchronism between systems and ultimately leadt#b or partial system outage.
The system dynamic response to disturbances andsthef losing stability can be

reduced by additional element inserted into theesys Options involve connecting a



Braking Resistor (BR) at the generator or substaterminals. This braking of the
accelerating rotor angle influences the rotor mmotlaring disturbances. The switching
of the BR is made either trough a mechanical droreaker or with a power electronic
based devices. Also, Power system stabilizers (@%@ been one of the fore-most
measures used to enhance the damping of power sSwi§S is a device which
provides additional control action via the automatoltage regulator (AVR) system
loop. While conventional PSS can be consideredcanamical option to add damping
on critical electromechanical modes it might not doequate to provide sufficient
damping of power swings where the transmission li@eling over long distances is
quiet high (Kazemi and Mahamnia, 2008). An altaugato PSS are the Flexible AC
Transmission System (FACTS) controllers which candesigned to use a variety of
control signals and, in principle, can be placedary location in the transmission
system to achieve the best possible damping. Acddraent in power electronic devices
for high power application indicates that they walbntinue to find application in
electric power transmission and distribution systerRPower electronics provide
increased control, and as a result, operation dtiag transmission and distribution
line close to their thermal limits. FACTS contrefiecan be series or shunt connected,;
the Static Synchronous Series Compensator (SSSE@hwhan be defined as a static
synchronous generator is connected in series wittetavork and acts as a series
compensator whose output voltage is fully contld#éa independent of line current,
with the aim of increasing or decreasing the vatagop across the line, therefore
controlling the power flow.

A Static Var Compensator (SVC) is a shunt connestatic var generator/load whose
output can be adjusted to exchange capacitive auciive current with a network

where it is located. Primarily SVC is used to imygovoltage stability. However,



supplementary control can also provide oscillati@mping. Another shunt connected
device is the STATic COMpensator (STATCOM) whichnmany respects resembles a
synchronous generator. It acts as a controllahlatstapacitive or inductive reactance,
thus allowing regulation of network voltage whicls its main function. A
supplementary feedback controller can be addedrderoto enhance damping of
system's oscillations. in addition, the Unified Rowlow Controller (UPFC) is another
FACTS device which is, technically, the most valsaand effective because, it
combines the functionality of a series (SSSC) dnohs(STATCOM) connected device
and has the capability of improving transient digbof a power system by controlling
the power flow through a transmission line via fieeies and shunt parameters, hence

its choice for this research works.

1.2 Statement of Problem
The Nigerian 330kV transmission network is a veaygé (but essentially radial)
network as shown in Figure 1.1. A section of themoek involving the generator at
Egbin and the buses in the south west is usechfsrstudy. The choice of the study
area is based on the fact that Egbin thermal stasothe single largest installed
electricity generation plant in Nigeria with an talted capacity of 1320 MW and the
majority of loads are concentrated in the southwesbtblems like sudden and large
changes in the network conditions such as 3-phattedbfaults, or sudden loss of
loads/generator unit on this section of the netwarbuld weaken the system security.
Hence, the choice to study the response of theanktt® one of such problems while
incorporating a reported corrective device (i.e FQ that is capable of appropriately

mitigating such problems.
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Figure 1.1: The Nigerian 330kV Transmission NetwSHowing the Area of Interest

1.3 Motivation

Lack of sufficient power to meet immediate and fatdemand is a problem in some
countries (Nigeria inclusive). Consequently thesetlhe need to operate existing
infrastructure efficiently. As the power generatio®m stepped up, most of the
transmission corridors are pushed to their opegdimits and with delay in building

new transmission lines and the associated costpaidem that arise is the stability of
the network. Thus the present facilities on grolrave to be optimised for best
performance. With the current state of the Nigerower network where the
generation is inadequate to meet the load demaudyrisy of the existing system is
very important as the network is increasingly bestressed and vulnerable to
instability. The reported stability enhancemeapability of UPFC and its application
to a multi-machine power system coupled with thegesbf the study system is the

motivation for this study.



1.4 Aim and Objectives

The aim of this project is to assess the transséability enhancement capability of

UPFC in a multi-machine power system subjectedéddible transient disturbance.

The research objectives are as follows:

Development of a typical multi-machine power systaodel

Steady-state power flow study of the system leadingetwork reduction on
the study network by retaining the area of interest

Integration of steady-state and dynamic model ef WPFC in the power flow
and dynamic simulation studies.

Transient stability analysis on the reduced mukietrine power system.

1.5Methodology

The reduced Nigerian 330kV Grid is the test systenthis study, and the data will be

obtained from the Power Holding Company of Nig€R&CN). To achieve the stated

objectives, the following research tasks were edraut:

Given that the transient stability analysis wasduartied on the area including
the generator at Egbin and the buses in the sow$t, whe impact of a
disturbance in this area on the rest of the netvsrkot of immediate concern
thus a network reduction is performed. The netwods divided into two

sections. An internal network where the impacthef disturbance is of interest,
this section of the network is the study system andexternal network to be
represented by simplified models that still retisneffect on the study system

referred to as the dynamic equivalent. This istiated as shown in Figure 1.2.



Large Network |

Internal System l External System
(Including Egbin —_— (Rest of the
i . 330KV Generator) | network)
igerian
I

Transmission Network)

Figure 1.2: Dividing the entire Power System Netwioto two parts

Dynamic reduction of the network used centred @ndbherency-based technique and

included the following steps:

I.  Identification of coherent generator groups.
ii.  Aggregation of generators in the group.
iii.  Reduction of the proposed network.

II. A power flow study was performed on the reducedesysn order to determine
the steady state pre-disturbance condition for shistem. The simulation
software Power system Simulation for Engineerin@SHE) will be used to
model the system and it components, and then thdysis carried out
subsequently.

[ll.  Transient stability analysis was conducted on tasulting multi-machine
system. The analysis is involved simulating a disnce on the test system
without the UPFC in operation to observe the systeamaviour during
transients. The UPFC model developed using Pythoogramming is
subsequently activated in order to mitigate theultes disturbances. The

system response to the device is examined.



IV.  Finally, simulation results produced by the simolatsoftware are presented in
order to observe the enhancement capability ol MREC during this transient
condition.

1.6 Significance of Study
The requirement for full control of transmitted pawn a deregulated electrical power
market is imperative for system operators. Thisasessitated because of the increased
and variable nature of the loads which usually lexmon-linear behaviour. One of the
effects of this non-linear behaviour is the stépibf the network following a severe
disturbance. Traditional means of ensuring maxinpawer transfer e.g. PSS BR etc
are increasingly not sufficient for modern powestsyns during contingencies and

FACTS devices have been reported to provide sysbperators with increased

flexibility of control of network parameters to eme more power is delivered to their

consumers. This thesis has investigated the us®&RFC in improving transient
stability of a reduced Nigerian 330kV transmissiogtwork. The results obtained

could assist the system operator in future planaimdjdaily operation of the network.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction

In this chapter, the necessary background knowledigethe study is presented. It
starts with the illustration of the relevant thesti These include the definition of the
stability problems, the various types, and trartss¢ability enhancement methods. The
UPFC principle of operation is also been descrilsd@dwing how the network
parameters are controlled for improved system pedoce. Finally, a critical and

systemic review of works similar to the study isyaded.

2.2Review of Fundamental Concepts

2.2.1 Power System Stability

The complexity of power systems results from th&rconnection of its various
components; from generators to loads, the interecinmg transmission lines and other
devices associated with power transfer. This iot@nection causes dynamic
interactions with all these components that coffiecathe system partly or as a whole.
The challenge of a power system operator is makirege elements work together
irrespective of the system disturbances they abgested to. The system is said to be
stable if it is able to remain in a state of opegequilibrium under normal operating
conditions or regain acceptable state of equiltoriafter it has been subjected to a
disturbance. Power system stability is definechasability of an electric power system,
for a given initial operating condition, to reganstate of operating equilibrium after
being subjected to a physical disturbance, withtmsgstem variables bounded so that

practically the entire system remains intact (Pealdt al., 2004).The study of power



system stability is classified into three areasor@ngle stability, frequency stability

and voltage stability as illustrated in Figure 2.1.

Power System Stability

Rotor Angle
Stability

Frequency
Stability

Small-Disturbance
Angle Stability

Transient
Stability

| Short Term

2.2.2 Rotor Angle Stability

Voltage
Stability

Large-Disturbance
Voltage Stability

Small-
Disturbance
Voltage Stability

| Short Term | | Long Term |

Figure 2.1: Classification of Power System Stap{lRrabha, et al., 2004).

Rotor angle stability refers to the ability of siim@enous machines to maintain

synchronism subject to a system disturbance. lexép on the ability of the machine to

maintain equilibrium between the electromagneticqde and mechanical torque. The

instability may occur as a result of increasing wdag swings of some generators

leading to their loss of synchronism with other gy@ators. Rotor angle stability can be

categorised as

» Small-disturbance rotor angle stability

» Large-disturbance rotor angle stability




Small-disturbance (or small signal) rotor anglebsity is the ability of power system
to maintain synchronism when subjected to smatudisnce. Large-disturbance rotor
angle stability or transient stability as it is amenly known deals with the ability of
the power system to maintain synchronism when stdgeto a severe disturbance.
Transient stability which is the focus of this spudepends on the initial operating state
of the system and the severity of the disturbamcansient instability is in the form of
aperiodic angular separation due to insufficiemicéyonizing torque, manifesting itself
as first swing stability. The time frame of intarestransient stability studies is usually
3 to 5 seconds following the disturbance. It magkended to 10-20 seconds for very
large systems with dominant inter-area swings (Ragbt al., 2004). Figure 2.2 shows
the classification of power system dynamics witspest to time frame which is closely

related to where the dynamics occur within theesyst

N
Long term
frequency/voltage stability
( )
Transient stability
8 ( )
5
g Generator electromechanical transients
£ ( )
g
(‘% Torsional/Resonance transients
: ( )
o Switching transients
Lightning transients
)
| | | | | | | | | \
106 105 10+ 1073 1072 107 100 10' 102 10°  Time (s)

Figure 2.2: Classification of Power System Dynamics

10



2.2.3 Transient Stability

Transient stability is the ability of power systeim remain in synchronism when
subjected to large disturbances. Such disturbandesh could affect the transient
stability of the system include load changes, dvitg operation and faults that result
in subsequent circuit isolation. These disturbarates result in the oscillations of the
rotor and by extension the generated power. FiguBeshows the plot of the generator
rotor angle §) against time. For a generator subject to a syslistarbance it can either
recover and oscillates around a new equilibriummipuaiith the rest of the system or it
can pull away from the rest of the system aperatlicThese curves are also known as

the “swing curves”.

Rest of the
ystem

Rest of the
system

v
\4

(a) Time (b) Time

Figure 2.3: Plot of Rotor Angle against Time; ald¢ Case b) Unstable Case

The former case is deemed to be transiently stabike the later is unstable. Equation
2.1 is “the swing equation” which describes the@rangle swings during disturbances,

and the power angle relationship concepts are sapes transient stability analysis.

dzs
MF == (Pm - Pe)MW (21)
Where M is the inertia constant in MJ-sec/electaad R, is the mechanical input

power, Ris the Electrical output power.
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In a simple model of as shown in Figure 2.4 whergeaerator is connected to an

Figure 2.4: Model of a Single Machine Infinite BRgstem

infinite bus system, the maximum power that cartrbesferred to the infinite bus is
restricted and the equation relating the generdamtrical powet, and the rotor angle

6 of the machine is given by equation 2.2.

EqVins .
P, = ‘gX—mfsm 1) (2.2)
T
= Py SiN6
where,
E,V;
Pogy = _9XT‘"f (2.3)

Where E is the terminal voltage of generator,\fs the voltage of infinite bus, $Xs
the transmission line reactance and the phase angle difference between the buses.
A graphical representation of Equation 2.2 is asashin Figure 2.5 from which it can
be seen that the electrical power initially incesasnd gets to maximum at 90°. The
power decreases abowe90° until R=0 at6=180°. This power-angle characteristic

curve shows the power that can be transmittedfasction of rotor angle.
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Figure 2.5: Power-angle curve

From equation 2.3 it is apparent that the powew ftorough a transmission line is a
function of the line impedance, voltage magnitude phase angle of the bus voltages.
The power flow through the line can be controlleda preferred manner if these
parameters can be controlled. FACTS devices usesp@tectronics to control the

parameters of power system in order to fully ugilihe existing transmission capability

and improve power system transient stability.

2.2.3.1 Transient Stability Enhancement

The rotor (power) angle stability of a power systean be enhanced, and its dynamic
response improved, by correct system design anchtipe. Some measures that could
help in improving system stability include adequatel reliable protective equipment
that ensure fast fault clearing, ensuring adequegerve capability of transmission

lines, use of system configuration suitable foragtipular operating condition, system

wide frequency and voltage control etc. In prachiogvever, financial constraint limits

the level to which any of these actions could belemented and there is always a
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compromise between operating a power system otosg $tability limits and ensuring
excess reserve in generation and transmission.ifith@duction of some additional
elements inserted into the system will help smaloghsystem dynamic response. These
Stability enhancement device/actions are outlindssquently.

Power System Stabilizers: A power system stabilizer is a device that provides
supplementary control signal to the generator AVRough a generator output power
is decided by the turbine mechanical torque, a rgeoe output power also can be
changed by changing excitation value transientlyP8S detects the changing of
generator output power, controls the excitatiorugaland reduces the power swing
rapidly. PSS are designed to use a variety of obsignals. Some commonly used
input signals are rotor speed deviation, acceleggibwer, and frequency deviation.
PSS in their earliest form used a measurementeospeed deviation of the generator
shatft.

The main problem with the signal is the measuremeiste, and when applied to turbo-
generators with long shafts, the measurement paditas to be carefully chosen so as
to represent actual speed deviation due to thdirevability to torsional oscillations.
For long shafts it is a common practice to measheespeed deviation at a number of
points along the shaft and use this informationalzulate the average speed deviation
(Machowski, et al, 2008).

The measurement of shaft speed can be replacednbgaaurement of the generator
terminal frequency. A disadvantage of this solutierthat the frequency signal often
contains power system noise caused by large induktads such as arc furnaces. The
accuracy of this measured speed signal can be wagrby adding the voltage drop
across the transient reactance to the generatimgeoto obtain the transient emf and its

corresponding frequency.
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The PSS nowadays receives two signals, the genenaticent and voltage. Similar to
the case of the PSS utilizing the measured shaédgeviation, the PSS gain is limited
by the effect of shaft torsional oscillations. Tadvantage of this solution compared
with other types of stabilizers is that it improwas damping of inter-area oscillations
in interconnected power systems.

Due to the simplicity of measuring electrical povead its relationship to shaft speed,
it was considered to be a natural candidate asaut signal to early stabilizers. With
this arrangement only one input signal is requibed can only be used when the
mechanical power can be assumed to be constarhelfmechanical power does
change, for example due to secondary frequencyradprthis solution produces
transient oscillations in the voltage and reacpoever that are unnecessarily forced by
the PSS because it sees the change in the medhaomiea as a power swing.

Generator Tripping: A disturbance leading to the isolation of loadsates an
imbalance between electrical and mechanical toogusing the rest of the generators
in the system to over speed. Tripping one or magaegators from a group of
generators that are operating in parallel on a combus bar is perhaps the simplest
means of rapidly changing the torque balance on gbeerator rotor. Tripping
generators without going through the shutdown ptooe instantly reduces the
mechanical torque. In the power angle characteyitis reduces the acceleration area
and increases the deceleration areas of the rdtdheo remaining units, thereby
increasing stability margin. Generator tripping lcbbe Preventive tripping which is
when tripping is coordinated with fault clearingeisure that the remaining generators
in operation maintain synchronism or restitutiveging which is when one, or more,
generators are tripped from a group of generataathave already lost synchronism.

The objective here is to make resynchronizatiothefremaining generators easier.
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The main disadvantage of generator tripping is thatreates a long-term power
imbalance characterized by variations in frequeang power interchange between
interconnected systems (Machowski, et al, 2008)

Fast Valving: Fast-valving (or early valving, as it is sometimrederred to) is a
technique applicable to thermal unit to assist @naining power system transient
stability. It involves rapid closing and openingstéam valves in a prescribed manner
to reduce the generator accelerating power follgwthe recognition of severe
transmission fault. Such fast control is howeverpussible with hydro turbines due to
the large change in pressure and huge torque, segde move the control gates.
FACTS. FACTS devices provides power systems with a meam®mtrol transmitted
power by increasing or decreasing the power flonaispecified transmission line
thereby responding almost instantaneously to #ymtoblems. By comparison with
other stability enhancement methods the speedspbrese is the greatest advantage it
has. Early FACTS devices were based on siliconrobed rectifier (SCR) and were
used as active elements, however, with the advagreeim technological developments
higher capacity devices based on gate turn offidtor (GTO), and IGBT in voltage
source converters have been introduced. Dependinth® system parameter to be
controlled various configuration are available FXCTS devices, it could be series,
shunt, series-series, or series-shunt connectaght Sionnected FACTS devices are
used for voltage compensation at the point of cotme. Such devices have also been
reported to improve voltage stability and exampledude Static var compensation
(SVC) and STATic COMpensator (STATCOM). Series devare used primarily for
power flow control which indirectly influences busltages. Its ability to control power
flow also finds application in damping of power ilations which subsequently

increase power system stability limits. The UPF@bmes the functionality of the
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series and shunt device in damping power oscillanad controlling bus voltages
during system disturbance thus allowing for morevgo transfer. This makes the
UPFC the most versatile of all FACTS devices.

2.2.4 UPFC Principle of Operation

The UPFC is conceptually seen as a synchronousgelisource (SVS) at the
fundamental frequency. Consider a simple two malsystem interconnected by a
transmission line in series with a voltage phasith wontrollable magnitude pq (0 <
Vg < Vpgmay @and anglep (0 < p < 2r) as shown in Figure 2.6 (Hingorani and Gyugyi,
2000). In this functionally unrestricted operatiavhich clearly includes voltage and
angle regulation, the SVS generally exchanges teatttive (Qy) and real (R) power
with the transmission system. Since the SVS primasi able to generate only the
reactive power exchange, the real power must bpligdipto it, or absorbed from it, by
a suitable power supply or sink (Hingorani and Gyug2000). In the UPFC
arrangement the real power exchanged is provideshbyof the end buses usually the

sending-end bus ), as indicated in Figure 2.6.

Veq

P
— — v
| /r\\f@m I/—’ N I
X
Ve Vior= Vi + Vpg v
Pog

Figure 2.6: Conceptual Representation of the URF&Two-machine Power System.
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Figure 2.7 (Nabavi-Naiki, 1996) shows the practiogdlementation schematic diagram
of the power circuit of a UPFC which is composedwofexcitation transformer (ET), a
boosting transformer (BT), two voltage source coters (VSCs) and a dc link
capacitor. The VSC on the side of the boostingsfiamer (VSC-B) controls the
magnitude and phase angle of injected voltagg By means of amplitude modulation
index (mg) and phase-angled) respectively. Figure 2.8 shows the phasor relahg
which indicates that depending upon the magnitudias phase-angle ofgy angled
can be controlled. Thus real and reactive power tlarough the line can be regulated.
Furthermore, the magnitude of receiving end volt@gg could also be controlled by
V. Therefore; the UPFC can also be used for reapiveer flow regulation (voltage

control).

\ VSC-E VSC-B
BT
ET @ = @

dc
!
M

JE=

1 —
=P
S —P

Figure 2.7: UPFC Schematic Diagram

Figure 2.8 also shows that control of the appapemier (S) in the line is accompanied
by the exchange of real powéV{||l| coso) between the VSC-B and the system. This
power exchange results in either the dischargevercharge of the dc link capacitor.
This power exchange is compensated by VSC on ttieaérn transformer (VSC-E) to

maintain the capacitor at the required value, i@ proper operation of the VSCs.
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Phase angle of the control signal of VSC+<) (is used to control the real power
exchange between VSC-E and the system so as ta@okdhe dc link voltage.
Therefore, neglecting losses, the UPFC is neithesoarce nor a sink of energy

(Nabavi-Naiki, 1996).

Figure 2.8: Phasor Diagram of UPFC in a System

2.3 Review of Similar Works

The subject of a number of publications has beenhow the optimal system
performance can be achieved by accurate contr@watfching instants of network
elements that affect system parameters in a trassoni network. Such parameter
change can be used to damp power swings. Thisoseatiempts to describe briefly
some reported works carried out on transient stalsihd UPFC application in power

systems.

One of the earliest works carried out on the apgibm of power electronic devices in
power systems can traced to Gyugyi, (1992). In whek, the idea of flexible ac

transmission concept is described as the real ¢omérol of system parameters which
affect transmitted power. Furthermore transienstfswing) stability, as well as the
damping of the system can be increased by rapmiyraolling transmission line power

within defined boundaries thereby improving steathte transmitted power and thus
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high utilization of the system. In addition, it walsowed that UPFC in it general form
can provide simultaneous real time control of posgstem parameters (transmission
voltage, impedance, and phase angle). It was atkoowledge that the control
parameters can be changed without any hardwaretates e.g. the function of the
controller can be changed from that of a phasdeshifo that of a series line
compensator, or vice versa, with or without addiloterminal voltage regulation and
shunt VAr compensation, to adapt to particular slterm contingencies or future
system modifications. The novelty of this work adty provided the ground breaking
approach to the control of power and the utilizatd transmission corridors efficiently
using power electronics.

Gyugyi, et al. (1995) described the UPFC as a gdised real and reactive power flow
controller that is able to maintain a prescribend & at a given point (bus) on the
transmission line. A test was conducted on the @mrsfirea Power Administration
(WAPA) power system. Conventional equipments ihsthlon the system included
phase angle regulators, two series capacitorstvamgtatic var compensators. A UPFC
replaced these components basically for steadg-ptater flow control and oscillation
damping. Computer simulations indicate that thégperance of the UPFC compared
to the equipments it replaced, under a three-pfeage shows that the UPFC greatly
improves system damping and voltage swings of tne Where it was connected is
significantly damped. This shows that the UPFC daeplace a combination of phase
angle regulators, series capacitors, and staticceampensators and is effective in
providing equivalent steady-state and superior dyoaystem performance.

A UPFC fundamental frequency state-space modelruralanced operating conditions
is reported by Nabavi-Naiki, (1996). Although tlssate-space model was used to

realize a steady-state power flow model, a smghadi (linear) eigen-analysis model,
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and a large-signal transient stability model of WieFC, the work however focused
mainly on the technical feasibility of UPFC in dangp torsional oscillatory modes
which are excited as a result of interaction betwaeurbine-generator unit and series
capacitor compensated transmission system. Reshubtsed that the UPFC mitigates
torsional oscillation well both when it is locatedseries compensated line and in a line
parallel to a series compensated line for a redftissimple power system. For a
realistic 10-generator power system, he deduced ahaopen loop UPFC does not
affect interarea oscillations while it can sigraiitly change torsional damping,
auxiliary control loop to a UPFC can effectivelynga out torsional oscillations, and
mutual interaction between interarea control andsiemal control loop can be
prevented by filtering out the undesirable os@ltgtmodes in each control loop.

Meng and So, (2000) proposed a current injectiomlehéor UPFC used in stability
studies. Two studied cases were presented; in Dtiee @ases, the input signals to the
UPFC controller was the speed deviation and ratgteadeviation while the other case
used active power deviation and reactive powerad®n as input signals. Even though
the speed and rotor angle deviation input signaissgbetter performance in damping
oscillations the choice of input signal means thatlocation of the device is restricted
to a point that allows for such signals to be mesu

Kumar and Nagaraju (2007), using the 10-genera@eod New England test system
were able to show that the UPFC is more effectihemwthe controller is placed near
heavily disturbed generator. UPFC and SVC weral useinvestigate the transient
stability on the system and power oscillations weaeped and transient stability was
improved by reducing the first swing.

In the works of Omoigui et al. (2007), the NigeridB0kV was reinforced with two

additional generating station and eleven transomsines. A STATCOM and UPFC
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were installed in location with low voltage limitolation following continuation power
flow simulations. Results showed that the voltag#iles were improved and stability
of the system enhanced with the FACTS devices eraipn. Although the UPFC
which was located between Kaduna and Kano imprékedsystem wide voltage, the
effect of the series device in damping power aatidh was not shown and it is of the
view that this functionality could have been betttlised if the device was located at a
point farther from the end of the radial line.

Kumkratug,(2009) and Murali, et al. (2010) used khendur inter-area power system
as a case study. Kumkratug, (2009) was able to dstrade that transient stability
enhancement can be a function of UPFC rating, thdhg choice of different rating
used were limited to two which might not be enoifgiie inter-area test system was
larger. The line power flow between the two areas wsed to control the UPFC which
was modelled as a variable susceptance and in@eggabmnto the power system model
with the device located on the tie line between aweas. Simulation results showed
that inter area stability is improved.

Murali, et al. (2010) reported that series devi&&SC and TCSC improved power
system stability while the bus voltage where theC®3hunt device was connected was
improved. Comparative result revealed that UPFGrigdenl better performance than
these other devices during the post fault peridaey] however, did not take into
consideration the equivalent rating of the devitemwthey were compared.

Nwohu (2011) investigated the use of UPFC to imprthe damping of low frequency
power oscillations in the Nigerian grid system.hdlagh results obtained showed that
the rotor angle of the generator (closest to faldtated at Shiroro was the most
affected and the UPFC’'s (located at lkeja westeatifeness in damping power

oscillation was shown, the work restricted the tfdatation to just one bus and the
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impact of the fault location and its distance frtma UPFC as it relates to the network
behaviour was not revealed.

The Western System Coordinating Council (WSCC) wsed as a case study in the
work of Dube et al, (2012). The network is a 3 niaeh9 bus system studied for
voltage stability, small signal stability and treerg stability analysis. The voltage
stability was enhanced after the critical voltageinp was increased following
continuation power flow, and Eigen value analysso ashows improvement in small
signal stability. Although transient stability emtg@ment results shows that oscillations
were damped effectively, the conclusion based enrdsults produced was however
salient on a key parameter; the critical clearingetfor the system when the fault was
applied.

A two-machine system was used to investigate tfeeedf UPFC on transient stability
under various fault conditions by Thakur and Ghaavgh, (2012). The four fault
condition studied are L-G, L-L, 2L-G and 3L-G. Rbe various fault conditions the
critical clearing time was increased, hence thasiemt stability; although, the 3L-G
fault has the lowest margin. This confirms the ak¢he 3L-G fault in most stability
studies although the test system is small.

Gupta and Sharma, (2013) investigated how propsrephent of UPFC can improve
static and transient stability of power systemse TEEE standard 14 bus power system
was used as a test system. P-V curve analysis shmatsloadability margin was
increased by 50% and transient stability was im@dowhen the UPFC was optimally
placed. The optimal location of the device was hewalifferent in both cases because
the problem was looked at separately.

While much effort has been geared towards the cdiyatl UPFC in addressing the

various stability issues that arises as a resulfisturbance associated with a power
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system, not much consideration has been given w the UPFC responds to the
loss/disturbance affecting power supply from acaltgenerating unit in a network. To
this end, there is need to study how a UPFC wilpomad to such situation. This
research studied and investigated the transietilistaenhancement capability of
UPFC in a typical multi-machine power system. Byating an area of interest
including the largest unit in the Nigerian 330kV ialhis the reference for the study,
this research approached the study using a netsgdriction method that has not been
reported for the Nigerian 330kV. In addition thelwueed network created can become
the basis for researchers who would be interesteathier or similar studies for the

same area in the future.
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CHAPTER THREE
MATERIALS AND METHODS

3.1Introduction

The object of this chapter is to present the dpsori of the materials used for this
research and the implementation methods applied s outlined in section 1.5) in
realizing the results thus obtained. These materiatiuded the Nigerian 330kV
transmission data and the power system simulatoremgineering (PSS/E) software

along with the associated documentations to aidatslling.

3.20verview of Simulation Package (PSS/E)
As stated in section 3.1, theeftware used in this study is thgrofessional software
package, Power System Simulator for Engineerings(BBdeveloped bgiemens PTI
(Power Technologies International) version 32. ESS/composed of an all-inclusive
set of programs for studies of power system trassiom network and generation
performance in both steady-state and dynamic congit Figure 3.1 shows some
component of the user interface. PSS/E can be fmetandling a wide range of
investigations (Power Technology International (fZ010), including:
a. Data handling, updating, and manipulation
b. Power flow and related network functions
c. Optimal power flow
d. Open network Access and Price calculation
e. Balanced and unbalanced faults analysis
f.  Network equivalent construction

g. Dynamic simulation

25



Main

Spreadsheet

Tree View Toolbars -
Menu View
PSS®E y 32 - CA\Users\hp\Dox _E\;haTs\FuM\NA}GERIA_FULLm =Rl
Eile Edit Vikw Diagram PowerFlow Fault OPF Trons Afess Dymamics Disturbance Subsysten Misc IO fontral Tools Window Help
D= d = == b4 [SlE A 8 = e e L& G A B R %E m ow | b | A, e L e = |
0% ~|@aEea®an | EEMG EEDE S| e Lg HE EOREREE [F) ([ |[&) =
HEFFRFEA@R[PFE LTFAT 200 g % = Weso b | W io =z
: : Y BE pE & =
= 121 Metwol Dat ==
= [ EL¢ [%] Network data = ==

(5] Machin Bus Bus

& Lon Number Hame

oF [ <11 GT 60 1 1 1 2 1300 ;.98 =

Os it € JEBBA GT 160 1 1 1 2 .75

D B € | JEBBA 3300 1 1 1 2 1.0274 ' .90

e 7 osHocEG 33001 1 1 1 i 1 0048 o7z

oz 8  SHIRORO 330.0 1 4 1 1 1.0450 261

&3 g SHIRGRS &F 188 i i 3 18450 B85

/ 10 | KADUNA 330.0 1 . 1 b 1.0378 1.32 -

[ <] »1»]\Bus f Plant } Machine A Load ), Fixedshunt } Switched Shunt A Branch j Breaker }, 2Winding j 3 Winding Impedance table | FACTS }, 2-TermDC } VSCDC ) N-TermDC j Area f Int

oooo
rzgwD
_‘W_‘ﬂ
ER=2-Rr}
e ]

& [ MAIGERIA_FULL.sld | | =]
i M| — e | =] T JE&d|
[ 0w E—
5o I
[0 GME el | X7 T
St Fan A
— af &
L |
Met. OPF | Dy.. | Mo.. | Plot. N T
2]
2| CASE C:\Users“hp-Documents~SHEF~PSS_E~Thesis“Ful l\NAIGERIA_FULL =wg WiS SAVED ON SAT, HAR 10 2012 23:14
1 OOEn UTTY DEEANTT TAT =
1 ', Progress Alerts/Warnings. :
x|
| Comman o [ <4 ]
History /4 - Languate: PS5®E Responss -
Select an object on which to/get Help Met convergence tolerance Poweﬁmm MW/Mvar flow Layer - 1 (Foregrountl) -0.45,7.41 Bind items Next bus - 101
Command Line Output Output Diagram
Interface (CLI) Tabs View View

Figure 3.1: Key Elements of PSS/E Interface (Powerhnology International (PTI),
2010)

3.3Power Flow
A power flow study (also known as load-flow studig) an important tool for
determining the state of the system. It involvemarical analysis applied to a set of
non-linear equations that describe the state ofptiweer systems. Power flow studies
are important because they allow for planning andré expansion of existing power
systems. A power flow study, also, can be usecterthine the best and most effective
design of power systems.
The object of power flow study in this work is tletermination of bus voltages
magnitude and corresponding angle as well as ptiowes for specified generation and
bus conditions. The power flow solution of the naetkvcarried out in PSS/E was based
on Newton-Raphson’s method. The steady state cgondit(i.e. bus voltages and

transmission line power flows) of the network to Umed as the initial condition for
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network reduction procedure and in transient stgb#nalysis is determined by the
solution of the power flow study. The whole netwanlodelled in PSS/E is shown in
Figure 3.2. The result of the power flow solutidorg with the active and reactive
power flowing in the transmission lines as wellthse bus voltages is presented in

appendix A.
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Figure 3.2: The Nigerian 330kV Transmission Nekvmodelled in PSS/E

3.4Power System Dynamic Equivalent
The literature presents a number of dynamic netwedkction techniques which can
be achieved using transient simulation. Basicéitigre are three methods, these are:
1. The modal equivalent
2. The estimation equivalent

3. The coherency-based equivalent
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The network reduction techniques are based on ytbers which divides a network
into an internal and external subsystem. A compar the three network reduction
techniques showing the necessary preconditionalsliity and speed of creation are
summarised in table 3.1. In the subsequent sulpescB.41 to 3.42, the coherency
equivalent method as the choice reduction methathisywork is discussed in detail
along with the implementation on the Nigerian netwoThe result of the

implementation on the Nigerian power system isgme=d in chapter 4.

Table 3.1: Summary of power system reduction tejpies

Reduction Precondition Application Speed Reduction result
techniques form
Modal Detailed Off-line small Acceptable Modal
equivalent model disturbance elements
Estimate Boundary On-line Fast Experiential
equivalent information  disturbance equivalent

only elements
Coherent Detail Off-line large Acceptable  Aggregated
equivalent model disturbance equivalent

elements

3.4.1 Coherency-based Equivalent Method

The coherency equivalent technique is based onifdielg the coherent generators by
comparing the generator’'s rotor angle responsendguain off-line large disturbance
condition. If the swing curves of the generator ammilar, the generators can be
aggregated as one by modifying the parameters efgénerator. This means the
reduction degree is mainly dependents on how mahgrent generators can be found.
Afterwards, the generators are aggregated, and boesgs eliminated accordingly.

Consequently, the full order power system whichtams several buses can be
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represented as a reduced power system with redugebter of bus. The result of the
reduced system is a number of aggregated real steméth modified parameters.

The procedure to establish dynamic equivalent mosetl in this study is based on the
works of by Yang et al. (2005). The overall proaedcan be divided into three stages:
identification of coherent generators, aggregabbroherent generators and network
reduction. The first two steps are preparatoryhi third which is a static equivalent
procedure available in PSS/E (Milano and Srivast&@09). A description of the
technique involved in each of the three steps fadlo

3.4.1.1 I dentification of coherent generators

Coherent generators are identified at this stage e coherency identification
technique is based on the fact that a group ofrgéing units tend to swing together
following a disturbance in the multi-machine powgstem. Two generator buses are to
be defined as coherent if the angular differencevéen them is constant within a
certain tolerance over a certain time interval whiea power system is perturbed.

Mathematically expressed as:

@ Vi) lsio-6,0] )

AGERAS.
S (3.1)

Vi(0) s 0y—s:
= L2 o6i0=6] = constant
V;(0) /

If the voltage magnitude of the coherent busesssimed to be constant, the coherency
condition of equation 3.1 simplifies to

8;(t) — 6;(t) = 6;;(t) = 6;;(0) = constant (3.2)
Whereg; (0) ands;;(0) = 8;(0) — §;(0) are the initial values of the variables calculated
for the reduced model. This study identifies cohegenerators when a fault is applied

in the study system and the swing curves in thereat systems are observed and those
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generators with the most identical swing curves$ #adisfy equation 3.2 are classified
as coherent.
3.4.1.2Dynamic aggregation of generators
Coherent group of generating units are aggregated an equivalent generator that
exhibits the same speed, voltage and total mechleand electrical power as the group
during any disturbance where the units in the gnaupain constant. The aggregation
of coherent generator buses is based on the Zhsikoethod (Machowski, et al. 2008)
in which each terminal bus is connected throughdaal transformer with complex
turns ratio to the equivalent bus. The voltagehaf équivalent bus is defined as the
average voltage of the coherent generator busesghwtan be mathematically
expressed as
n
Ve, (3.3)

M-

O

=

=1
n (3.4)

6, =

WhereV, is the voltage of the equivalent bdk,is the voltages at coherent buses k and
6; is the phase angle of the equivalent bus voltage.
The turns ratio of the ideal transformer is given b

Vi

The mechanica(P;,) and electrical P,") power of the equivalent generator is the sum

of the mechanical and electrical power of all teegyators in the same coherent group:

p: = Z P (3.6)
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P = z P,; (3.7)

The equivalent generator is represented by thaeiclEsmodel with constant equivalent
transient emf and the swing equation of the roieergby

n n n n
dw
(Z Mi)E = Z Ppi — P, — (Z Dl-) w i=12......n (3.8
1 i=1 1

i= i= i=1
Where o is the angular frequency of the coherent generaitor is assumed to be
identical. Hence the inerti#dM*) and damping(D*) constant of the equivalent

generator are given by

M =) M, (3.9)
D =) D (3.10)

The transient reactan¢g;) of the equivalent generator is obtained by pekall
combination of the transient reactance of all thieetent generators:

Xy= 5
1
=R (3.11)
3.4.1.3Network reduction
The network reduction procedure in PSS/E is thelagpcal reduction method. This
process involves deleting some load buses in dodeduce the size and complexity of
the network. The selected load buses are eliminayeperforming Gauss elimination
operation on the admittance matrix of the extesyatem.

The admittance matrix equation of the externalesystan be written in the partitioned

form as
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lIRl B IYRR YRDH
Ip Ypor  Yop

Where subscript R and D refer to the nodes to taened and deleted respectively.

Ve
VDI (3.12)

The equivalent is obtained by rearranging the sgcow of Equation 3.12 as
Vp = Ypp (Up — YprVR) (3.13)

Substituting equation 3.13 into the first row ofiatjon 3.12 to give

IR = YRVR + KlID (314)
Whel’e YR = YRR - YRDYD_D:lYDR (315)
K, = YppYpp (3.16)

The admittance matrix f¥corresponds to a reduced equivalent network thasists of
the retained buses and the equivalent branchemdirtkem. The matrix Kis often
referred to as the distribution matrix which passks node currents from the
eliminated buses to the retained buses. The érst bf equation 3.15 specifies a set of
equivalent branches and static shunt elements ctingahe retained nodes, while the
second term specifies a set of equivalent currauieh must be impressed on the
retained nodes to reproduce the effect of loadeowsr at the deleted nodes. These
equivalent currents may be translated into equntatenstant real and reactive power
loads and added to the original loads at the rethbuses.

The algorithm for coherency based network reduca®described in the preceding

section is presented in Figure 3.3
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Figure 3.3: Flow chart for the implementation ohecency based network reduction

technique

3.4.2 Dynamic Reduction Implementation

The procedure as established in Section 3.4.1 \patied to the Nigerian 330kV

network. Since the area of interest is the genet&gbin and the south west buses,

these are identified as the study system. Two atbbsystems known as the external

systems were created based on the type of gerner@te hydro and thermal) and
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geographical location. Buses included in the hydrbernal subsystem are Jebba,
Kainji, Shiroro, Birnin kebbi, Kaduna, Kano, Josdaombe and the thermal
subsystem comprise of Benin, Sapele, Aladja, Ddliaitsha, Alaoji, Afam, New
heaven and Ajaokuta. A three-phase fault was aphli¢he internal subsystem on the
bus at Ikeja west in order to identify the coherganherators. Figure 3.4 shows the
response (swing curve) of the generators to tiagidiance which was cleared by the
tripping of the Ikeja west- Oshogbo line at 0.2a@®t The results show that the swing
curves of the generators in close proximity to eattier are more coherent even though
there are more generators within the same area. graops of coherent generators
were thus identified as shown by the swing curves-igure 3.4. The groups are:
{Jebba, Kainji} and {Delta, Sapele}. Generators @hiroro and Afam were not
included in any of the groups because they were deberent when compared to the
identified groups. The voltage and angle of theiejent bus for each coherent group
of generators was calculated using equations ¢hd)(3.4). The reduced network is

shown in Figure 3.5.
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Figure 3.4: Rotor Angle Response of GeneratoreerBxternal Systems
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Figure 3.5: The Reduced Nigerian 330kV transmarssietwork

The coherent generators in each group are lumpgether to form two equivalent

generators called combined hydro (i.e. Kanji anbbag¢ and Combined thermal (i.e.

Sapele and Delta) while the network was reducedddgting the load buses using the

network reduction module of PSS/E.

The equivalent network thus obtained is reduceslgenerators, 17 loads, 13 buses and

14 branches. Table 3.2 gives a comparison betweeariginal and reduced system.

Table 3.2: Comparison between the original andecedsystem

Generators Loads Buses Branches
Original 7 21 31 33
Reduced 5 16 13 14
Reduction (%) | 29 24 58 58
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3.5Multi-Machine Power System Model

There are many elements affecting the stabilitypoiver system that needs to be
addressed before studies are conducted, hencentlgsia of any stability studies

requires appropriate model of each network compnéiransient stability analysis

requires the appropriate modelling of critical caments like generators, transmission
lines, loads etc. This section outlines how thetrmichine network is handled during

dynamic simulation.

The steady state operation of a power system emeted by solving the initial power

flow of the network to determine the initial busltages and angles. Equation 3.17

gives the injected currents at the generator bpsesto a disturbance.

_Si _Pi-iQi . _
I, = v = _v;‘ ,i=12,.....n (3.17)

Where n is the number of generatorsid/the terminal voltage of th& igenerator P
and Q are the generator real and reactive powers.
The generator voltage behind transient reactanckt&ned from equation 3.18

E' =V + X4 (3.18)

Loads are converted to equivalent admittance usgugtion 3.19
Yio = —’| = —lz' (3.19)

The equivalent network with all load converted diongttances is shown in Figure 3.6.
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Figure 3.6: Multi-machine system representation

3.5.1 Mathematical Modelling
Once the Y matrix for each network condition (paedf, during and after fault) is
calculated, all nodes except for the internal gateemodes are eliminated to obtain the
Y matrix for the reduced network. The reduction &@nachieved by matrix operation
bearing in mind that all the nodes have zero igecturrents except for the internal
generator nodes. In a power system with n genesdtee nodal equation can be written
as:

(5=l sl (320
Where the subscript n represents generator nodetharsubscript r represent all other

nodes. Expanding equation (3.20),
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Ih = Yon Vi + Yo Vi (3.22)
0 =Y,V + YerVy (3.22)

Eliminating V; to find
In = (Yan = Yor Yo Yen) Vi = YoV (3.23)

Thus the reduced matrix can be written as:

Yr = (Yon = Yor Yo Yrn) (3.24)

The reduced bus admittance matrix has the dimesgmox n), where n is the number
of generators. The network reduction as illustratgdequations 3.20 to 3.24 is a
convenient analytical technique that can be usdg when the loads are treated as
constant impedances. The electrical power outputath machine can now be
expressed in terms of the machine’s internal vekaghe power into the network at
node i which is the electrical power output of ifenachine is given by equation 3.25.

n

P, = Z|EiEjYij| cos(6;— 8+ 8) i=123....,n (3.25)

j=1

The dynamics of the rotor angleand speed as described by the swing equations is

given as

dA 1
d—f’ = — [Ty — Te — DAw] (3.26)
g = woAw (3.27)

Where Ao = o — ®, is the speed deviation of rotor angular speed frihra
synchronous speed,, H is the per-unit inertia constant,, Bnd T are the per-unit
mechanical and electrical torque respectively ans the damping factor.

For the " machine, the swing equation becomes
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2H; dA -
. (1).
- i - ! + DiA(Di = Ppi — E |E1E]Y1]| COS(ei]- — 8i + 8]) i=123....,n (328)
0 .

J=1

6;—?=ooi—u)0 i=12,....,n (3.29)

Prior to disturbance, the mechanical input poweati®quilibrium with the electrical

power output, and we have:

n

PP = > [EiEvE | cos (8 — 8P+ 87)  i=123....n (3.30)

=1
The superscript pf is used to indicate the presiearnt conditions. As the network
changes due to switching during the fault, theesponding values will be used in the
above equations.

The algorithm for the implementation of transietatbdity analysis is presented in

Figure 3.7
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3.6 Transient Stability Studies
The robustness of a system is largely determinettisbhgsponse to a disturbance such
as load switching, short circuits, loss of linesl/an generators, etc. The effects of large
disturbances on the system can be investigatedisidering the loss of one or more
transmission lines, generators or load and faulichvmay be categorized as one of
four types according to their effect on system iitgpsingle line to ground, line to
line, double line to ground and balanced three-@Haslts. The first three types
constitute severe unbalanced operating conditiohshe fourth type is the most severe
switching action with regard to the transient digbiand it is selected to be
investigated. An indicator of system stability iven by the rotor angle plot (swing
curves) of the machines and the critical clearimget(CCT) of the system before
instability occurs. The critical clearing time etmaximum allowable time that a fault
can be sustained without the synchronous gendrataming unstable. In the analysis,
the generator models selected in PSS/E was thsicdhsnodel GENCLS, except for
the generator at Egbin modelled with a wound ratodel GENROU used for thermal
plants. These generator models are able to reflectcharacteristics of the actual
generators based on the chosen parameters. Smcedponse of Egbin generator to
the device during severe disturbance was of conceemUPFC in the network was

located between the buses at Egbin and lkeja-vgaitistrated in Figure 3.8.
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3.6.1 UPFC Model Implementation in PSS/E

It was stated earlier that the simulation study wasducted in the SIEMENS PTI
simulation software suite PSS/E. PSS/E is usedddemand study power systems in
static and dynamic operation and it is the toolchbice by most utility companies
around the world. It was, however, discovered BfaE/E model library does not have a
dynamic model for the series component of the URF-Ge used in this investigation
and a user defined model had to be developed.

This was achieved using the Application Progranerfiace routines (APIs) developed
in Python programming language to control the ajpamaof the program during the

dynamic simulation and solving for the SSSC modek(Appendix D3 and E). The
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python programme interpreter is an embedded prognatiin PSS/E. The seri¢
device model developeis based on the works éfernandez, et al, 20. Based on the
works, VSC switching dynamics can be neglel for the time scale of transiel
stability analysis, and tt SSSC can be represented as a controllable voltagee
behind an equivalent transformer reacti. This researchusesthe same variable
impedance model fahe SSSC component of the UPFC.R$S/Eit is modelled as a
zero impedance line connecting the sending andwviageend bus (i.e Egbin Sub-
station and Ikejaves). This way, the impedance imposed series with the
transmission line where it is connectvaries based on the variation of the pov
flowing in the line from the steady state valThe flow of control during the dynam
simulation and modelling « series part of the UPFC is illustrated in fic 3.9.
However, theavailable dynamic modelin PSS/E was used for tr STATCOM

component othe UPFC(.

source code (Variable
definition and loading functions)
« Load working files SAV,SNP,OUT
« Definition of simulation parameters

« Definition of events

« SSSC parameters and control B J

e Run python

r' -
PSS/E Main
Interface

e B(eZUtg E;e n?
 Update Network solution
* Solving for SSSC model equations

* Integration of network state
A gquations

Dynamic

* Plotting device
* Output plotting

Figure 3.9 Structure of Python code integration within PS(Hernandez, et al, 201
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CHAPTER FOUR
RESULTS AND ANALYSIS
4.1 Introduction
This chapter presents an evaluation of the netwedkiction implemented in chapter
three to determine if the reduced order model egmesent the original network. In
addition, the developed UPFC dynamic model is ipoated into the reduced network
and simulation studies of the transient stabilitglgsis conducted. The results are also
presented here.
4.2 Network Reduction Results Evaluation
To assess the accuracy of the equivalent netwedted in section 3.5.2, a disturbance,
by way of sudden loss of load is applied on the htuskeja-west. Simulation is
performed on the original and equivalent systenpaevely for 2Seconds and the

results are shown in Figures 4.1 to 4.5.
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Figure 4.1: Voltage Response of the Ikeja West Figure 4.2: Terminal Voltage Response of the
Bus in the Original and Reduced System Generator at Egbin in the Original and Reduced
System
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With the sudden loss of load, the voltage at treebuncreases and slowly returns to its
original value as illustrated in Figures 4.1 ang. 4/oltage magnitudes of the reduced
system reliably reproduce the behaviour of the agdt of the original system. The
generator electrical power response of the gerreet&gbin is shown in Figure 4.3.
The response of the network is reproduced whemeheork is reduced and when it is

full. Rotor angle oscillates after the load loss as reduced amplitude with time while
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the speed deviation of Egbin generator for a redacwl full network is as illustrated in
Figures 4.4 and 4.5 respectively.
Based on the responses from the Figures 4.1 tdheSeduced system can adequately

represent the original system, and was thus usdtiddransient stability analysis.

4.3 Transient Stability Results and Analysis

The system was subjected to a three phase fault at:

i.  The terminal of the generator at Egbin.
ii. lkeja-west Bus (as the bus with the largest load)

iii.  Benin Bus (as the key bus that links the east thighrest of the network)

In all cases, the system was operating at the pt&ate and the fault was simulated at
0.1seconds. The fault was cleared after five cybleshe removal of the fault. The
evaluation of the system response with and withioeitUPFC device in the network is

described in subsequent sections.

4.3.1 Steady-State Performance of UPFC

When the system was simulated without the UPF@emetwork, it was observed that
the some buses had low voltages; although, norlated the voltage control policy
limit of 330kV+5% and -15% on the 330kV buses (Powiolding Company of
Nigeria Plc (PHCN), 2009). But with the introductiof the UPFC, system wide bus
voltages were improved even as some of these hus@sfar away from the point of
connection of the device. Table 4.2 gives a comsparpf the voltage profiles of some

of the buses.
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Table 4.1: Comparison of Steady-state Bus Voltageréfiles

Initial Bus Bus Voltage
Bus Name Voltage With UPFC Improvement
(py) (pu) (pu)
Aiyede 0.966 0.988 0.022
Ikeja-west 0.944 0.981 0.037
Akangba 0.940 0.977 0.037
Egbin S/S 0.953 1.00 0.047
Egbin GT 0.974 1.00 0.026
Ajah 0.951 0.997 0.046

The improvement was greatest at the point of caimeat Egbin sub-station followed
by the bus at Ajah which is directly coupled to Egltkeja-west and Akangba have the
same level of improvement even though the bus a@ngka is further away. This is
best explained by the value of the impedance betwéangba and Ikeja-west which is
0.00266pu, while between Egbin and lkeja-west hasinapedance of 0.00916pu
showing that the effect of the UPFC could be inflked by the electrical distance

which is also a function of line impedance.

4.3.2 Fault on Egbin Generator terminal

The response of the system to a three-phase faulhe terminal of the generator at
Egbin was considered to examine both transientiléyatand power oscillation
damping capabilities of the UPFC. The swing curvkthe 5 generators are shown in
figure 4.6 and it is observed that the generat@ghin was the most severely disturbed
considering that it was the faulted bus. Figuregivés a comparison of the response of
the rotor angle for the generator at Egbin whenUR&C operation was activated for
the same fault scenario. It could be observeddtm angle excursion is reduced when

the UPFC is in operation. The bus voltages at Egk&ja-west, Oshogbo, and Benin
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dropped to zero, 0.35p.u, 0.67p.u and 0.72p.u ctispy during the fault but

recovered quickly after the fault was cleared tarnthe steady state values as

illustrated in Figure 4.8. The physical interpretatof these voltage profiles is that

during the fault, Egbin generator did not generakectrical power for the fault

duration, while the other generators voltage pesfillropped well below the minimum

allowable value of 0.95pu albeit just for Scycl@hese voltage profiles, if sustained

longer can lead to system collapse. The terminéihge profiles of the generator at

Egbin with and without the UPFC are shown in Figdr@, while the voltage returned

to pre-fault steady state value at about 5.5 sexarieen the UPFC was in the system.

Some oscillations could be observed without itwahg the effectiveness of the shunt

part of the UPFC in voltage control.
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The effect of the series part of the device carolbgerved in Figure 4.10 where the

oscillation of the power flowing through the Egbitkeja-west line was damped with

the UPFC in service. The initial power flowing thgh the line was 540MVA from

Egbin to lkeja-west. This steady state flow wasaiesl at about 10 seconds after some

oscillations that resulted from the applied distumte. The implication is that more

power can be delivered to the load within a sheriqal of time when there is a UPFC

in the system. The system was, however, subjecteaintextended period of fault

clearing time to determine the critical clearingnéi (CCT) of the system before

instability. It was revealed that without the UPFRperation the critical clearing time

of the system was 380ms while it increased to 599hen the UPFC was in operation.

Figure 4.11 is the rotor angle response of the ig¢oieat Egbin showing the first swing

instability when the CCT was 380ms. The originhagtinstability can be traced to the

response of the electrical and mechanical powepubuif the generator as shown in

Figures 4.12 and 4.13. Figure 4.13 shows that at gbint of instability the

synchronising torque in the form of mechanical pogenerated was insufficient to

sustain the electrical power requirement of theilable loads leading to instability
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without the UPFC device. Conversely, with the UPd&vice, the mechanical power

output is able to relatively sustain the loads,erlboscillating and over time will

eventually return to pre steady state value.

000
s00
800 ¢ - :
7004 -f- S
soo - ;——.——ﬁ
300
200 + + t t u t t t
1} 1 2 3 4 5 ] 7 8 9 10
Time (seconds)
Figure 4.10: Power Flow in the Line between
Egbin and Ikeja-West Showing the Oscillation
Damping Effect of UPFC Following a Three-
Phase Fault at Egbin Generator Terminal
= With UPFC
20 « Without UPFC
g ;
15 A £
, 2
3 F+]
* 35
R

Time (seconds)

Figure 4.12: Egbin Generator Electrical Power
Output During Instability Following a Three-
Phase Fault at Egbin Generator Terminal

51

Mechinical power(pu}

Rotor angle {deg}

160

804---

o
S

=)

-40

-0

8
i

a
w

B
[X)

0.1

------------------------------------------------------------------------------------------------
| ——With UPFC !
[ERPPIO \Without UPFE

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

i 1I ZI é :1 Time {sicnnds} é % é é
Figure 4.11: Swing Curve of the Generator at
Egbin Showing Instability Following a Three-

Phase Fault at Egbin Generator Terminal

| ——Vlith UPFC |
i wewes s Without UPFC!

t + t t t t t + t
1 2 3 4 5 5 7 3 9
Time (seconds)

Figure 4.13: Egbin Generator Mechanical Power
Output During Instability Following a Three-
Phase Fault at Egbin Generator Terminal



4.3.3 Fault on lIkeja-West Bus

For a bus with the largest load of 430MWon the mekywthe system response to a 3
phase fault on the network was important. The perémce of the UPFC during such
disturbance was even more critical due to the sfzthe load on the bus. The swing
curves of the 5 generators for fault duration ofygles are shown in Figure 4.14.
Figure 4.15 gives a comparison of the responséeftator angle for the generator at
Egbin when the UPFC operation was activated forsdrae fault scenario. It could be
observed the rotor angle oscillation is reduced rwiiee UPFC is in operation.
Although, in comparison with when the fault Egbihe maximum angle in reduced.
Being the faulted bus, the voltage of the bus ajalwest falls to zero for the fault
duration as shown in Figure 4.16. This means thatlargest load on the system
momentarily lost power for that duration which abdde far-reaching if the loads are
critical, emphasizing the need for equipments thidtnot allow for such fault to be
sustained. The bus voltages at Egbin, OshogboBanth dropped to 0.45p.u, 0.55p.u
and 0.6p.u respectively during the fault. The \gdtarofiles of the buses however
returned to near steady state values. As the nigrafisant generator in this study, the
terminal voltage of the generator at Egbin with amthout the UPFC is shown in
Figure 4.17. While some oscillations can be obsemwghout UPFC, the effect of
shunt part (STATCOM) of the UPFC in voltage conigoshown when the voltage of
the Egbin generator returned to pre-fault steadiestalue at about 6.0 seconds when

the UPFC was in the system.
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at lkeja-West Bus Following a Three-Phase Fault at Ikeja-West Bus
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Figure 4.16: Bus Voltages at Benin, lkeja West, Figure 4.17: Terminal Voltage Response of the

and Egbin Following a Three-Phase Fault at Ikeja-  Generator at Eghin With and Without UPFC in
West Bus the System Following a Three-Phase Fault at

Ilkeja-West Bus

Figure 4.18 shows the power flowing through th@graission line between Egbin and
Ikeja-west where the UPFC is connected. There nsagked difference in the power
oscillating in the line following the disturbancghowing the effect of the series part

(SSSC) of the UPFC. Having subjected the systera fmolonged period of fault
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clearing time to determine the CCT of the systeforeeinstability, it was discovered

that the CCT of the system was increased to 510am #70ms with UPFC in the

system. Figure 4.19 shows the rotor angle respoh#iee generator at Egbin showing

the first swing instability when the CCT was 470nBuring this instability the

electrical and mechanical power response is giyefigure 4.20 and 4.21 respectively.

It is obvious that the inadequate mechanical potwebalance the electrical power

output is a factor in the instability that occurréidcan be interpreted that a disturbance

on a bus with a large load which is also the rengiend bus of the UPFC could be

more severe than the same fault on the largestagamg unit.

-----------------------------------------------------------------------------------------------

i Wiith UPFC
devsos Without UPFC |

t t t t
o 1 2 3 4
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Figure 4.18: Power Flow in the Line between
Egbin and Ikeja-West Showing the Oscillation
Damping Effect of UPFC Following a Three-
Phase Fault at Ikeja-West Bus
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Figure 4.19: Swing Curve of the Generator at
Egbin Showing Instability Following a Three-
Phase Fault at Ikeja-West Bus
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Figure 4.20: Egbin Generator Electrical Power
Output During Instability Following a Three-
Phase Fault at Ikeja-West Bus

4 .3.4 Fault on Benin Bus
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Figure 4.21: Egbin Generator Mechanical Power
Output During Instability Following a Three-Phase
Fault at Ikeja-West Bus

The bus at Benin is a critical bus because it seagethe gateway for the power flowing
to and from the east and it is the only point ie tletwork with a relative level of
interconnection. A three phase fault was appliedhenBenin bus; the system response
to such disturbance was investigated to deternme@éntprovement in the CCT with the
UPFC in the system. The response of the genertiaditse fault is illustrated by the
simulation result in Figure 4.22. It shows that #hgbin generator is less affected as
compared to the first two cases and the generatAfaan has the largest rotor angle
excursions. When the UPFC was in the system, thmursion for Egbin was
significantly damped as shown in Figure 4.23. Samib the first two cases, during the
fault, the Benin bus voltage dropped to zero whilet of Egbin, lkeja-west, and
Oshogbo, dropped to 0.78p.u, 0.55p.u and 0.61mpecntively during the fault but
oscillated around the steady-state value aftefdbk was cleared as shown in Figure

4.24. The terminal voltage of the generator at Eghith and without the UPFC is
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shown in Figure 4.25; in this case, the pre-faidagdy state value is achieved at about

6.5 seconds when the UPFC was in the system.
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Figure 4.22: Swing Curves of Generators in the
Reduced Network Following a Three-Phase
Fault at Benin Bus
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Figure 4.24: Bus Voltages at Benin, lkeja West,
and Egbin Following a Three-Phase Fault at
Benin Bus
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Figure 4.23: Swing Curve of the Generator at
Egbin With and Without UPFC in the System
Following a Three-Phase Fault at Benin Bus
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Figure 4.25: Terminal Voltage Response of the
Generator at Egbin With and Without UPFC in
the System Following a Three-Phase Fault at
Benin Bus



Power flow (MVA)

1,200

1,000

800

500

400

The effect of the series part of the device carolbgerved in Figure 4.26 where the
oscillation of the power flowing through the Egbitkeja-west line was damped with
the UPFC in service. The initial power flowing thgh the line was 540MVA from
Egbin to Ikeja-west. This steady state flow wasaesl at about 6.5 seconds after some
oscillations that resulted from the applied disturte. Having subjected the network to
increased fault duration, the critical clearingédiwf the system was 770ms without the
UPFC in operation while it increased to 830ms witleem UPFC was in operation.
Figure 4.27 is the rotor angle response of the rg¢oe at Egbin for an unstable
condition at 770ms. The electrical and mechanioalgy output of the generator during
this instability is shown in figures 4.28 and 4.2Zdthough the mechanical power
response with the UPFC as shown in figure 4.2didn any way stir close to the pre
fault value after the fault was cleared, the systeam stable. The implication is that the
system is marginally stable and any attempt toem®e the fault time beyond this time
will cause the system to loose stability. This adgplains the resulting small stability

margin for this case.
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Figure 4.26: Power Flow in the Line Between Figure 4.27: Swing Curve of the Generator at
Egbin and Ikeja-West Showing the Oscillation Egbin Showing Instability Following a Three-
Damping Effect Of UPFC Following a Three- Phase Fault at Benin Bus

Phase Fault at Benin Bus

57



With UPFC
Without UPFC;

AN RTIIIIIIT

) 1emeod [eoinoe3

Time (seconds)

Figure 4.29: Egbin Generator Mechanical Power
Output During Instability Following a Three-

Phase Fault at Benin Bus
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Figure 4.28: Egbin Generator Electrical Power
Output During Instability Following a Three-

Phase Fault at Benin Bus
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CHAPTER FIVE
SUMMARY, CONCLUSIONS AND RECOMMENDATION
5.1Summary
The main purpose of this thesis was to asses amsiént stability of a typical multi-
machine power system. The test system was a reddiggtian 330kV system that
included the largest unit in the network (i.e. Eggenerator). A key contribution along
the line was the development and incorporationyofaghic model for the UPFC series
component in PSS/E Software. Perceived limitatiares highlighted, conclusions are
also drawn in accordance with the results obtasedl recommendations were made
for future works.
5.2 Limitations of Study
This study is not without some limitations. One safch is the network reduction
procedure in which, the classical generator modelse used for the machines in the
external system. In aggregating the coherent gererahe equivalent system could
have taken into consideration the equivalent AVRsl aurbine-governor of the
equivalent generators. Another limitation is on tle¥eloped model for the series part
of the UPFC within PSS/E program. A validation bé tdeveloped model with other
series FACTS device may be required by Siemens.
5.3Conclusions
In this research, an investigation of the capabdit UPFC in enhancing the transient
stability of a reduced Nigerian 330kV network iegented. The power oscillation
damping capability of UPFC was also examined. kieotto achieve the set aim, the
first goal was to create a dynamic equivalent madehe original network used as a
case study in the PSS/E program. The result ofptusedure produced two coherent

groups of generators which reduced the network3ayanerator, 14 transmission lines
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and 13 bus systems. The responses obtained witistarkdhnce simulated on the
equivalent system and the original system respagtishows that the developed
equivalent system gives a good approximation ofatiginal network. The developed

equivalent model was then used for the transieatiilgly analysis assessment of the
retained part of the network.

For the transient stability analysis, a three-pHasé was simulated at the terminal of
the largest generator unit in the system locateBgiin, at lkeja-west and at Benin
buses. The dynamics of the system were compardédamd without the presence of
UPFC in the system in the time immediately follogvihe disturbance. It was revealed
that in all cases, the UPFC was able to damp theltieg power oscillations and by

extension increased the system stability by mednscoease in the critical clearing

time for the system before instability. The Modaliand simulation of the network
including the UPFC was implemented in PSS/E usiytggn programming trough the

application program interface. With the fault atbifgthe critical clearing time was

extended by 210ms, at Ikeja-west it was 40ms whigemargin of stability was 60ms

when the fault was located at Benin. These margjasv that having the UPFC close
to the largest unit will be more effective when Isugnit experiences a major
disturbance. In addition, a disturbance on the\bitis the largest load could be more
severe than that on the largest generating unéogsipy if that bus is the receiving end
of the UPFC as the case of lkeja-west bus. Furtbexyra fault father from the largest
generating unit could not guarantee a better #yalihargin and this is basically

because of the non-linear nature of power systentisis believed that the Nigerian

power system can benefit significantly from thdizdition of FACTS technologies to

solve some of the problems associated with it.
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5.2Recommendations for Further Work

Based on the results of this study, possibilit@sf@iture work include:

The study of multiple consecutive faults in thewmk and how the UPFC
responds to such situation.

A comprehensive study into the possibility of irdilng multiple UPFC devices
in the system. This can include the addition ofeotRACTS devices in the
system. In addition, the adequate coordinationrobiof these multiple devices
within the system and their influence on systerbibta should be examined.
Improvements in the model developed for the sepad of the controller.
Although the model showed promising performancarggemented in PSS/E,
some improvements can still be made. In a futunglementation it would be
interesting to look at how the controller respoissaffected by the using Meta-
heuristic techniques in tuning some of the pararmeté the UPFC. Some of
these techniques could include particle swamp ogéition technique, genetic

algorithm, bacteria foraging technique etc.
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APPENDIX A- Nigerian 330kV Power System Data
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Table 1: Transmission Line Data in Per Unit on 100MVA Base for 330 kV Nigerian Grid System

LINE FROM TO BUS LINE PARAMETERS (P.U.)
BUS
NO. i j R X B TAP PHASE
1 1 2 0.01218  0.09163 1.0269
2 2 3 0.00159  0.01197 0.5366
3 2 4 0 0.01351 0 1 0
4 3 6 0.00016  0.00118 0.053
5 3 7 0.00206  0.01547 1.56
6 3 8 0.0048 0.03606 1.6165
7 5 6 0 0.01932 0 1 0
8 7 15 0.00987  0.07419 0.8315
9 7 18 0.00412  0.03098 0.3472
10 7 20 0.01163 0.0875 0.9805
11 8 9 0 0.01638 0 1 0
12 8 10 0.00189  0.01419 0.636
13 10 12 0.00904  0.06799 0.7619
14 10 13 0.00774  0.05832 0.6526
15 11 15 0.00766  0.05764 0.646
16 13 14 0.01042  0.07833 0.8778
17 15 16 0.00538 0.0405 0.4538
18 15 20 0.0055 0.04139 1.885
19 15 30 0.00287  0.02158 0.2418
20 15 31 0.00098  0.00739 0.3313
21 16 17 0.00377  0.02838 0.318
22 16 19 0.00605  0.04552 0.5101
23 18 20 0.00538 0.0405 0.454
24 19 29 0.00049  0.00369 0.1656
25 20 21 0.00036  0.00266 0.119
26 20 22 0.00122  0.00916 0.4108
27 22 23 0 0.00648 0 1 0
28 22 24 0.00028  0.00207 0.0928
29 25 31 0 0.01204 0 1 0
30 26 30 0.00102 0.00769  0.08613
31 26 31 0.00248  0.01862 0.2087
32 27 30 0 0.01333 0 1 0
33 28 29 0 0.01422 0 1 0

Source (PHCN)
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Table 2: Generator Data Nigerian Grid System (330kV)

n ! n I n I n
Gen. MVA H Xd X:j Xy Xq Xq Xq Tdo Tdo qu qu X, R
m/c1 450 334 075 0.28 0.21 0.53 - 0.21 6.0 0.04 - 0.16 0.16 0.004
m/c 2 600 339 065 026 0.24 044 - 0.24 5.2 0.06 - 0.24 0.14 0.0037
m/c 3 1500 3.09 1.87 0.262 0.23 187 045 022 7.1 0.063 10 0.11 0.18 0.004
m/c4 700 324 0.8 0.3 0.2 049 - 0.24 5.57 0.05 - 0.34 0.16 0.004
m/c5 440 891 217 025 0.18 192 - 0.18 8.8 0.05 - 0.20 0.13 0.004
m/c 6 550 6.70 2.16 0.234 0.17 2.16 - 0.16 8.6 0.05 - 0.20 0.12 0.002
m/c7 330 9.01 209 020 0.15 1.89 - 0.15 6.93 0.05 - 0.20 0.11 0.003
Source (PHCN)
Table 3: Data for Hydro-Turbine/Governor Nigeria Grid System
Description Kainji Jebba Shiroro
(m/c1) (m/c2) (m/c4)
Deadband value 0.0 0.0 0.0
Permanent Droop (R,)
0.055 0.05 0.04
Maximum Gate Position (Gnay)
1.05 1.5 1.5
Minimum Gate Position (G,;n)
0.0 0.0 0.0
Maximum Gate Opening Rate (MXGTOP)
0.2/min 0.8 0.8
Maximum Gate Closing Rate (MXGTCG)
-0.2/min -6.0 -6.0
Pilot Valve Servomotor Time Constant (T,)
0.04secs 0.035 0.03
Servo Gain (Q)
1.0 1.0 1.0
Main Servo Time Constant (Tg)
0.3 0.25 0.2
Temporary Droop (8)
0.6 0.6 0.6
Reset Dashpot Time Constant (Tg)
8.0 8.0 8.0
Water Starting Time Constant (T,)
1.6 1.6 1.6
Penstock Head Loss Coefficient (f)
0.1 0.025 0.05
Turbine Damping Coefficient
0.15 0.15 0.25

Source (PHCN)
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Table 4: Data for Steam-Turbine/Governor Nigerian Grid System

Description Egbin Delta Sapele Afam
(m/c3) (m/c5) (m/c6) (m/c7)
Deadband value 0.0 0.0 0.0 0.0
(K)Inverse of Droop (Kg)
25 25 25 25
Speed relay Time Constant
0.25 0.1 0.2 0.2
(T3)Gate servo Time Constant
0.1sec 0.1 0.1 0.1
(Uo)Maximum Opening rate
0.1pu/sec 0.4 0.1 -
(Uc)Maximum Closing rate
1.0pu/sec -0.5 -1.0 -
(Vmax)Maximum Servo Position
1.25 pu 1.05 1.05 1.05
(Vmin)Minimum Servo Position
0.0 0.0 0.0 0.0
(K{)HP ratio (K;)
0.26 1.0 1.0 1.0
(K3)IP ratio (K3)
0.3 0.0 0.0 0.0
(Ks)LP ratio (Ks)
0.44 0.0 0.0 0.0
(Ta)Steam chest Time Constant (T,)
0.4 sec 0.7 5.0 0.7
(Ts,)Reheater Time Constant (Ts)
8.0 sec 0.0 0.0 0.0
(Tg)Reheater/Crossover Time Constant (Tg)
0.5 sec 0.0 0.0 0.0
(T;)Cross-over Time Constant (T;)
0.35 sec 0.0 0.0 0.0

Source (PHCN)
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Table 5: Data for Excitation System Nigerian Grid System

Description Jebba Egbin Kainji Afam (m/c 7),
(m/c2) (m/c3) (m/c1) & Delta (m/c 5) &
Shiroro (m/c 4) Sapele (m/c 6)
Lead Time Constant (T¢) 0.0 sec 0.0 sec - --
Lag Time Constant (Tg)
0.04 sec 0.04 sec - -
Regulator Gain
125 125 - 0.04
Regulator Time Constant (T,)
0.04 sec 0.04 sec 0.5 1.2
Vmax
1.5 1.5 1.2 0.0
Vmin
0.0 0.0 0.0 200
Ka
125 150 256 -
Kpmax
3 7 - -
Kpmin
2.6 5.6 - 0.03
Ke
0.002 0.003 0.03 1.0
Te
0.22 sec 0.22 sec 0.98 -
Ko
0.0 0.0 - -
Kc
0.0 0.0 - 0.06
LK
- - 0.02 1.0
K1
- - 1.0 0.04
Te
- - 3.7 0.016
Ke
- - 0.1 0.0
A
- - 0.0 0.0
BF
- - 0.0 8.0
Vrmax
- - 2.6 -7.0
Vrmin
- - 0.0 6.22
Efmax
- - 3.0 -5.0
Efmin
- - -5.0

Source (PHCN)
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APPENDIX B- Power flow result for the full network

PTI INTERACTIVE POW ER SYSTEM SIMULATOR--PSS®E UniversityWED, JUN 20 20 12 22:29
NIGERIA 330KV TRANSMISSION NETWORK %MVA FOR TRA NSFORMERS
BASKV: 330kV  SYSTEMBASE: 100MVA % | FOR NON- TRANSFORMER BRANCHES
Xemmmmmm FROM BUS ------ X AREA VOLT GE N LOAD SHUNT X---------- TO BUS ---------- X TRANSFORMER RATING
BUS# X-- NAME --X BASKV ZONE PU/KV ANGLE MW/M VAR MW/MVAR MW/MVAR BUS# X-- NAME --X BASKV AREA CKT MW MVAR RATIO ANGLE % SETA
1B/KEBBI 330.00 11.0212 35 O 0 603 0.0
1337.01 0 .0 598 0.0 2KAINJI 330.00 1 1 -60.3 -59.8 11 760
2KAINJI  330.00 11.0354 64 O 0 00 00
1341.69 0 0 0.0 00 1B/KEBBI 330.00 1 1 60.7 -45.6 10 760
3JEBBAS/S 330.00 1 1 2893 -3.7 18 1520
4 KAINJIGT 16.000 1 1 -350.0 49.3 1.000LK
3JEBBAS/S 330.00 110286 4.6 O 0 86 00
1339.44 0 0 56 00 2KAINJ 330.00 1 1 -288.0 -44.0 19 1520
6 JEBBA 330.00 1 1 -449.7 161.9 31 1520
7 OSHOGBO 330.00 1 1 6334 19.6 27 2280
8 SHIRORO 330.00 1 1 957 -143.1 11 1520
4 KAINJIGT 16.000 11.0300 9.0 350 .0 00 0.0
116.480 -33 SR 00 00 2KAINJ  330.00 1 1 350.0 -33.5 1.000UN
5JEBBAGT 16.000 11.0000 9.8 450 .0 00 00
116.000 -122 O9R 00 00 6JEBBA 330.00 1 1 450.0 -122.9 1.000LK
6 JEBBA 330.00 110274 49 O .0 00 00
1339.05 0 .0 00 00 3JEBBAS/S 330.00 1 1 450.0 -165.0 31 1520
5JEBBAGT 16.000 1 1 -450.0 165.0 1.000UN
7 OSHOGBO 330.00 11.0049 -0.7 O .0 201.0 0.0
1331.62 0 .0 136.7 0.0 3JEBBAS/S 330.00 1 1 -625.4 -120.7 28 2280
15 BENIN 330.00 1 1 1099 -42.6 15 760
18 AIYEDE 330.00 1 1 209.1 422 28 760
20 IKEJA WEST 330.00 1 1 1054 -15.6 14 760
8 SHIRORO 330.00 11.0449 26 O .0 615 0.0
1344.83 0 .0 103 0.0 3JEBBAS/S 330.00 1 1 -951 -26.5 6 1520
9 SHIRORO GT 16.000 1 1 -490.0 49.7 1.000LK
10 KADUNA  330.00 1 1 523.6 -33.5 33 1520
9 SHIRORO GT 16.000 11.0400 6.8 490 .0 00 00
116.640 -13 3R 00 00 8SHIRORO 330.00 1 1 490.0 -13.3 1.000UN
10 KADUNA  330.00 11.0378 -1.3 O .0 166.2 0.0
1342.46 0 .0 978 0.0 8SHIRORO 330.00 1 1 -5189 0.2 33 1520
12 KANO 330.00 1 1 188.0 46 24 760
13 J0OS 330.00 1 1 164.6 -102.6 25 760
11 AJAOKUTA 330.00 11.0085 -6.4 O .0 268 00
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12 KANO

13 J0S

14 GOMBE

15 BENIN

16 ONITSHA

1332.79

330.00 10.9986 -8.2

1329.54

1352.40

0

0

330.00 11.0679 -6.6

0

0

330.00 11.0795 -10.7

1356.24

330.00 10.9979 -5.4

1329.30

0

0

330.00 10.9874 -11.2

1325.85

0

0

0

17 NEW HAVEN 330.00 10.9724 -13.0

18 AIYEDE

19 ALAQOJI

1320.88

0

330.00 109799 -44 O

1323.36

330.00 11.0040 -11.7

1331.33

0

0

0

20 IKEJA WEST 330.00 10.9672 -5.9

21 AKANGBA

22 EGBIN

1319.17

0

0

0

0

330.00 109630 -64 O
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1324.20

0

0

0

23 EGBINGT 11.000 11.0000 0.0 826
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1323.34
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330.00 10.9798 -3.3

0

0

0

oo oo oo oo o

oo oo oo oo
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144.7
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429.9
258.4

292.0
114.9

109.7
64.2
0.0

0.0

193.5
101.2

0.0

0.0
0.0
0.0
0.0
0.0
1
0.0
0.0
0.0
0.0

15 BENIN

330.00 1

10 KADUNA

330.00 1

4 GOMBE

10 KADUNA

330.00 1

330.00 1

13J0S

330.00 1

7 OSHOGBO

330.00 1

11 AJAOKUTA 330.00 1

16 ONITSHA

330.00 1

20 IKEJA WEST 330.00 1

30 DELTA 330.
31 SAPELE

0.0
0.0

00 1

330.00 1

15 BENIN

330.00 1

17 NEW HAVEN 330.00 1

19 ALAOJI  330.

0.0
0.0
0.0
0.0
2
0.0
0.0
2
0.0
0.0

00 1

16 ONITSHA

330.00 1

7 OSHOGBO

330.00 1

0 IKEJA WEST 330.00 1

16 ONITSHA

9 AFAM 330.

330.00 1
00 1

7 OSHOGBO

15 BENIN 330.

18 AIYEDE
21 AKANGBA
22 EGBIN 330.

o oo

.0

.0

.0
.0

24 AJA

330.00 1
00 1

330.00 1
330.00 1

00 1

20 IKEJA WEST 330.00 1

20 IKEJA WEST 330.00 1
23 EGBINGT 11.000 1

330.00 1

0.0

0.0
0.0

22 EGBIN

330.00 1

22 EGBIN

330.00 1
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1 -26.8 -105 2 1520
1 -1849 -60.0 26 760
1 -162.3 474 21 760
1 103.9 -75.8 16 760
1 -1029 -17.5 13 760
1 -108.7 -31.9 15 760
1 269 -53.8 4 1520

1 2458 -17.1 32 760
1 316 -23.9 3 1520
1 -131.3 14.2 17 760
1 -221.1 32.7 15 1520
1 -2426 -3.0 32 760
1 1132 236 15 760
1 142 -62.7 9 760

1 -112.6 -50.0 17 760
1 -207.2 -61.9 29 760
1 678 09 9 760

1 -141 128 3 760

1 -130.6 -101.2 11 1520
1 -104.0 -69.1 17 760
1 -31.3 -155.6 11 1520
1 -675 -41.7 11 760
1 2924 106.6 21 1520
1 -519.5 -985 36 1520
1 -292.0 -114.9 21 1520
1 5231 865 36 1520
1 -826.5 -244.0 1.000LK

1 193.6 933 14 1520
1 826.5 293.8 1.000UN

1 -193.5 -101.2 15 1520



25 SAPELE GT 16.000 10.9900 -3.0 200 .0 00 00

115.840 -51 4R 00 0.0 31SAPELE 330.00 1 1 200.0 -51.4 1.000LK
26 ALADJA  330.00 10.9942 -42 O .0 821 00
1328.08 0 .0 445 0.0 30DELTA 330.00 1 1 -103.7 -18.7 14 760
31 SAPELE 330.00 1 1 216 -2538 4 760
27 DELTA GT 11.000 11.0000 -1.4 300 .0 00 0.0
111.000 33 .OR 00 00 30DELTA 330.00 1 1 300.0 33.0 1.000LK
28 AFAMGT 11.000 11.0300 -9.5 250 .0 00 0.0
111.330 163 AR 00 00 29AFAM 330.00 1 1 250.0 163.1 1.000LK
29 AFAM 330.00 110081 -11.4 O .0 1193 0.0
1332.67 0 .0 657 0.0 19ALAOJI 330.00 1 1 130.7 854 10 1520
28 AFAM GT 11.000 1 1 -250.0 -151.1 1.000UN
30 DELTA 330.00 10.9964 -3.7 O .0 643 00
1328.81 0 .0 442 0.0 15BENIN 330.00 1 1 1319 -344 18 760
26 ALADJA  330.00 1 1 1038 111 14 760
27 DELTA GT 11.000 1 1 -300.0 -20.9 1.000UN
31 SAPELE 330.00 10.9965 -44 O 0 00 00
1328.86 0 0 0.0 0.0 15BENIN 330.00 1 1 2216 -61.8 15 1520
25 SAPELE GT 16.000 1 1 -200.0 56.6 1.000UN
26 ALADJA  330.00 1 1 -216 52 3 760
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APPENDIX C — Implementation flow charts

C1: Network reduction algorithm

(s )

Data Divide network Into
internal and external
l subsystems

Data preparation Apply disturbance in

' internal system and
l identify coherent
generators
Data
verification l
l Aggregate coherent
generators
| Execute power flow
- solution l

Reduce topology of
network

Is mismatch
acceptable?

l

Evaluate equivalent
network

Output Result l
C End >

Flow chart for network reduction implementatiorA8S/E
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C2: Transient stability analysis algorithm

( Start )
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APPENDIX D -UPFC Parameters

D1. Parameters of the STATCOM

Parameter Value
T1[s] 0.2
T2 [s] 0.2
T3 [s] 0.2
T4 [s] 0.2
K 100
Droop [pu] 0.03
Vmax 999
Vmin -999
Icmax [pu] 1.25
ILmax [pu] 1.25
Vcutout [pu] 0.2
Elimit [pu] 1,2 1.2
Xt [pu] 0.1
Acc 0.5
STBASE [MVAI] 400
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D2. Parameters of the SSSC

D3. SSSC Variable Impedance Dynamic Model

Ssssc

Srer

Parameter Value
PI proportional constant (Kp) 10
Transformer ratio 1.48
Additional reactance (Xad) @ pri
Static reactance (Xest) IDpri
VSC voltage limit + 6650 V
VSC voltage ramp limit 6650 V/s
VSC current limit 1450 A
Power rating 18.95MVA
Zeamp VSC Limits

Controller
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APPENDIX E -Python Script for the Stability Analysis including SSSC

implementation in PSS/E

#PSS/E SSSC Implementation in Python

import math

# working files: Network, Snapshot, Output and Progress
# very Important for the reuse of the code with other file names

networkcasefile =r"""C:\Users\SHEREEFDEEN SANNI\Documents\PSS_E\Thesis
\NAIGERIA_REDUCE_STAT_CONVERTED.sav"""

snapfile=r"""C:\Users\SHEREEFDEEN SANNI\Documents\PSS_E\Thesis\Reduced_Analysis_with
UPFC\NAIGERIA_REDUCE_BENIN_UPFC.snp"""

outputfile=r"""C:\Users\SHEREEFDEEN SANNI\Documents\PSS_E\Thesis\Reduced_Analysis_Wwith
UPFC\NAIGERIA_REDUCE_BENIN_UPFC.out"""
outputfilenoextension=r"""NAIGERIA_REDUCE_BENIN_UPFC"""
progressfile=r"""cC:\Users\SHEREEFDEEN
SANNI\Documents\PSS_E\Thesis\Reduced_Analysis_With UPFC\progress_Benin_UPFC.txt"""
# Redirect progress window to file

# This is useful to speed execution of the script
psspy.progress_output(2,progressfile,0)

# Load Network and Initial Snapshot files
psspy.case(networkcasefile)
psspy.rstr(snapfile)

# Simulation parameters: Start time, Stop time, Integration step

# Here is the definition of when the simulation starts and stops and the integration
step (DELT)

# This information is stored in a variable named t

# t is a vector with all the simulation steps

tstart=0 # simulation start time in s

tstop=30 # simulation stop time in s

delta_t=0.01 # integration step time in s (Must be equal to DELT value in Dynamic
Simulation Options)

steps=(tstop-tstart)/delta_t # total numeber of integration steps
t=range(tstart,steps,l) # vector with all the integration steps of the simulation

# Definition of events

# Definition of the time associated with an event and the value of the variable that
changes in case of a control event

# In case of a network event (a line trip, a fault...) only the time is defined. There
is no restriction to the number of events

# Except that the time of the event must be between tstart and tstop

tstop_1=0.1 # time associated with the first event to simulate
tstop_2=0.2 # time associated with the second event to simulate

tstop_3=1.0 # time associated with the third event to simulate

# SSSC parameters

# Here you define the parameters of your model
From_Bus=22

To_Bus=20

X_max=7 # maximum impedance in Primary Ohms
X_min=-7 # minimum impedance in Primary Ohms

# SSSC control parameters

# Control mode: Constant line MVA flow
Kp=10 # proportional gain

Ramp=7 # maximum ramp ohms/s

# Initial Steady State. Initialization of SSSC control

ierr,vbase = psspy.busdat(To_Bus, 'BASE') # Primary voltage of sssc (kv)

Shase = psspy.sysmva() # System MVA base (MVA)

Zbase = (Vbase*Vbase)/Sbase # Impedance base (Ohm)
}errjinit_f1ow=psspy.brnf]o(From_Bus,To_Bus,'1') #Initial MVA flow through the SSSC
MVA

Sref=abs(init_flow) # Initial power referece for SSSC contro1 (MVA)
ierr,init_current=psspy.brnmsc(From_Bus,To_Bus,'1l','AMPS') #Initial Current through
SSSC in A

Isssc_ref=init_current

Xsteppu=Ramp*delta_t/zbase # ramp change in pu/time step

X_max_pu=X_max/Zbase # maximum impedance in pu

X_min_pu=X_min/zbase # minimum impedance in pu
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# Initialize simulation(solve from - 2*DELT to Start Time)
psspy.strt(0,outputfile)
psspy.run(0, tstop_1,1,1,0)

# solve the simulation and run the SSSC model
# Here the simulation 1is solved for every time step defined in variable t
# The SSSC model is executed every time step
# If the simulation time is equal to the time of an event previously defined
# the event is executed prior to the execution of the SSSC model
for j in t:

# Checking if time is equal to an event time

if j*delta_t==tstop_1l: # first event

psspy.dist_bus_fault(15,1, 330.0,[0.0,-0.2E+10])

if j*delta_t==tstop_2: # second event
psspy.dist_clear_fault(1l)
psspy.dist_branch_trip(15,20,r"""1""™")

if j*delta_t==tstop_3: # third event
psspy.dist_branch_close(15,20,r"""1""")

# SSSC state monitoring

ierr,V_from=psspy.busdat(From_Bus, 'PU') # Actual SSSC From Bus voltage in p.u.
. igrr,ang]e_from:psspy.busdat(From_Bus,'ANGLE') # Actual SSSC From Bus voltage angle
in radians

ierr,V_to=psspy.busdat(To_Bus, 'PU’ ) # Actual SSSC To Bus voltage in p.u.

g ierr,angle_to=psspy.busdat(To_Bus, 'ANGLE') # Actual SSSC To Bus voltage angle in

radians

Vsssc_pu=(V_to*math.cos(angle_to)-
V_from*math.cos(angle_from))+1j*(vV_to*math.sin(angle_to)-v_from*math.sin(angle_from)) #
Serial SSSC voltage in p.u.

vsssc.append(Vsssc_pu)

Vsssc=Vsssc_pu*Vbase # Serial SSSC voltage in kv

ierr,Isssc=psspy.brnmsc(From_Bus,To_Bus,'1l','AMPS') # Current through SSSC in A
c ;err,now_f1ow=psspy.brnf1o(From_Bus,To_Bus,'1') #current MVA flow through the SSscC
MVA

Ssssc=abs (now_f1ow)

ierr,zsssc = psspy.brndt2(From_Bus,To_Bus,'l"','RX")

Xsssc=zsssc.imag # Actual SSSC reactance during simulation in pu

Xsssc_pri=Xsssc*zbase # Actual SSSC reactance in Ohm

Zsssc_pri=zsssc*Zbase # Actual SSSC Impedance in Ohm

# SSSC Control Loop

# Proportional control output

error = Sref - Ssssc # Power flow error in MVA

errorpu = error/zbase

X_P = -1*Kp * errorpu # PI controller proportional response
Xcomppu = X_P #SSSC new reactance value in pu

# Ramp Timit

if (Xsssc - Xcomppu) > Xsteppu:
Xcomppu = XSssC - Xsteppu

if (Xsssc - Xcomppu) < -1*Xsteppu:
Xcomppu = XSssC + Xsteppu

# Max/Min reactance 1limit

if Xcomppu > X_max_pu:
Xcomppu = X_max_pu

if Xcomppu < X_min_pu:
Xcomppu = X_min_pu

] # New compensating reactance. Modify SSSC equivalent branch impedance to the new
value

psspy.branch_data(Fro?jBus,To_Bus,‘1',[_1,_1,_1,_i,_i,_i],[_f,XComppu,_f,_f,_f,_f,_f,_f

syl y— 1—f1— y—ly—

injected_volt=Isssc*Xcomppu*zbase

# Solve next iteration
psspy.run(0,j*delta_t,1,1,1)

# Return progress output from file to window
psspy.progress_output(l,progressfile,l)

pssplot.newplotbook()
pssplot.setselectedpage(0)
pssplot.openchandatafile(outputfile)
pssplot.setselectedpage(l)
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pssplot.insertpage()
pssplot.setselectedpage(2)
pssplot.insertpage()
pssplot.setselectedpage(3)
pssplot.insertpage()
pssplot.setselectedpage(4)
pssplot.insertpage()
pssplot.setselectedpage(5)
pssplot.insertpage()
pssplot.setselectedpage(6)
pssplot.insertpage()
pssplot.setselectedpage(0)

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

11.000]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1"""™)
pssplot.setselectedpage(l)

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

11.000]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")

pssplot.dragdropplotdata(outputfilenoextension,

330.00]1""")
pssplot.setselectedpage(2)

pssplot.dragdropplotdata(outputfilenoextension,

11.000]1""")
pssplot.setselectedpage(3)

pssplot.dragdropplotdata(outputfilenoextension,

Ty
pssplot.setselectedpage(4)

pssplot.dragdropplotdata(outputfilenoextension,

pssplot.setselectedpage(5)

ssplot.dragdropplotdata(outputfilenoextension,

pssplot.setselectedpage(6)

pssplot.dragdropplotdata(outputfilenoextension,

11.000]1""")
pssplot.setselectedplot(0)
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P - ANGL 23[EGBIN GT
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r'"""5 - ANGL 200 [ THERMAL

"6 - ETRM 8 [SHIRORO

r"MM17 - ETRM 23[EGBIN GT

r"""18 - ETRM 29[AFAM

r"""18 - ETRM 29[AFAM

r"""19 - ETRM 100[HYDRO

r"""20 - ETRM 200[THERMAL

F"M17 - ETRM 23[EGBIN GT

P48 MVA 22 TO 20 CKT '1
F"MM114 - POWR 22 TO 20 KT '1
PTTNITS - VARS 22 TO 20 KT '1

r'""2 - ANGL 23[EGBIN GT



