CHAPTER ONE
1.0 INTRODUCTION
1.1 BACKGROUND OF STUDY

Nigeria as a country with nine generating stations scattered over the country has
continuously being faced with the great challenge of unsteady electrical power supply
which has continuously affected the electrical energy consumers. This challenge has
unavoidably resulted in a reduction in the energy bill usually stated by the DISCOS with
the help of prepaid meters being used in the country hence leading to a financial loss to
the power industry for energy that was not supplied and also led to a very huge financial
investment by the energy consumers on complementary standby power sources [1].

In the country where almost all power transferred by the transmission station,
distributed by the distribution station and consumed by the electrical energy users, the
power consumed or supplied is of two forms which are the real and reactive powers. The
real power achieves useful work while the reactive power supports the voltage that is
expected to be controlled for system stability, reliability and is vital for transferring the
active power through the system to the energy consumers. It is pertinent to state that
voltage and current of all power systems pulsate at the same system frequency but in [2],
the magnitude of the power at different time intervals is the algebraic product of current
and voltage.

The controlling and monitoring of this reactive power and voltage remains a vital
Issue in the power system operation of the Nigerian power sector which results in voltage
collapse that occurs mainly when there is an increase in load or insufficient supply of
reactive power. This challenge of voltage collapse is due to the fact that there exists a
structural difference between the transmission and distribution systems. In order to obtain
reliable and efficient operation of the Nigerian power systems, the voltage magnitude and
reactive power control objectives must be obeyed which is that the system stability is
optimized in order to maximize the transmission utilization efficiency, the reactive power
flow in the system is minimized so as to reduce voltage drops due to resistance and
inductive reactance (IR and I%X) losses and that the magnitude of the voltage at any
electrical equipment in the system are found in the limits of acceptable values [2].

The above depicts that the T-D systems are operated for one kind of power (active
power). Hence for a large number of interconnected electrical loads on the NPS and the
feeding from popular NGS such as Kainji, Gerugu and Ughelli power generating stations,
there is need to keep the voltage within the above stated limit values. In Nigeria where
there is a variation of electrical loadings on the power systems at various period of times;
as the load varies, an extracted value of reactive power required on both the T-D systems
also tend to vary. This research work hence contains various contributions of innovative
approaches to reactive power control and voltage collapse margin reduction schemes with
an optimal one to steer clear from voltage collapse which usually results in total black-
outs in the whole power system of the country.



1.2 STATEMENT OF PROBLEM

The inconsistencies in supply of electrical power from the NNG remains a great
challenge to electrical energy users that are in dare need of electrical power to excite their
machines and equipment for use to make ends meet. This sudden instability of power
systems as a result of rise in the number of interconnected electrical loadings and multi-
faceted system conditions that usually results in risks of under and over-voltages, voltage
collapse and undesirable power flow distribution has made NPS electrical energy delivery
in to be unsatisfactory from a technical perspective. It is as a result of these stern
operational challenges encountered in the NPS that has motivated this research work to
provide an Optimal approach to solve the problem of voltage collapse determining and a
consequent introduction of PCD that can improve the stability of the PSN.

1.3AIM OF STUDY

This research work is carefully carried out in order to present and simulate novel
approaches that will be used in controlling the voltage and reactive power magnitudes
which constitutes the core factors that causes voltage collapse in the NPS using PSAT
(power system simulator), establish an optimal approach with optimal site that will best
improve the stability margin of the NPS and hence eliminate the voltage collapse margin
that occur in successive years.

1.4 SCOPE OF STUDY

This project work entitled “An Optimal approach to voltage collapse margin in
Nigeria power system” duely presented in this research paper is limited to the use of a
single optimized strategic approach to increase the stability of the NPS and hence reduce
the daily operational problems (as caused by certain factors that are discussed in Chapter
two of this research paper) encountered in the system with some typical examples from
some selected busbars in the power system.

1.5 SIGNIFICANCE OF THE STUDY

The findings of this research work (Study) will redound to the benefit of the NPS
since it promises to provide an optimized approach that has an optimal value of
controllability and fast response to transient disturbance in the NPS. Thus, any generating,
transmitting and distributing station of the NPS that apply this optimal approach will
continuously have a system devoid of collapse.



CHAPTER TWO
2.0 LITERATURE REVIEW
2.1 STRUCTURE OF THE NIGERIAN POWER SYSTEM

Nigeria as a country has her electrical power transferred from a generating station to
the electrical energy consumer’s premises and this process of electrical energy transfer is
done by transmission and distribution. The generation and transmission systems make use
of a 3-phase 3-wire system whereas the distribution systems make use of a 3-phase or 1-
phase system depending on the requirements of the energy consumers.

Using the fig. 2.1 as a case study, the generating station is where power is generated
by a 3-phase alternator driven by its prime mover (or turbine) using basically three
sources of energy- Natural gas, coal and water (hydro-electric) at 11KV (11000V). This
voltage is usually stepped up by a 3-phase transformer for transmission purposes (usually
high voltage to reduce copper losses and increase transmission efficiency with an
economic consideration of aluminium cable usage). Taking the generated voltage at any of
the nine generating stations in Nigeria as 11KV, the 3- phase (cascaded) transformer steps
the voltage up to 330KV as shown in fig. 2.1. It is at this point that TRANSCOS begin
their operation and this is purely the primary transmission stations that uses overhead
cable means to transfer electrical power [3].
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Fig. 2.1: Single Line Diagram of Nigeria's Power Network Structure

Source: [3]

The afore-mentioned 3-phase 3-wire overhead HVTL next terminates in step-down
transformers (330/132KV) in a sub-station known as Receiving station which lie outside
the major cities to avoid death due to line-line faults or transmission pole fall on a heavily
populated area. Here, the voltage is stepped down to 33KV. From the RS, power is next
transmitted by overhead lines to various SS located at various points in the city. This is
what is referred to as secondary transmission. From this point starts the primary and
secondary distribution.

At the SS, voltage is reduced from 33KV to 415V or 11KV (3-wire for primary
distribution consumers whose demands exceeds 50KVA) and are usually supplied from
SS by special 415V feeders. The secondary distribution is done at 415/240V (3-phase 4-



wire system) for which purpose voltage is reduced from 11KV to 415V at the distribution
SS using a 3- phase step down transformer. Usually feeders radiating from distribution SS
supply power to distribution networks in their respective areas. The low-voltage
distribution systems make use of feeders, distributors and service mains.

The power system topology in Nigeria is a radial system with elements of the
system as generating stations, transmission lines, the substations, feeders and distributors
which is shown by a single line diagram in fig. 2.2 with the voltages of the busbars (both
in KV and rad) and their phase angles as obtained from PSAT simulator and shown in
table 2.1. The single line diagram of the existing 330KV NTN as given in [4] and depicted
in fig. 2.2 consists of nine generating stations, fourteen load stations and thirty-one
transmission lines that hence constitute the 28-bus system. The system is categorized into
3 sections- North, South-East and the South-West sections of which the North is
connected to the South via a triple circuit line between Jebba and Oshogbo while the West
Is directly connected to the East via one transmission line from Oshogbo to Benin and one
double circuit line from Ikeja to Benin [4]. The table of values with its voltage profile
obtained in [4].
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Table 2.1: Voltages and phase angle of the existing 330KV Nigerian transmission

network
BUS | BUS NAME VOLTAGE | VOLTAGE |POWER
NO (KV) (P.U) ANGLE,d
(rad)
1 B. Kebbi 311.92 0.9673 -0.0725
2 Kainji GS 343.20 1.0400 0.0000
3 Kaduna TS 197.27 0.5978 -0.3721
4 Kano 175.59 0.5321 -0.4507
5 Shiroro 226.88 0.6875 -0.2652
6 Jebba GS 274.56 0.8320 -0.1228
7 Jebba 277.04 0.8395 -0.1224
8 Jos 171.50 0.5197 -0.5030
9 Gombe 158.47 0.4802 -0.5791
10 Ayede 310.89 0.9421 -0.0719
11 Oshogbo 271.26 0.8220 -0.1501
12 Abuja 218.13 0.6610 -0.3050
13 Calabar 285.58 0.8654 3.3200
14 New Haven 287.79 0.8721 2.7800
15 Ajaokuta 291.62 0.8837 1.2400
16 Onitsha 293.44 0.8892 2.8500
17 Alaoji 293.60 0.8897 3.3927
18 Ikeja West 315.51 0.9561 -1.0572
19 Benin 294.92 0.8937 1.7328
20 Okpai 296.01 0.8970 3.1475
21 Afam GS 296.51 0.8985 3.4282
22 Akangba 316.64 0.9595 -1.0785
23 Egbin GS 328.25 0.9947 -0.0075
24 | Aja 328.22 0.9946 -0.0064
25 Sapele GS 297.66 0.9020 1.7732
26 Aladja 297.36 0.9011 1.7372
27 Delta GS 297.43 0.9013 1.7398
28 AES 328.65 0.9959 -0.0035

Source: [4]
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Source: [4]

2.2 REVIEW OF THE OPERATIONAL CHALLENGES FACED IN THE
NIGERIAN POWER SYSTEM

The deteriorating quality of electrical power supplied by the PION to electrical
energy consumers have captured with rapt attention; the consumers with need to improve
on the quality of power being supplied. The power companies are by this recent trend of
deterioration of power, required to supply to the consumers; electrical energy as reliable
and economically inexpensive as possible with an increased efficiency and according to
the load shedding structure. However, the inconsistencies in supply of electrical power in
Nigeria has been observed to be a habitual characteristic that institute challenges of loss of
power and at times low-voltage that damages voltage-sensitive instruments to industrial
and domestic consumers and the power companies. This has continuously led to an
increase in standby electric power supply in the premises of energy consumers.

Statistics obtained from the Daily operation of the Transmission company of
Nigeria shows that voltage (or system) collapse on the NPS is very high. Table 2.2 and
fig. 2.4 in [5] shows the statistical data on both partial and total voltage collapse on the
NPS from January 2000 to July 2016. The bar-chart of the voltage collapses (partial and
total collapses) is depicted in fig. 2.4.



Table 2.2: Partial and total voltage collapse in Nigeria Power system from January 2000
to July 2016

Year 00|01(02|{03|04|05|06|07|08 0910|1112 13|14 15|16

Total 5 (149 |14 (2221|2018 2619|2213 |16 |/22|9 |6 |16
Collapse

Partial |6 |5 |32|39|30|15(10|8 |16 (20206 |8 |2 |4 |4 |6
Collapse

Total 11 119 |41 |53 |52 |36 |30 |26 |42 |39 |42 19 |24 |24 13|10 |22

Source: [5]
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Fig. 2.4: A multiple bar-chart corresponding to table 2.2 values
Source: [5]

Furthermore, the stern operational challenges (or problems) encountered in the NPS
are further revealed by the unacceptable daily changes in system voltage and frequency at
the distribution level. These variations in voltage and frequency depicted in the January
2006 distribution level of an FDR installed at Abubakar Tafawa Balewa University,
Bauchi in [1] as shown in figs. 2.5 and 2.6 respectively. These operational challenges
faced in the NPS are mainly caused by faults with little interferences of low pressure of
gas, overload, frequency and sometimes no tangible reason. Due to these operational
problems, there is need to apply the said emerging power control devices to improve
supply quality and system stability. It is this that actually inspires this research work.
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2.3 CONCEPTS OF VOLTAGE COLLAPSE AND VOLTAGE COLLAPSE
MARGIN

The term “Voltage Collapse” has continuously been ascribed to the resultant effect
of high number of interconnected loads on a power system. Usually, when power systems
are heavily loaded or have shortage of reactive power; voltage collapses are bound to set
in. According to the literary meaning attached to the terminology “voltage collapse”
stipulated in [6], voltage collapse is a manifestation of voltage instability in a system that
refer to the inability of the said power system to maintain steady voltages at all buses in
the system after being subjected to a disturbance from a given initial operating point.
Voltage Collapse Margin implies the period between the time a power system is at steady
state and the time the system finally collapses.
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Voltage Collapse as defined in [7] is a process by which voltage instability leads to
a very low voltage profile in a significant part of a power system. The phenomenon
“Voltage Collapse” has been discovered using the power system dynamics (generator
models based on differential equations, excitation limits, load dynamics and tap changing
transformers) [8-10]. In [10], the voltage collapse trajectories at the earlier stated
bifurcation point are captured using dynamic analysis for small load variations.

From the above definition stated, it connotes that every power system has a steady
state (or stability) boundary. If this stability boundary is approached, the system tends to
malfunction and will automatically collapse (breakdown) when the said stability boundary
Is exceeded. A typical example of this feature is seen when a 500KV A transformer is to be
used for distribution purposes. When the interconnected loads on the feeders that are
connected to the distribution transformer is 600KVA, the power system (transformer)
tends to draw more current to the load due to increased loading (power) which makes the
system to collapse as a result of burnt transformer windings.

Voltage collapse as [11] posit is associated with the bifurcation of the equations
relating the power system parameters. The equations are usually non-linear and do have
infinite solutions that continuously vary as system parameters such as load demand vary
[12]. For the continuously changing parameters of the power system, the qualitative nature
of the infinite solution for specific parameter values remains changing.

2.4 CATEGORIES OF POWER SYSTEM STABILITY

For any society that has great demand for power and hence interconnect bulk loads
to the grid, the system is always bound to be saturated (approach stability boundary). For
the analysis of the various problems associated with the stability of power systems that
various nations face including ascertaining specific factors that add to instability (that
finally leads to voltage collapse) and inventing approaches of advancing stable operating
conditions is considerably possible by categorizing the stability into appropriate groups.
These categories as [13] puts are based on the physical nature of the resulting instability
that is related to the main system parameters in which instability can be observed, the size
of the disturbance, the devices, processes and time span.

A typology of the categorized power system stability is shown in fig. 2.7 and the
individual categories are briefly discussed in sections 2.4.1, 2.4.2 and 2.4.3 of this
research paper.
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2.41VOLTAGE STABILITY

Voltage stability as in [13] is primarily concerned with the ability of a power
system to maintain steady voltages at all buses in the system under normal operating
conditions, and after being subjected to a disturbance. This kind of power system stability
usually exhibit a resultant form of progressive rise or fall of voltage in some buses. This
exhibited feature is also traceable to rotor angles that go out of step. An optimum factor
contributing to voltage instability is usually the loads connected to the grid since an
increase in electrical loading leads to high demand of reactive power to support the
voltage needed.

However, other kinds of voltage stability as fully discussed in [14], summarized it
as large and small disturbance voltage stability.

2.4.2 FREQUENCY STABILITY

The concept of frequency stability lies in the ability of a power system to fully
maintain a steady frequency with a nominal range following a large transient disturbance
in the system (either internal or external disturbance). In Nigeria, the power system
devices are operated on a standard frequency of 50Hz with a nominal range of + 0.5% if
there is an imbalance between the GENCOS and the electrical energy consumers. The
effect of this upset results in a generalized large excursions of frequency and hence cause
controls, protections and actions of processes that are not modeled in a conventional
transient stability or voltage stability studies.
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The problems that are usually associated with this kind of stability is purely a poor
coordination of control and protective equipment. It is hence categorized as a long-term
phenomenon due to its fast and slow dynamics that consume several minutes.

2.4.3 SYNCHRONOUS STABILITY

This kind of stability also referred to as “Rotor angle Stability” as in [13] is fully
defined as the ability of interconnected synchronous machines of a power system to
remain in synchronism under normal operating conditions and after being subjected to a
disturbance. This Stability is hinged solely on the ability to conserve steady-state between
the electromagnetic and mechanical torques of different synchronous machines (either
motor or generator) in the system.

It is pertinent to state that the instability due to inability of conservation of steady
states between torques in the various synchronous machines that may result may occur in
the form of continuous surge angular swings of some generators resulting to their loss of
synchronism with other generators. For no instability, there is need to create a restoring
force because if the system is disturbed, the equilibrium is disturbed which leads to an
acceleration or deceleration of the Rotors of the synchronous machine sequel to the law of
motion of a rotating body that states that if a generator temporarily runs faster than others,
the angular position of its Rotor relative to that of the slower machine will increase and
cause the speed difference between rotors to reduce [13] and hence lead to a distorted non-
linear power-angle relationship and may result in collapse.

2.5 CAUSES OF VOLTAGE COLLAPSE

The undoubted phenomenon of voltage collapse in the NPS not just occur, it is
caused by certain factors. These factors can be properly envisaged if the power system of
Nigeria is categorized into the earlier stated three sections that include: the generation, the
transmission and the distribution. There are certain factors that cause total black-out
(voltage collapse) found in each of the sections. In the generating station, a change in the
paralleling operating synchronous alternators’ parameters as a result of changes in their
internal configurations of magnetism (due to ageing) and the loss of synchronism in the
Rotor movement remains a great factor that cause voltage collapse in the generating
station. In the transmission section, insufficient supply of reactive power through the
overhead transmission lines and loads (distribution systems) can also cause voltage
collapse.

However, in the distribution section (stations), overloading of the overall power
systems (with high inductive loads and hence high impedance) is another parameter that
can cause voltage collapse. Hence a summary of the causes of voltage collapse are:

X Changes in Synchronous Alternators parameters
X Insufficient Reactive Power Supply
x Overloading in Power Systems
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2.6 NOVEL APPROACHES TO VOLTAGE COLLAPSE MARGIN

The novel approaches to voltage collapse margin in any power systems remains the
use of dynamic shunt compensators, use of series compensators, loading shedding of
power and the use of tap changing transformers. These approaches are fully discussed in
the subsequent sections of this section.

2.6.1 USE OF DYNAMIC SHUNT COMPENSATORS

The dynamic shunt compensators are PCDs that have been made available with
characteristic of spontaneously supporting the voltage level in a power system especially
during faults or overloading in the system. This kind of compensator help to improve the
transient voltage stability hence maintaining a steady voltage stability (that is reduces
voltage collapse) in the system by rapidly detecting and adjusting its output in response to
system transient behaivour during a disturbance in the system. There are presently two
kinds of dynamic shunt compensators that can be used to achieve a steady voltage state in
the NPS. These dynamic shunt compensators are Static Var compensators and Static
synchronous compensators (STATCOM). These compensators are discussed below.

2.6.1.1 STATIC VAR COMPENSATORS (SVC)

A Static Var Compensator is a PCD that uses thyristors to attain fast control of a
fixed capacitor (C) and thyristorized reactor (L). The components are controlled by a
thyristor valve that is usually connected with a fixed capacitor bank in parallel. The SVC
system is then shunt connected to the bus via a step-up transformer. This is done with the
VROH DLP RI DWWDLQLQJ D UHTXLUHG WUDQVPLVVLF
the thyristor banks determines the overall equivalent shunt admittance presented to the
power system and hence the angle with respect to the zero crossing of the phase voltage
(Vpn) which makes the device able to control the bus voltage magnitude. A shunt
connected static Var generator or absorber whose output is adjusted to exchange
capacitive or inductive current so as to maintain bus voltage of the electrical power system
like the NPS. A typical Variable shunt susceptance model of SVC is depicted in fig. 2.8
shown below.

/

IQ N /
e /stc

Fig. 2.8: Equivalent Variable Shunt Susceptance circuit model of SVC

Source: [15]
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The equivalent model of the SVC is used to drive a SVC model that considers the
WK\ULVWRU FRQWUROOHG UHDFWRU [B&5 ILULQJ DQ

If WKH ILULQJ D QJ @Gkhange®R theWukréht Ge&oBnes changed and hence
the overall amount of reactive power consumed by the initially stated inductor, L changes.
With the foregoing, when o = 90°, the inductor becomes fully activated but will be
deactivated when a = 180°. With the continuous switching operations of the TCR in [16],
certain harmonic interferences on the waveform of the voltage is expected to be taken into
account during the controller design and operation.

A basic organization of the SVC as stated earlier consists of a series capacitor bank,
C, in parallel with a thyristor-controlled reactor, L, as shown in fig. 2.9.

Vi Utility Bus

b

WAL Step-up

Zero P - -
'|'r" r %:'gg!}cgh‘”g Y transformer
U.

Fig. 2.9: Basic topology of a SVC
Source: [16]

Assuming the configuration of the electrical circuit in fig.2.9 is installed in the
control system of a NPTS such as the one in New Haven Transmission Company at Enugu
state, the control system configuration of the circuit will show that there will be an
injection current into the node j as shown in fig. 2.10. Fig. 2.10 shows the injection model
of the SVC where Igy represents the complex SVC injected current at node j, V; and V;
represents the complex voltages at nodes i and j. Hence the reactive power injection in
node j is given by an equationi.e. Q; = —V/Bgy¢ - - - - - -(2.1)

Where Byye = Bc—B, - - - - - - - - - -2

and the injected current at bus j is given by: Igyc = jVjBsy¢ - - - - (2.3)
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T3

Fig. 2.10: Representation of a SVC

Source: [15]

With the diagram depicted in fig. 2.11 (shown below) as given in [15] which shows
the steady state V-l characteristics of the SVC controller, it shows that these controllers
operate by measuring the exact voltage and also automatically generates or consumes
reactive power to the transmission and distribution system via reactors and capacitors
hence provides voltage stability and reduce voltage collapse even after transient
disturbance in the system. Optimization of reactive power control, reduction of
transmission system losses and damping of power swings are hence exhibited by the SVC.

74

»
B

Bi‘f.’(]'\' min

I Capacitive Inductive a

Fig. 2.11: Steady State V-I characteristics of the SVC controller

Source: [15]

2.6.1.2 STATIC SYNCHRONOUS COMPENSATORS (STATCOM)

The static synchronous compensator is constructed on the fundamental basis of the
technology of voltage converters which are purely power electronic with turn-off abilities.
A static synchronous compensator (STATCOM) operates like a static Var compensator
only that it has a gate turn-off thyristor which today is IGCT with more and more IGBTs
and due to existence of several ways of configuring voltage converters, there are various
kinds of STATCOMSs with two level, multi-level, six and twelve pulse and pulse width
modulation voltage source converters.

STATCOM is a controller that is shunt connected at a bus which helps to absorb or
generate reactive power at the bus hence supporting voltage with a common coupling at
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the bus without the use of huge external reactors or capacitor banks. A structure of a
STATCOM controller is as shown in fig. 2.12. The absence of a passive element makes
the STATCOM as a controller to have a small size and hence have a response time lower
than that of an SVC. In the STATCOM controller, the exchange of reactive power is
directly proportional to the magnitude of the bus which makes the control of voltage and
reactive power easier as compared to the SVC under periods of low-voltage. In [1], any
voltage sourced converter such as a STATCOM with PWM has two independent
parameters which it can control which are the magnitude and the phase angle of the
fundamental frequency f, component of the ac voltage on the converter side of the
converter transformer or reactor.

V1
DC Energy
V2 source
— -
fac Vaol ™ (Cac or battery
=
Coupling transformer [
L a

lac

Fig. 2.12: Structure of a STATCOM controller
Source: [1]

From the structure of the STATCOM controller shown in fig. 2.12, the charged
capacitor C,. generates a DC voltage to the voltage source converter that produces a set of
three phase output voltages with constant frequency of 50Hz that corresponds to the
frequency of an AC signal in Nigeria that is sent to the system. These 3-phase output
voltages can be controlled by changing the magnitude of the voltage from the coupling
transformer and the reactive power hence maintaining voltage and transient stability and
also exchange rate between the AC system and the voltage source converter. If V, » V;, a
current with leading power factor generated with the STATCOM being seen by the AC
system as a conductor thus reactive power is generated. If V, « V;, a current with lagging
power factor is generated with the STATCOM being seen by the AC system as an
inductor thus the extracted reactive component from the AC system is absorbed. If
V, = V;, there is no transfer of power between the AC system and the voltage source
converter.

Applying the STATCOM model to a two bus system with the voltage source
converter acting as a variable current source (since the firing angle of thyristor used can be
varied and hence the current varied). The electrical circuit diagram is as shown in fig.
2.13.
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Fig. 2.13: Two bus system using the STATCOM model

Source: [1]

Applying Kirchoff’s laws on the electrical circuit in fig. 2.13 we have:

p=Mx[1+i_qxﬂ - - - - - (2.4)

X2+Xl Vs (X2+Xl)
iffR; < X; and R, < X;,i4(t) is out of phase (i.e. 90°) with vs(t). The phasor diagram
of the STATCOM maodel shown in fig. 2.13 is shown below in fig. 2.14.

(V2 —v1)(X1)
el Xz +X1

V“ sl et (V2—v1)(X3)
il '5 Xa+Xq

Vi

Fig. 2.14: Phasor Diagram of the STATCOM installed on a 2-bus system shown in fig. 2.13.
Source: [11]

From the last equation above, the resulting characteristics of the transmitted versus
the transmission angle is as shown below.
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Fig. 2.15: Resulting characteristics of the transmitted power versus the transmission angle

Source: [11]

This above characteristic purely shows that with the use of the STATCOM
controller, the performance for power quality and balanced network operation can be
improved much more by combining active and reactive powers.

2.6.2 USE OF SERIES COMPENSATORS

From literature, there have been several series compensators that have been devised
with an aim of controlling the power flow in the power system via the compensation of
reactive power which helps to reduce the continued voltage collapse in power system and
hence increase the system stability of the power system. The various series compensators
are discussed in the sub-sections of this section.

2.6.2.1 STATIC SYNCHRONOUS SERIES COMPENSATORS

A static synchronous series compensator is a voltage-source converter based series
compensator in which its output voltage is usually in quadrature with, and controllable
independently of, the line current for which purpose is used to increase or decrease the
reactive voltage drop (I2X) across a transmission line and hence controlling the
transmitted electric power.

This SSSC is a member of the FACTS family. As stated earlier, if the output of the
SSSC voltage lags the line current by 90°, it emulates a series capacitor but when the
voltage leads the current by 90° it emulates a series inductor [1]. Thus for the SSSC, it
can be considered as a series reactive compensator where the degree of compensation can
be varied by controlling the voltage of the SSSC [17]. As stated in [16], the basic structure
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of the controller for the SSSC that is being operated on current mode is as shown in fig.
2.16.
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Fig. 2.16: A schematic diagram of an SSSC with PWM current control

Source: [16]

When an SSSC is installed on a 2-machine system as shown in fig. 2.17, the voltage
output can be controlled independently of the current hence controlling the power flow
with the transmitted power-transmission angle relationship remains as the one typified in a
power transfer curve.
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Fig. 2.17: A Synchronous voltage source for compensation on a 2-machine system

Source: [16]

2.6.2.2 THYRISTOR CONTROLLED SERIES COMPENSATOR

The thyristor controlled series compensator (TCSC) is a power control device that
has a feature of varying the electrical length of a compensated power line carrier with a
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little delay. It is used to provide fast active power flow regulation and also used to
increase the stability margin of a given system with its high effectiveness in damping SSR
and power oscillations. The power control device is a shunted combination of a TCR and
a fixed capacitor bank.

The power control device provides current line control but the limits on the firing
angle, a for the TCSC controller is usually different from the SVC. For the proper
operation of the TCSC controller, the controller should be able to operate in the capacitive
region in steady state to reduce harmonic pollution of the current waveform [1].

2.6.2.3 UNIFIED POWER FLOW CONTROLLER

With the recent advances in technology, the unified power flow controller is the
most recent FACTS device that can be installed on a TL which has the ability of a
controlled reactive and active power flow through a channeled route and the ability to
regulate the TL system through compensation of reactive power that causes voltage
instability that finally lead to voltage collapse in the power system. The UPFC makes use
of 2 ac/dc VSC that is made of a booster and an exciter.

Usually, the part with the dc of the booster and exciter converters are connected to a
single capacitor that helps to generate the required dc voltage used for the operation of the
converter with the capacitor acting as an energy storage device.

For this control device, the ac side of the booster injects an ac voltage (synchronous
voltage) that has a controlled magnitude and the TL is made to be in series with the phase
angle through a series booster transformer [1]. The other ac side of the exciter is made to
be in shunt with the TL through a transformer with a current of controlled magnitude and
a power factor angle that is injected or absorbed from the power system. The UPFC
operates in to modes when used for shunt control and these include: The Var control mode
and the Automatic Voltage control mode while it operates in four modes when used in
series control and include: direction voltage injection, phase angle shifter emulation, line
Impedance emulation and Automatic power flow control modes.
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Fig. 2.18: A Structure of an Implemented UPFC

Source: [9]
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2.6.3 LOAD SHEDDING

Load shedding remains another strategy or approach that can be used to reduce the
problem of voltage collapse in the power system. When the total demand of electrical
energy becomes greater than the total generated power capacity, the power system
becomes unstable and further demand leads to a wide-spread black-out throughout all
lines connected to the particular bus or any voltage generator in the system.

To prevent the occurrence of voltage collapse with its margin being the period
between the transient disturbance caused by overloading of the system and the consequent
voltage collapse, there is need to shed the consumers (or loads) according to periods of the
day in which a power station can transmit and deliver power to the given load. For proper
implementation of the load shedding strategy, the distribution station need to know the
available loads that can be consumed by a number of consumers at every month. With
this, the distribution of power can be divided (shed) to various consumers and reduce the
overloading of the power system and hence reduce instability so that there exists no
margin (i.e. the period of instability to voltage collapse).

2.6.4 TAP CHANGING TRANSFORMER

With the rise in interconnection of loads by industrial and domestic consumers,
stated abinitio, there is need to control the consumer’s terminal voltage within a statutory
limit. One other way to achieve such a task is by the use of a tap changing transformer.
This tap changing transformer is one whose output voltage can be changed by
incorporating tappings on the transformer windings (either on the low voltage or high
voltage side). A typical structure of a tap changing transformer is as shown in fig. 2.19.

O —O
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O _ O
Fig. 2.19: Structure of a tap changing transformer
Source: [3]

From the diagram in fig. 2.19, the hv side is regulated by a change in the
transformation ratio. As in [3], there are always tappings on the hv winding which when
connected to the rated voltage gives rated voltage on the lv side which is called the
principal tapping. It is pertinent to state that an increase in the volts per turn leads to a rise
in core flux and hence a saturation of the core with rise in magnetizing current, core loss
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and a pronounced 3rd harmonic. The tap changing transformer is to be installed at the end
ofaTL.

However, when the tap changing transformer is made automatic to sense changes in
the terminal voltage and automatically divert to another tapping then the terminal voltage
Is maintained and hence constant to rises in loads interconnected to it. The tap changing
transformer is made to be of two types based on their operations as stipulated in [3]. These
types are off-load and on-load tap changing transformer and they are manual in the sense

that they are changed by one who makes the tappings in 2%% step and this makes the
rated secondary voltage to be obtained when the primary supply voltage is
0,2%,5,7%,10% below the rated primary voltage. Also the tappings are to be placed at

the phase ends (RYB ends) so that the bushing insulators that will be required is reduced
and hence cost of production and installation, reduced.
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CHAPTER THREE
3.0 METHODOLOGY
3.1 SOURCING OF DATA

For this research work; based on the use of shunt and series compensations as novel
approaches presented, a static power flow method was adopted to study their effects in
restoring steady state of the power system. The load (power) flow problem which involves
the solution of a set of non-linear algebraic equations was basically analyzed by PSAT
which is a MATLAB embedded software that uses the Newton-Raphson’s iterative
method to estimate the bus voltages on some selected bus system with some synchronous
alternators on the Nigeria power grid. The PSAT software uses the N-R method because it
produces a fast convergence and accurate result with little number of iterations.

However, other approaches such as load shedding and the use of tap changing
transformers were critically analyzed and subsequent graphs plotted using Microsoft
Excel sequel to the use of some typical scenarios in some areas of the country as
techniques to resolving voltage collapse margin in the country.

3.2 DATA PRESENTATION
3.2.1 POWER FLOW WITH SVC

The SVC is installed at Bus 1 and connected in shunt (in fig. 3.1) to the system
below to maintain the nodal voltage at 0.9673P.U. The SVC parameters are in table 3.1.

Table 3.1: SVC parameters

Parameters Values
Power 100MVA
Voltage 330KV
Frequency 50Hz
Model type 2
Regulator Gain, K 100
Reference Voltage 1P.U.

.max 1.00 P.U.
.min -1.00 P.U.
Integral Deviation, Kq 0.001 P.U.
Transient time constant, T, 0.000s
Measurement gain 1.000 P.U.
Time Delay 0.01s
Inductive reactance, X, 0.20 P.U.
Capacitive reactance, Xc 0.10 P.U.




Fig. 3.1: SVCinstalled on Bus 1
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For the fig. 3.1, the result for the voltage magnitude and phase angle obtained for

the above system for both varying susceptance and firing angle model is shown in table
3.2. Due to the inclusion of SVC in Bus 1 its voltage is maintained at 0.9673P.U. Table

3.2 shows the results obtained.

Table 3.2: Voltage and Power angle of the Buses after inclusion of SVC

Bus Voltage | Power
No (inP.U.) | Angle (in
rad)

1 0.9673 | -0.0733
2 1.0400 | 0.0000
3 0.6006 | -0.3794
4 0.5586 | -0.4527
5 0.6905 |-0.2674
6 0.8426 |-0.1250
7 0.8426 |-0.1250
8 0.5204 | -0.5070
9 0.4841 |-0.5802
11 0.8225 |-0.1506
12 0.6659 | -0.3053

3.2.2 POWER FLOW WITH STATCOM

The STATCOM is installed at Bus 1 (in fig. 3.2) of the system below to maintain
the nodal voltage at 0.9673P.U. The STATCOM parameters are:



Table 3.3: STATCOM parameters

Parameters Values
Power 100MVA
Voltage 330KV
Frequency 50Hz
Gain constant of current control, K, 50

Time constant of current control, T, 0.1s

Imax 12 PU
Imin 08 PU

Fig. 3.2: STATCOM installed on Bus 1
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For the fig. 3.2, the result for the voltage magnitude and phase angle obtained for
the above system for both varying susceptance and firing angle model is shown in table
3.4. Due to the inclusion of STATCOM in Bus 1, its voltage is maintained at 0.9673P.U.

Table 3.4 shows the results obtained.

Table 3.4:Voltage and Power angle of the Buses after inclusion of STATCOM

Bus Voltage |Power Angle
No (in P.U.) | (in rad)

1 0.9673 |-0.0733

2 1.0400 | 0.0000

3 0.6006 |-0.3794

4 0.5586 | -0.4527

5 0.6905 |-0.2674

6 0.8426 |-0.1250

7 0.8426 |-0.1250




8 0.5204 | -0.5070
9 0.4841 | -0.5802
11 0.8225 | -0.1506
12 0.6659 | -0.3053

3.2.3 POWER FLOW WITH SSSC

Parameters Values

Power 100MVA

Voltage 330KV
Frequency 50Hz

% of series compensation 25

Regulator time constant 0.1s

Max and Min voltage 1.15and 0.85 P.U.
Proportional and Integral gains 10 and 50

Fig 3.3: SSSC installed on transmission line 2-7
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The SSSC is installed along transmission line 2-7 (in fig. 3.3) of the system below
to maintain a real power flow of 80MW. The SSSC parameters are:

Table 3.5: SSSC parameters

For the fig. 3.3, the result for the voltage magnitude and phase angle obtained for

the above system for both varying susceptance and firing angle model is shown in table
3.6. Due to the inclusion of SSSC in transmission line 2-7 is maintained at 80MW. Table

3.6 shows the results obtained.



Table 3.6: Voltage and Power angle of the Buses after inclusion of SSSC

Bus Voltage | Power Angle
No (in P.U.) | (in rad)
1 0.9673 |-0.0733
2 1.0400 | 0.0000
3 0.6214 |-0.3741
4 0.5779 |-0.4474
5 0.7144 |-0.2621
6 0.8718 |-0.1197
7 0.8717 |-0.1197
8 0.5385 |-0.5016
9 0.5008 |-0.5749
11 0.8510 |-0.1453
12 0.6890 |-0.3000

3.2.4 POWER FLOW WITH TCSC
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The TCSC is installed along transmission line 2-7 (in fig. 3.4) of the system below
to maintain a real power flow of 80MW. The TCSC parameters are given in table 3.7

below.

Table 3.7: TCSC parameters

Parameters Values
Power 100MVA
Voltage 330KV
Frequency 50Hz

% of series compensation 10
Regulator time constant 0.5s

-maxDQ@n .

0.5and -0.5 rad

Proportional and Integral gains

5and 1

X, and Xc

0.2and 0.1 P.U.

Gain for stabilizing signal

10
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Fig. 3.4: TCSC installed on transmission line 2-7

For the fig. 3.4, the result for the voltage magnitude and phase angle obtained for
the above system for both varying susceptance and firing angle model is shown in table
3.8. Due to the inclusion of TCSC in transmission line 2-7 is maintained at SOMW. Table
3.8 shows the results obtained.

Table 3.8: Voltage and Power angle of the Buses after inclusion of TCSC

Bus Voltage | Power Angle
No (in P.U.) | (in rad)
1 0.9673 |-0.0733
2 1.0400 | 0.0000
3 0.6102 |-0.3836
4 0.5676 | -0.4569
5 0.7016 |-0.2716
6 0.8562 |-0.1292
7 0.8561 |-0.1292
8 0.5288 |-0.5112
9 0.4918 |-0.5845
11 0.8357 |-0.1548
12 0.6766 |-0.3100

3.2.5 POWER FLOW WITH UPFC

The UPFC is installed along transmission line 2-7 (in fig. 3.5) of the system below
to maintain a real power flow of 80MW. The UPFC parameters are:



Table 3.9: UPFC parameters

Parameters Values
Power 100MVA
Voltage 330KV
Frequency 50Hz

% of series compensation 25

Gain and time constant 50 and 0.1s

Max and Min Vp

1.15 and 0.85 P.U.

Max and Min V,

1.15 and 0.85 P.U.

Max and Min I

1.1 and 0.9 P.U.

Fig. 3.5: UPFC installed on transmission line 2-7
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For the fig. 3.5, the result for the voltage magnitude and phase angle obtained for

the above system for both varying susceptance and firing angle model is shown in table
3.10. Due to the inclusion of UPFC in in transmission line 2-7 is maintained at SOMW.

Table 3.10 shows the results obtained.

Table 3.10: Voltage and Power angle of the Buses after inclusion of UPFC

Bus Voltage | Power Angle
No (in P.U.) | (in rad)

1 0.9673 |-0.0733

2 1.0400 | 0.0000

3 0.6039 |-0.3890

4 0.5617 |-0.4622

5 0.6943 |-0.2770

6 0.8472 |-0.1346
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7 0.8472 | -0.1346
8 0.5233 | -0.5165
9 0.4867 | -0.5900
11 0.8270 | -0.1602
12 0.6700 |-0.3150

3.2.6 LOAD SHEDDING STRATEGY

The application of another strategized approach to voltage collapse margin
previously named remains the load shedding. In Nsukka urban centre with some areas like
U.N.N., Enugu Road, Aku Road and Ugwuoye (all in Enugu State of Nigeria), a 1-day
assessment of ON and OFF were recorded and are presented below in table 3.11 while a
graphical representation of the areas against total number of hours in the day is shown in
the simulations made in Chapter 4 of this research work.

Table 3.11: One-day load shedding Strategy used in some areas in Nsukka

Area U.N.N Enugu Road | Aku Road Ugwuoye
7-12pm 5hours 3hours 2hrs 30mins | 3hours
12pm-6pm | 5hours 2hours 3hours 3hours
6pm-6am | 9hours 7hours 6hours 8hours
Total Time | 19hours 12hours 11hrs 30mins | 14hours

3.2.7 DYNAMIC PERFORMANCE OF TAP CHANGING TRANSFORMER

With the installation of a tap changing transformer on the receiving end of an 11KV
transmission line, when a voltage of 11KV is supplied to the HV side, the LV voltage
becomes 415V which when below 415V, the tappings automatically are changed via a
divertor switch that shifts the position of the tappings from say a 410V to a 415V
tappings. A table of various turns ratio and their LV side output ratings are as shown in
table 3.12 with a graph of the voltage-turns ratio shown in chapter 4 of this research work.
The voltage ratio of LV side to HV side has various values for various changes in input
voltage (11KV). The V, being the output voltage of the step down transformer and V;
being the input voltage of the transformer.

Table 3.12: Values showing constant output terminal voltage at various input
voltages

V,(KV) |11.00 10.50 10.00 9.50 9.00 8.50
V,(V) 415 415 415 415 415 415
ﬁ _ & 0.0377 | 0.0395 |0.0415 0.04370 | 0.0461 0.0488
Vi N;
i(*10-5) 9.0909 |9.5238 |10.0000 |10.5263 |11.1111 |11.7647
Vy
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CHAPTER FOUR
4.0 SIMULATIONS AND ANALYSIS OF RESULTS
4.1 SIMULATIONS

The simulations carried out in this research work as stated in Chapter three were
made possible via the use of a MATLAB embedded program called PSAT. Values
obtained were further plotted by the same program. Also the plotted graphs (bar-chart)
consisted of voltage and power angle profiles of the various resultant bus voltages and
power angles after the inclusion of SVC and STATCOM (on bus 1), SSSC, TCSC, UPFC
(on transmission line running from bus 2 to bus 7). Other simulations carried out with
their graphs (plotted using Microsoft Excel) with respect to Tap Changing transformer and
Load shedding are fully presented below.

Voltage Magnitude Profile Voltage Phase Profile

Fig. 4.1a: Voltage level profile for buses after inclusion Fig. 4.1b: Voltage level profile for buses after inclusion of SVC

of SVC

Fig. 4.2a: Voltage level profile for buses after inclusion Fig. 4.2b: Angle level profile for buses after inclusion of STATCOM

of STATCOM
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Voltage Phase Profile

Voltage Magnitude Profile

8 [rad)

Vipul

Fig. 4.3a: Voltage level profile for buses after inclusion Fig. 4.3b: Angle level profile for buses after inclusion of SSSC

of SSSC

Voltage Phase Profile

Voltage Magnitude Profile

8 [rad)

]
Bus #

Fig. 4.4a: Voltage level profile for buses after inclusion Fig. 4.4b: Angle level profile for buses after inclusion of TCSC

of TCSC

Voltage Phase Profile

Voltage Magnitude Profile

8 [rad]

Fig. 4.5a: Voltage level profile for buses after inclusion Fig. 4.5b: Angle level profile for buses after inclusion of UPFC

of UPFC
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Constant Secondary Voltage Graph
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Fig. 4.6: Graph of transformation ratio against inverse of primary voltage
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Fig. 4.7: Load Shedding Strategy for some places in Nsukka

4.2 DISCUSSION AND ANALYSIS OF RESULTS

From the simulations carried out to check for the effectiveness of the stated
approaches to restore to steady state, the power system after a transient disturbance in the
system, some values were obtained. When any of the Dynamic shunt compensator such as
SVC and STATCOM was installed at bus 1, the bus voltage at bus 1 remained at
0.9673P.U as shown in the voltage profile in fig. 4.1a and fig. 4.2a even after an increase
in the overall load connected to the bus 1. These shunt compensators (SVC and
STATCOM) improve the system stability and hence eliminate the effect of voltage
collapse margin. Apart from the shunt compensators, the series compensators such as
SSSC, TCSC and UPFC when they are installed in series to the transmission line that



35

links bus 2 and bus 7, helped to maintain a real power flow of 80MW (100MVA) even
after rises in load and also helped to provide (inject) reactive power to the subsequent load
centres.

However, apart from the shunt and series compensators used to compensate the
lines, another approach which is the use of tap changing transformer to keep the output
terminal voltage to a load at a constant value of 415V is seen. For the 415V to be achieved
at all times even when there are changes in input voltages, the divertor of the tap changer
has to adjust its position to generate a transformation ratio of various values. As for the
load shedding strategy, in the 1-day load shedding strategy used in some areas in Nsukka,
it is deduced that some areas like Enugu Road and Aku Road had the lowest time for
energy supplied as compared to U.N.N. and Ugwuoye that have the highest.

4.3 COMPARISON OF APPROACHES

With the exception of the load shedding strategy, the other approaches are
compared in this section. From the various analysis and simulations made using the
various approaches, the series compensators as SSSC, TCSC and UPFC have load flow
control more than the shunt compensators since from the installation of the series
compensator on transmission line 2-7 maintained a load flow (power flow) of 80MW
(L00OMVA) while the shunt compensator was only able to maintain a power flow of
78MW. In terms of voltage control, the shunt compensators had smaller values of bus
voltages i.e. the voltage magnitude is maintained at 0.9673P.U.

The tap changing transformer only helps to control and maintain the output voltage
to a load centre. Apart from the above views, another view that is used to compare the
shunt and series compensators is that the series compensators-SSSC, TCSC, UPFC had
settling times of 0.238s, 0.376s and 0.391s respectively while the shunt compensators-
SVC and STATCOM had settling times in the form of the convergence of the Newton
Raphson's iterative method (in 7 iterations) as 0.466s and 0.438s respectively. This means
that the series compensator has faster transient stability (steady-state) ability more than the
shunt compensator.

4.4 OPTIMAL APPROACH TO VOLTAGE COLLAPSE MARGIN

From the comparison made in section 4.3, itis therefore deduced that the optimal
approach that can be used to attain a power system devoid of voltage collapse margin
especially in Nigeria is the use of a series compensator (either SSSC, TCSC or UPFC).
This series compensators are hence to be installed on the transmission line of any part in
Nigeria but the optimal site for installation of the series compensator is best obtained
using a loss sensitivity index method as described fully in section 4.5 of this research
work.
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45 SELECTION OF OPTIMAL SITE FOR INSTALLATION OF SERIES
COMPENSATORS

The criteria for optimal siting of the series compensators on the transmission line
solely rely on the site (or position) with the lowest value of loss sensitivity index S;;.
Hence to discover the optimal placement of the series compensators in the NPG, a
computation of the loss sensitivity of each m-transmission line should be performed. The
table of the loss sensitivity of the lines are shown in table 4.1. The sensitivity index is
calculated using:

)= 5= 2yleoss— o) v sin(a - g)] - - -

9]

S

- (4.0)

Table 4.1: Sensitivity Index for various lines in the 28-bus system

Line | From Bus | To Bus (j) | Sensitivity
(i) Index (S;;)
1 1 2 1.8184
2 2 7 1.9463
3 3 4 0.6842
4 3 5 0.8818
5 3 8 0.6971
6 5 7 0.9783
7 5 12 0.9443
8 6 7 1.3964
9 7 11 1.4178
10 8 9 0.5356
11 10 11 1.6651
12 10 18 2.4969
13 11 18 2.2065
14 11 19 1.8494
15 13 17 1.4240
16 14 16 1.4387
17 15 19 0.6443
18 16 17 0.5378
19 16 19 2.1251
20 16 20 1.0575
21 17 21 1.5410
22 18 19 2.1929
23 18 22 1.8734
24 18 23 0.7027
25 19 25 1.5458
26 19 27 1.5997
27 23 24 1.9765
28 23 28 1.9733
29 25 26 1.6830
30 26 27 1.6285
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From the table 4.1, it is purely deduced that line 10 that runs from bus 8 to bus 9 has the
lowest sensitivity index. Hence the optimal site for placement of any of the series compensator
remains on transmission line that links Jos Transmission Station (bus 8) and Gombe
Transmission Station (bus 9).
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CHAPTER FIVE
5.0 CONCLUSION AND RECOMMENDATIONS
5.1 CONCLUSION

In this research paper, voltage collapse margin is assessed and it is seen that the
only way to voltage collapse margin lie in the installation of power control device to
maintain a steady voltage and supply sufficient reactive power which is to be needed when
the power system is over-loaded and this is done only by the use of approaches stated in
the previous sections of the research work. 11 buses out of the existing 28-bus system of
Nigerian transmission system is used to study the power flow on the lines using series
compensators, shunt compensators, tap changing transformer and load shedding.

The margin which is created by certain factors stated in the previous sections is
restored to zero (that is the system goes back to steady state). Using the approaches, the
series compensator provided a sufficient load flow control more than the shunt
compensators; with the tap changing transformer providing steady voltage magnitude at
all times. Other consequent features displayed by the series compensators over the shunt
compensators is seen in their settling times and fast transient stability abilities.

Load shedding strategy applied to some distribution (load centres) in Enugu
however, shows that some areas had electricity supply more than the others which makes
the approach not suitable to be considered as the optimal approach to voltage collapse
margin. Hence the series compensator remains the optimized approach to voltage collapse
margin reduction which is expected to be installed along transmission line from bus 8 to
bus 9 since it has the lowest loss sensitivity index.

5.1 RECOMMENDATIONS

With the optimized approach to voltage collapse margin now unveiled, | however
recommend that other approaches should be devised that can be used to complement this
optimized approach (use of series compensators). Approaches like the use of Fuzzy logic
based automatic voltage regulator and the use of high voltage dc transmissions should be
researched on. Also with the influx of people in urban centres and industrial areas in the
country, more generating stations should be created and the synchronous generators that is
to be used should be parallel-synchronized with other generators with a power electronic
synchronizer to ensure that principles of synchronization are obeyed and hence power
generated becomes very large enough to close up the gap between demand and supply of
electricity so as to reduce voltage instability (collapse).
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APPENDICES
APPENDIX A:
Parameters for the Generator Machine in the bus system

The Nigerian power system used in this research work contains nine synchronous
generators; each of whose parameters are extracted from PSAT simulator (version 2.1.8).
The ratings of the synchronous generator are:

Rated Power = 100MVA Inertia Constant = 10.00s
Rated Voltage = 16.64KV Frequency = 50Hz
Damping = 0.00p.u

Table Al: Synchronous Generator Parameters

R, = 0.004p.u Tjo = 0.80s
X, = 0.05p.u Tjo = 0.02s
Xy = 1014p.u K,, = K, = 0.00
X, =0314p.u %active and reactive power= 1.00p.u each
X'=0.280p.u T, = 0.002s
T 0 = 8.00s Saturation coefficients,
TIL = 0.04s 5(10) =0
X, = 1.70p.u 5(12) =0
X, = 0.50p.u
X; = 0.30p.u
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APPENDIX B:
Parameters for the transmission line

A constant transmission line impedance is used for all the lines in the Network.
Hence all the transmission line have the same parameters. The ratings of the transmission
line are:

Power = 100MV A

Voltage = 330KV

Frequency = 50Hz

Resistance = 0.01p.u

Reactance = 0.10p.u

Susceptance = 1073p.u = 0.001p.u

It is pertinent to state that transformers (11KV/330KV) are removed from the
simulations but the transmission lines voltages are made to depict the value of the
transformed voltage (330KV).



