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ABSTRACT

As the volume of power transmitted in transmission lines increases, maintaining high
quality and reliable power supply is required. Modern power systems sometimes
operate with heavily loaded lines resulting in power system to work under condition
of higher power loss and higher voltage deviation. Sometimes, it may lead to voltage
instability or system collapse.

The emergence of power electronic based FACTS technology such as Static Var
Compensator (SVC) has been of great help in improving the operation of power
systems as it reduces the power system instability problem, power losses and voltage
deviation. Placing FACTS devices at proper locations can serve the purpose of
improving voltage levels and reducing losses in the system. Due to huge investments
associated with SVC, a proper analysis and planning is reauired before the
installa

6@ N
-
9

The objectiveef the'stidy is'to- lise optimiz ization of power
loss and voitage deviation aiong with instaiiation cost caicuiation for the selection of
SVCs for grid substations. Whole Sri Lankan power system has been modeled using
the PSS/E (Power System Simulator for Engineers) software. The voltage deviation
of all the buses in the network and the total active power loss in all the transmission
lines are analyzed with SVCs and without SVCs using PSS®E software. Further,
single line outages are considered as contingencies for optimal placement of SVC.
Finally, optimum combinations of SVCs are selected to minimize the system voltage

deviations and active power loss of transmission lines.
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Chapter 1

Introduction

1.1 Background

Power transfer in long transmission lines increases with the increasing demand on
transmission network and so lines become stressed. Therefore, it is really important
to maintain the power system within acceptable limits assuring high quality and
reliable power supply. These inherent limits restrict the power transaction, which
lead to under utilization of the existing transmission resources [1]. The inductive
series impedance of high voltage overhead lines increases the reactive power
consumption with the square of the current. Due to this reactive power, the capability
of active power flowing of lines reduces and voltage drop appears leading also to a
reduction of the power transmitted to the load.

Problem of improper reactive power planning may result in voltage instability and

voltage collapse. Voltage instability is basically due to the lack of ability of a power
system ‘aig steady state voltagesatallbuses following.a disturbance. To limit
these ef Jctsr?;ea Ve powerY compensation ‘équipment 'stich’as capacitor banks,
reactors are i 7installed.  Traditionall switched shunt

and series capacitors, reactors and synchronous generators were being used to solve
much of these problems. However, there are some restrictions and disadvantages of

being slow and unreliable of these conventional devices.

The system components as well as loads include components of var sources which
influence system voltage and system stability. Transmission lines in HV systems
(735 kV) may reach 200 Mvar capacitive at a line length of 100 km [2]. Cable
connections have even higher var contribution. Without proper reactive power
compensation, critical system operating conditions may occur resulting in large
voltage deviations and system stability problems in long transmission lines.

Most of the power quality problems can be attended or solved with an adequate
control of reactive power by using proper shunt and series compensation schemes.
For the compensation of reactive power, shunt capacitors were first employed for
power factor correction in the year 1914 [3]. The leading current drawn by the shunt



capacitors compensates the lagging current drawn by the load. The selection of shunt
capacitors depends on many factors, the most important of which is the amount of
lagging reactive power taken by the load. In the case of widely fluctuating loads, the
reactive power also varies over a wide range. Thus, a fixed capacitor bank may often
lead to either over-compensation or under-compensation. Variable var compensation
can be obtained using switched capacitors. Depending on the total var requirement,
capacitor banks are switched into or switched out of the system. The smoothness of
control depends on the number of capacitors switching units used. The switching is
usually accomplished using relays and circuit breakers. However, these methods
based on mechanical switches and relays have the disadvantage of being slow and

unreliable. Also they generate high inrush currents and require frequent maintenance.

Synchronous condensers also play a major role in voltage and reactive power control
for more than 50 years [2]. A synchronous condenser is a synchronous machine

connected to the power system. The machine can provide continuous reactive power

control S lensers have been
used at 1():1 1o ‘aRd>trdnsmission voltage .levelsito limph the stability and
to maintai éiw! jes Within" desired” Tintits -under” varying conditions and
contingency s ' ’ ely used today,

because they require substantial foundations and a significant amount of starting and
protective equipment [2]. They contribute also to the short circuit current and they
cannot be controlled fast enough to compensate for rapid load changes. Further, their
losses are much higher than those associated with static compensators and the cost is
much higher compared with the static compensators.

The FACTS initiative was originally launched to solve the emerging system
problems in the late 1980s due to restrictions on transmission line construction and to
facilitate the growing power export and import. Fast response times, lower losses and
less maintenance requirements of thyristor controlled FACTS devices resolve the
limitations of rotating machines and shunt breaker switched capacitors. Today,
FACTS devices fulfill the above all requirements and provide solutions to lot of

issues and limitations in a transmission system.



Based on new power electronics converters and digital control schemes, reactive
power compensators implemented with self-commutated converters have been
developed. These can compensate not only reactive power, but also maintain the
voltage, minimize flicker & harmonics, improve real power and can change
transmission line impedance and phase-shift angle. It is important to note that even
though the final effect is to improve power system performance, the control variable
in all cases is basically the reactive power. Using self commutated converters the
following high performance power system controllers have been implemented: Static
Synchronous Compensator (STATCOM), Static Synchronous Series Compensator
(SSSC), Dynamic Voltage Restorer (DVR), Unified Power Flow Controller (UPFC)
and Interline Power Flow Controller (IPFC) [2].

Although there are new several FACTS controllers employing thyristor controlled

and switching converter based voltage sources, Static Var Compensator (SVC) is

the mosi t FACTS d ks due to its low
cost an }\ggpg. oridncesiny system ehhantement! | Theréfote, the SVCs for Sri

Lanka - anémlsc T Netvirork iecan<tared in thre’amaivreie

The SVC caii impirove power sysiei transinission aind distribution performance in a
number of ways. Installing SVC/SVCs at one or more suitable points in the
transmission network, it is possible to increase the active power transfer capability
and to reduce the losses while maintaining a smooth voltage profile under different

network conditions.

So, the primary objective of applying a SVC in a power system is to maintain system
voltage and increase the power transmission capability from the generators to the
loads. Since SVCs cannot generate or absorb real power, the power transmission of
the system is affected indirectly by voltage control [4]. The reactive output power
(capacitive or inductive) of the compensator is varied to control the voltage at given
terminals of the transmission network so as to maintain the desired power flow under

possible system disturbances and contingencies.



The basic reactive components of a SVC are shunt capacitors and reactors. These
capacitors are either fixed or varied in steps by thyristor switching and reactors are
varied by means of thyristors. Based on these principles, various SVCs have been
developed [5]. Those are Thyristor Switched Capacitor (TSC), Thyristor Controlled
Reactor (TCR), Fixed Capacitors with TCR and TSC plus TCR.

It is also important to discuss how SVCs have been installed by different utilities. As
stated in the paper “Reactive power compensation Technologies , State of the Art
Review” by J. Dixon, L. Moran, J. Rodriguez and R. Domke, Northern States Power
Co. (NSP) of Minnesota, USA is operating an SVC in its 500 kV power transmission
network between Winnipeg and Minnesota. This device is located at Forbes
substation, in the state of Minnesota. The purpose is to increase the power
interchange capability on existing transmission lines. This solution was chosen
instead of building a new line as it was found superior with respect to increased
advantage utilization as well as reduced environmental impact. With the SVC in
operation, the power transmission capability has been increased in about 200 MW.

Further, witho  SVC, power transmissic pacity.of the,N stwork would be
severel rr@‘i’f”gu, thar. due-1o; exgessive valtage fluctuations d ing certain fault
situatio iﬂ:___f?h larhyingi 3431 \Va Syt tages at loss of
feeding power.

As stated in the above said paper, an SVC has been used for solving Namibia’s long
transmission line’s issues due to unusual resonance. The line’s length of 890 km and
there are certain problems mainly with voltage instability and near 50-Hz resonance
which already existed in the power system. Several solutions were considered as an
answer to the resonance problem including fixed and switched reactors. Finally, they
have chosen conventional, proven SVC technology provided by three thyristor
controlled reactors (TCRs), a fourth, continuously energized TCR and two identical
double-tuned filters. The filters take care of harmonics and supply capacitive
reactive power during steady state operation.

As mentioned above, SVC can control voltage under various load conditions, inject
or absorb reactive power from system, increase transmission capacity by reducing

transmission losses and also increase the stability of power transmission. However, a



proper analysis is required for installing SVCs in Sri Lanka Transmission system
with respect to power loss and voltage deviation as SVC’s cost is comparatively high
when it is compared with the traditional breaker switch capacitors.

The objective of this study is to find the optimum location and size of SVCs which
minimize the power loss and voltage deviation. There are many methods and
approaches to determine the optimal location of SVC in the power system using
different techniques such as genetic algorithm (GA), simulated annealing (SA) and
artificial immune system (AIS) [6]. In this analysis, a multi-objective function is
considered in searching for a solution consisting of both the SVC location and size

that minimizes the voltage deviation and active power loss.

1.2 Motivation

Breaker switched capacitor banks are used to compensate the reactive power in grid

substations (GSS) in Sri Lanka. Installed capacitor banks in GSS are operated
accordina the nower factor in 33k\V/ bus. But. in most of the time. nower factor is in

desired randge: 0 Jihe pawiar cafréctiominiieow \Wiagesitle consumer level.
So, cap ;étgLFJar [t Qotoperated GfivihgkreqUised Ineactive s for maintaining
the voltaos —A: exampleV there 45 -50 Kotugoda grid

substation. But, the capacitor bank needs to provide oniy 15 Mvar due to the above

reason.

Therefore, Sri Lankan utility has to run high cost thermal power plant such as
Kelanitissa PS, Kerawalapitiya PS and Sapugaskanda PS to fulfill the reactive
power requirement and to control the voltage.

In addition to above, existing capacitor banks have 5 Mvar switching steps. So, it is
not possible to obtain an intermediate value. Therefore, there is always unserved

reactive power. This is also a serious issue to be overcome.

Further, it is not possible to maintain the voltage in hydro maximum situation and
thermal power plants are also required to be run to get the reactive power
requirement in this situation. Also, the inductive series impedance of heavily load
transmission lines like Biyagama- Kotmale increases reactive power consumption

with the square of the current. Due to this reactive power, the capability of active



power flowing of the line reduces and voltage drop appears, leading also to a
reduction of the power transmitted to the load.

Therefore, developing a methodology to optimize the reactive power management in
the systems using new technology has a great value for the utilities and to the

country.

1.3 Objectives of the study
e The main objective of this study is to find out the optimum SVC
combinations for Sri Lanka Transmission network to minimize the system

voltage deviation and active power loss of transmission lines.

1.4 Outcomes of the study
The research findings will enable followings.

e Maintaining the system voltage at desired level and reducing voltage drops
during severe disturbances.

e Increasing the power transfer in long transmission lines.

e Minimizing theiuse fithermalopawery plantsi whiichcare running for only
mair%hing the-systemvoltage:

o Redtj't‘f"i'ng the ‘construction of néw transmission lines which are constructed to

maintain the voltage at different contingency situations.

1.5 Scope of the work

As mentioned above, reactive power requirement is fulfilled by running thermal
power plants during hydro maximum situation. Therefore, Hydro Maximum situation

is considered for this analysis. The methodology of this analysis is described below.

> Analyze system reactive power requirement, power factor and
voltage profile of 132kV/220kV buses of grid substations.
» Study the existing reactive compensation methodologies.

A\

Identify the grid substations those SVCs required to be installed.
» Load flow is carried out using PSS/E software for different

combinations of SVCs for selected grid substations.
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For each different combination, following parameters are noted
comparing the values with SVC and without SVC

e The total active power loss in power system

e \/oltage deviation of all the buses in the system

e Total investment cost for particular SVC combination
Check the relationship between reduction of power loss and voltage
deviation with SVC cost.
Check the possibility of developing a single function between power
loss and voltage deviation with SVC cost.
If proper relationship cannot be developed between above, optimum
SVC combinations are selected to minimize voltage deviation and
power loss and then SVC cost is separately considered.
Select the optimum SVC combinations which minimize voltage
deviation and power loss and analyze for them single contingency

situation.



Chapter 2

Static Var Compensators

2.1 Introduction to SVC

SVC is an electrical device for providing fast-acting reactive power compensation on
high voltage transmission networks. It can contribute to improve the voltages profile
in the transient state and therefore, in improving the quality performances of the
power system. Normally, SVC is a combination of one or more of the following
branches:

Thyristor Switched Capacitor (TSC)
Thyristor Controlled Reactor (TCR)
TSC plus TCR

Fixed Capacitor (FC) plus TCR

el A

2.1.1 Thvristor Switched Canacitor (TSC)

A TSC ﬂgcb ains' canacitors and cufrent Qirzr RO reactare |Ch are SWltChed
on and ‘-’“r_b‘jih tor valyes. TSC branches can be delta or nnected. In star
connection, on the three phases

[2]. Using the same thyristors in terms of current carrying capability as for a TCR the
branch rating will be lower accordingly. Due to transient phenomena at switch-on,
TSCs are not continuously controlled but instead are always switched on and off
individually as required by the system. Through the precise triggering of thyristor
valves, most of the transient phenomena at switch-on can be avoided. TSC branches
do not generate harmonic distortions.

2.1.2 Thyristor Controlled Reactor (TCR)

A TCR branch contains reactors which are phase angle controlled by thyristor valves.
Three single phase branches are connected in delta to reduce the generation of triplen
harmonics in symmetrical operation [2]. TCRs are used to continuously regulate the
inductive reactive power from zero to the maximum, depending on the requirements,

by means of current. They do not generate transients at the increased firing angles



above 90° [2]. However, they do generate harmonic currents that must be absorbed
by filters.
2.1.3TSC plus TCR

TCRs are often used in conjunction with TSCs in order to give reduced power loss at
zero var output compared with the losses of a scheme using a fixed capacitor and a
larger TCR. When TCR is used with TSC, the steps of TSC can be arranged to

switch off at appropriate output levels with minimum losses.

As described above, The SVC consisted of inductances and capacitances which may
be fast controlled by thyristors. The required capacitive power for the system will be
installed in capacitive branches which are fixed connected to the LV bus or switched
by thyristor valves. Fixed capacitor branches are typically tuned by series reactors for
harmonic filtering purposes [3]. The inductive power is obtained by single phase or
three phase reactor combinations which are smoothly controlled by thyristor valves
(TCR). The branches are connected to the HV system via a dedicated SVC

transformer. The transformer adjusts the system voltage to a level optimized for the
thyristc s;e_'g;: capdbifities.) The thyristor'éan. switchdpatitors or inductors in
and out of the Gircuit o 5 per-cycle"basts, ‘allowg-for very t ligher control of
system

2.2 Basic operation of SVC

The SVC with combination of Fixed Capacitor (FC) plus TCR is used for this
analysis. Therefore, control concept of above combination is mainly discussed here.

The SVC is a controlled shunt susceptance as defined by control settings that injects
reactive power into the system based on the square of its terminal voltage [4]. The
control objective of the SVC is to maintain a desired voltage at the high-voltage bus.

In the steady-state, the SVC will provide some steady-state voltage control to
maintain the voltage in the high-voltage bus at a pre-defined level. If the high-
voltage bus begins to fall below its set point range, the SVC will inject reactive
power into thereby increasing the bus voltage back to its net desired voltage level [4].
If bus voltage increases, the SVC will inject less (or TCR will absorb more) reactive



power, and the result will be to achieve the desired bus voltage. Thyristor controlled
reactor will absorb the reactive power in this case. If the capacitor is a fixed one, the
magnitude of reactive power injected into the system is controlled by the magnitude
of reactive power absorbed by the TCR [2].

cB
< Static Var Compensator (SVC)

T T T T  eotential Transformer

Current Transformer

Coupling Transformer

net = ap — Qi '
_Qind IQ (Qcap - Qind) SVC Controller /
- +Qcap Automatic Voltage
. Regulator (AVR)

Inductive I Low Voltage Bus (10-20 kV) Capacitive

reactive power reactive power

-~
i
i
i
i
i
i
i
i
i
i
i
i

i absorption (-Qind) injection (+Qcap)
. Thyristor Valve
i
i Pulse Generator
i i (fixed capacitor)
(thyristor-controlled
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Figure. 2.1 .3 Basic arrangement of SVC

\ SVC characteristic

| System reactive

\ | load characteristics
Capacitor rating . )

Slope Xg

L.J_ A E—
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- -
s = 3
Capacitive I 0 I, Inductive ‘

Figure 2.2 : Graphical solution of SVC operating point for given system
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If the system voltage increases due to decrease in system load level, voltage will
increase to V; without a SVC. But, with SVC, operating point moves to B by
absorbing inductive current I; holding the voltage at V3. Similarly, if the voltage
decreases due to increase in system load level SVC will hold the voltage at V4
instead of at V2 without the SVC.

2.3 SVCs for Sri Lanka Transmission System

Considering the voltage profile, the reactive power requirement of the system
and the cost, implementing of SVCs with the combination of Fixed Capacitor-
Thyristor Controlled Reactor (FC-TCR) is analyzed in this study.

The TCR provides continuously controllable reactive power in the lagging
power-factor range. A fixed-capacitor bank is connected in shunt with the TCR
to extend the dynamic controllable range to the leading power-factor domain.
The variation in current through the reactor is obtained by phase control of back
to back pairs of thyristor connected in series with reactor. The TCR and the
couplir f ] in del i ancel the third
harmor g‘[’“ e HfiXetcapacitor' ‘banks'are - tsuatly “connected in a star

~

configuration 4 Each capacitor
contains a s unes the branch
to act as a filter for a specific harmonic order [7]. The capacitor groups are tuned
to the 5™ & 7™ harmonics and to act as a high-pass filter.

However, when the net reactive power is small or lagging, large reactive current
circulates between the TCR and the capacitors without performing any useful
function in the power system. For this reason some capacitors are designed to be
switched in groups, so that the capacitive requirement can be adjusted in steps.

As an example, SVC arrangement with a switched capacitor for Pannipitiya GS is
shown in figure 2.4, The TCR controller is provided with a signal representing the
capacitor connected and is designed to provide a continuous overall voltage/current
characteristic. When the capacitor group is switched on or off, the conduction angle
is immediately adjusted along with other reference signals, so that the capacitive

reactive power added or subtracted is exactly balanced by an equal change in the

11



inductive reactive power of the TCR. Thereafter, the conduction angle will vary

continuously according to the system requirements.

Coupling \ ; I ; ;
YN

Transformer
T~
AT AT~ AT~ %
Fixed Capacitors High pass TCR
filter

Figure 2.3 : Fixed Capacitor and TCR combination of SVC

132 K'Y Bus I
r"' ."-l

' \ ) ot augiling Leausforme
?; : \4..‘__'{' !
& (- 1321V 11KV
% ( \
J I- L FITEY l
L .
Cl C? o3
T, v i
Dreaker Fixed Capaciiors

swilclaed

TCR Permanenily capaciior

conmected MAlter

Figure 2.4 : SVC arrangement for Pannipitiya GS
The control objective is to maintain the voltage at 132 kV bus at Pannipitiya GS

above 1.00 p.u. If the voltage of 132kV bus begins to fall below 1.00 p.u., the SVC
will inject reactive power in to the system within its controlled limits increasing the

bus voltage back to 1.00 p.u. according to its slope setting. Also, if bus voltage

12



increases, the TCR will absorb more reactive power within its controlled limits and
the result will be the desired bus voltage at the high voltage bus.

As mentioned above, SVC injects reactive power (+Q) or removes reactive power (-
Q) based on the square of its terminal voltage.

Q=BxV?
B: Shunt susceptance, V: Terminal voltage of TCR

In this analysis, L and C are components are sized such that Q > 0 is the only
operating range. The simplified block diagram for the SVC dynamic model is shown
in Figure 2.5. The automatic voltage regulator (AVR) in the form of proportional and

integral control, operates on a voltage error signal as computed in the summing block

below.
Verror=Vref— V — (ISVC*XS|)
Verror = VoItage error signal to PI controller lsve : SVC current
Vet : Reference voltage signal Xs1 : Slope reactance of SVC
\Y : Voltage of HV bus
There ¢ | t 1 (Td) | thyristor firing t rt lag (T1). The
Output ! t!:lr WOl Biock d’, idram. fedslimto .thel bulsel bene e Controller that

generat J ih'e*f‘ea ed tvristor firing“sianaf forthe FER

Fa"AY
SVC Controller
N
L[ Isve '
i ; Slope reactance !
I
1
: 1+Td s 1
! Qmax E
I
4 1 V 1
: - 1_ FI Controller |_ 1 — E
-5 w | 1+Td's j 14Tl s :
i Detector 0 i
: Qmax : 45 MVar :
1
i Vref Bl |
] 1
: i
: l

Pulse Generator

Figure 2.5: SVC control diagram
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Chapter 3

Existing Transmission System of Sri Lanka

3.1 Existing reactive power compensation methodology

The reactive power flow in the network creates excessive network losses, under
voltage conditions and limits the utilization of transmission line and transformer
capacities. Sri Lankan utility currently uses capacitor banks to compensate the
reactive power in following Grid Substations.

Table 3.1: Existing installed capacitor banks

Grid Substation I;\//th?lg\e/) I\T/R/t::
Thulhiriya 33 10
Ampara 33 30
Kiribathkumbura 33 20
Wiwviinanala [sls] 1N

JOGi v oraitas ¢ U Matratuwa 25
éi?t‘ 4" [\ TR, | Thests & Dissertd
Spdabarana ., | 39 10|

rutiaiailia 90 [4v)
Panadura 33 20
Athurugiriya 33 20

Source: System Control Center, CEB

Above installed capacitor banks are breaker switched shunt capacitors and operated
according the power factor in 33kV bus. So, even in low voltage conditions capacitor
banks are not operated as power factor is in desired range due to power correction in
low voltage side and consumer level. As an example, there is 50 Mvar capacitor bank
in Kotugoda grid substation. But, in the most of time, it supplies only 15 Mvar due to
the power factor has a desired value. Also the 30 Mvar capacitor bank in Ampara GS
normally operates below 5Mvar due to the above reason. So, the voltage drops in 132
kV bus of Ampara GS cannot be minimized with this capacitor bank although power
factor is corrected.

14



The step size of each bank is 5Mvar. So, there is a difficulty to obtain an
intermediate value such that the reactive power requirement is 14 Mvar in a
particular moment, it is possible to get only 10 Mvar. These capacitor banks are
fixed a such way that using symmetrical banks for each bus section in the 33kV bus
bar. All the capacitor banks in the network are connected to the 33kV load bus in the
relevant grid substations and there are no capacitor banks at the transmission level

due to higher cost for high voltage levels.

Curves of Reactive Power and Power Factor for Bivagama GSS (One Day)

& TOPASLOLY 33 o8- ual g 1
Eis Messrsmart Disgram Iransfar Servies Windew Opfions Help

Dletal e = X E oleeddvisfaas == HE
£I$~" ! IS B _IELIQJ_IHE

TP eE B F Rbeh wimi o] eems moemame Bl

S g
o -am
M Power Factor % =
o]
,,nb_xlff“——FKJ_J B = et
o }_
Reactive Powerutll [N NN N DN N N R N
2008
T a0 LEL]
e Unserved reactive power A

Hagtinae

Figure 3.1: Reactive power & power factor curve in Biyagama GS
3.2 Reactive power requirement

If the reactive power is supplied by a power plant in far away, loss is high due to the
high current flow in the transmission line or inadequate capacity transmission lines.

It is possible to observe a high power loss in heavily loaded Biyagama- Kotamale
220kV Transmission line due to inductive series impedance resulting reducing the
power transfer capacity. In hydro maximum situation, the voltage of 132kV/220kV
bus bars mostly in Colombo region cannot be maintained at acceptable levels. So, in
this situation, voltage is controlled by running high cost thermal power plant such as
Kelanitissa PS and Sapugaskanda PS incurring substantial losses to the utility.
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Figure 3.2: Reactive power flow in Kothamle line 1 at Biyagama GS in August 2013-
Night Peak

3.3 Voltage Drops

As explained in above section, installed capacitor banks have not been able to
maintain the; voltagh, atedesired, (leveh pwitheut  finning, thermal power plants.
Thereforeg, @m valtage draps are, required 1o, he.analyzed, before selecting a SVC
for a partis@lapGrid Substation. ' -

kV 220kV Bus Voltages (2013.08.05)
240

230

220 -‘—M

210

200 Pannipitiya

190

180

170 T T T T T T T T T T T T T T T T T T T T T T T IhrS
1234567 8 9101112131415161718192021222324

= Bjyagama 220kV

Kelanitissa GIS

Figure 3.3: 220kV Bus Voltages of Biygama, Pannipitiya, Kelanitissa GSS on
05.08.2013, (Hydro Maximum Situation)
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KV 132kV Bus Voltage (2013.08.05)
135

130

125 -
e Ampara

_
120 VW N\ 7{-/ e T[NCO

115

110 T T T T T T T T T T T T T T T T T T T T T T T 1
12345678 9101112131415161718192021222324 hrs

Figure 3.4: 132kV Bus Voltages of Ampara and Trincomalee GS on 05.08.2014,
(Hydro Maximum Situation)

By analyzing above graphs, it can be observed that the system is running with
considerable voltage deviations.

3.4 Details of thermal power plants running for controlling the voltage

3.4.1 Kelanitissa Power Plant

S8 (CETLB) NI theldketanitissal mormallyoan in the synchronous
condenser'*:f‘node to'supply' reattive “power (var) to the system. In this mode, the
synchronous generator acts like a synchronous motor. It draws small amount of real
power ( in KW range) and it delivers huge amount of reactive power ( in Mvar range)
to the system. Therefore, in this situation, Kelanitissa PS is functioned as a voltage

stabilizer by supplying reactive power to the system.
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Table 3.2: Kelantissa Power station Day time Generation data

2lgsl glgs|gl8|8|8|8|383| 8138|883
05.08.2013 ~ | @ | o || S22 |d(I|S|S ]33] 33
KELANITISSA
Kps Steam 01 vw |O0]O0o] o JoJoJoJoJoJoJoJo[o[o]o]oO
mar | 0] O0] 0 JoJoJoJoJoJoJo[o[o[o]o]oO
Kps Steam 02 mvw |0]O0o] oJoJo]JoJoJoJoJoJo[of[o]o]oO
mar | 0l 0] 0 Jo]o]oJo|oJ]o|]o[o|[o[oOo]oO]oO
Kps - Gt 01 mvw [0]J]o] oJoJoJoJoJoJoJoJo[of[o]Jo]oO
mar 0] 0] 0o JoJoJoJoJoJoJoJo[of[o]Jo]oO
Kps - Gt 02 vw |O0]O0o] o JoJoJoJoJoJoJoJo[o[o]o]oO
mar | 0| O0O] 0 JoJo]oJoJoJoJoJo[o[o]o]oO
Kps - Gt 03 mvw | 0|0 o Jo]o]JoJo|oJ]oJ]o[o|[o[oOo]oO]oO
mar |00 ] 0o JoJ]oJoJoJoJ]oJ]oJo[of[o]J]o]oO
Kps - Gt 04 mvw [0]J]o] oJoJoJ]oJoJoJoJoJo[of[o]Jo]oO
mar | 7 |9 ] 10 [8[8]8[8[8[8][8[8[8[8][8]09
Kps - Gt 05 vw |O0]o0o] o JoJoJoJoJoJoJo[o[o[o]o]oO
mar | 8 [10] 11 [10] 9 1010101010 9[99 [ 9 10
Kps - Gt 06 mvw |0]o0o] o Jo]o]oJo|]o]J]oJo[o|[oOo[OoO]oO]oO
mar | 0] 0] 0o JoJoJoJoJoJoJoJoJofJoJo]Jo
Table 3.3: Kelantissa Power station night time Generation data
213|818 |8|8|8|8|8|8|83|8|8|3]|3
05.08.2013 S8l 8g|5|5|8|18|1212||]|&|&|A
KELANITISSA
Kps Steam 01 MW 0 ololololololololololololo]o
i . _ _ oJoJo]o
| Kps Steam 02 ] ihiversPy 6 Q1oeali0wa0 Keil[Gimleal 0 [0 [0 [0 o0
— ) ' oJlofJo]o
[ Kps- GL ¥ | | micIEooTQT0G 0 NIBG0L de5¢aqTu0]1s 0|lo]0]0
= ar. .0 1510 | C I oJlo]Jo]o
Kps - Gt 02— A AL oJoJo]o
oJoJo]o
Kps - Gt 03 MW 0 |[0jJ]o|Jo|oJo|o|Jo|]Oo|Jo|Jo|o]Jo]Jo]oO
mar | 0O [oJo]Jo[o]Jo]Jo[oJo]Jo]JoJoJo]o]JoO
Kps - Gt 04 MW 0 [oJoJo]JoJoJo]Jo]oJoJo]Jof[o]o]oO
Mvar 10 9 8 7 4 |1 3 3 4 5 5 5 4 4 4 5
Kps - Gt 05 MW 0 [oJoJo]oJoJ]o|J]o]oJ]oJo]o]o]o]oO
mar | 12 [12[ 9] 9 [3[2[3[]4[4][4]4]3[3]4]5
Kps - Gt 06 MW 0 [oJloJo]JoJoJo]Jo]JoJoJoJ]of[o]o]oO
mar | 0 JoJo]JoJoJo]JoJoJoJo]JoJoJoJoTJo

3.4.2 Sapugaskanda Power Plant

Sapugaskanda Power Station consists of four 20 MW generators and eight 10MW
generators run on heavy fuel oil. In hydro maximum situation, these power plants are
not required to operate. But, some of above eight generators are operated to obtain

reactive power for the purpose of maintaining the voltage.
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Table 3.4: Sapugaskanda Power plant Generation data (05.08.2013)

o o o o o o o o o o o o o o o o o
o (9p] o (9p] o (9p] o (9p] o (9p] o (9p] o (9p] o (9p] o
S|S|d|d|ld|lad|s8|w ||| B8|b|&|8|R|K]|&
— — — — — — — — — — — — — — — — —
Sapu 05 | Mmw 7 7 7 7 7 7 7 7 7 7 7 7 9 9 9 9 9
Mar | 4 | 4 | 4| 4| 4| 4| 4|4|4|4|4|4]|5|5|5[5]5
Sapu06 |mw | 7 | 7 |7 |7 |7 |7 |7 |7 |7 |7 |7]7|9]|9|9]9]|o
Mvar | 4 | 4 | 4 | 4| 4| 4| 4| 4)|4]|4|4|4]|5|5]5[5]5
Sapu07 |mw | 7 | 7 |7 |7 |7 |7 |7 |7 |7 |7 |7]7|9]|9]|]9]9]o9
Mar | 4 | 4 | 4| 4| 4| 4| 4|4|4|4|4|4]|5|5|5[5]5
Sapu08 |Mw | 0 |0 | o|ofoflo|Jo|Jo|lo|o|]o|]O|]O|O|]O]|OJoO
Mar | 0O |0 |lO|O|O|O|O]J]O]O|]O]O|J]O]O|]O]OJO]oO
Sapu 09 | mw 7 7 7 7 7 7 7 7 7 7 7 7 9 9 9 9 9
Mvar | 4 | 4 | 4 | 4| 4| 4| 4| 4|4 4|4|4|5]|5|5[5]5
Sapul0 |mw | 7 | 7 |7 |7 |7 |7 |7 |7 |7 |7 |77 |9]|9|9]9]|o
Mvar | 4 | 4 | 4 | 4| 4| 4| 4| 4)|4]|4|4|4]|5|5]5[5]5
Sapull | Mmw 0 0 0 0 7 7 7 7 7 7 7 7 9 9 9 9 9
Mar | O | 0| 0| 0| 4|4 |4|4|4]|4|4|4|5]|5]|5][5]F+s
Sapul2 |mw | 7 |7 |7 |7 |7 |7 |7 |7 |7 |7 |7]7|9]|9|9]9]|o
Mvar | 4 | 4 | 4 | 4| 4| 4| 4)|4)4]|4]|4]4]|5]|5]5[5]s5s
3.5 Losses due to running thermal power plants
The runr\inn time nf follnwina nowear nlante denande nn the cvetem nnerations and
these power pla e/ notyeperdtedredulaniy tuving the ihidro o um situation.
e
%
3.5.1 Kelanttissa
,‘_'_-ﬂ",- 9 L W
1Vl Ulic O 1
Average running time per day =15 hrs
Total units per day = 0.45x15x1000 kWh
= 6,750 kWh
Average Cost per unit (Rs./kWh) =Rs. 17.93
Total cost per day for 2 GTs =Rs. 2x17.93 x 6,750.00

= Rs. 242,055.00

If two GTs are running to supply reactive power, the utility losses Rs. 242,055.00

approximately per day.

3.5.2 Kelanitissa combined cycle power plant

In hydro maximum situation, this plant is operated in open cycle to control
voltage.

the
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Unit cost of Kelanitisa PS to run Open Cycle is Rs. 40 (Rs./kWh) and here, it
is considered that average unit cost for hydro generation is Rs. 3.00
(Rs./kwh). This power station has to be run to get the reactive power only for
maintaining the system voltage. If this reactive power can be supplied by a
reactive power compensator, there is no need of running this thermal power
station during hydro maximum situation. So, utility has to spend additional
Rs. 37.00 per unit to run this power plant for the purpose of voltage control.

Generated Power =40 MW

Average running time per day =6 hrs

Total units per day = 40x6x1000 kWh
= 240,000 kWh

Aprox. cost per day = Rs. 240,000x 37

= Rs. 8,880,000.00
3.5.3 Asia power station

In hydro maximum situation, this power station is also operated to maintain the
voltage.

Unit cost for Open Cycle = Rs. 24.00
Averaoe unit cost for hvdro oeneration =Rs. 3.00
el OWE ~ S4Ur VIV W
otakRits per day =/0X6x1000kWh  =240,000

'!-". R

’_\PI UA. VUUOL P\.al uu_y = 1I\O. LTTVUZUUUNAN \24-3)

= Rs. 5,040,000.00
3.5.4 Sapugasknada power station

In hydro maximum situation, this power station is also operated to control the
voltage.

From Sapugakanda plant A = 16x2 = 32 MW

Unit cost =Rs. 23.15

Average unit cost for hydro generation =Rs. 3.00

Average running time per day =06 hrs

Total units per day =32x6x1000kWh=192,000 kWh
Aprox. Total loss =Rs. 192,000 x (23.15-3.00)

= Rs. 3,868,800.00

From Sapugakanda plant B = 9x4 = 36 MW
Unit cost = Rs. 20.03

20



Average unit cost for hydro generation =Rs. 3.00

Average running time per day =06 hrs
Total units per day =36x6x1000kWh=216,000 kWh
Aprox. Total loss = Rs. 216,000x (20.03-3.00)

= Rs. 3,678,480.00
Total cost per day =Rs. 7,547,280.00

As mentioned above, these power plants are not operated on a regular basis to get
reactive power for the purpose controlling voltage. So, it is difficult to calculate
total loss per month or total loss per year for the above power stations. However, if
above three power plants run 25 days per year to control the voltage, the utility
looses approximately Rs. 500 million per year.
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Chapter 4

Methodology, Simulation and Analysis of SVC selection

For system studies, the utility mainly considers following generation and loading

scenarios.

Thermal Maximum Night Peak (TMNP)
Thermal Maximum Day Peak (TMDP)
Hydro Maximum Night Peak (HMNP)
Hydro Maximum Day Peak (HMDP)
Off Peak (OP)

o > w0 D

As described in above section, in order to maintain 132kV and 220kV bus voltage
at grid substations in hydro maximum scenario, high cost thermal power plants are
required to be run. Therefore, for this analysis, Hydro Maximum Night peak

scenari cenario is also

6@ N
-
9

\# y

analyze

4.1 Functionzo itaga'deviation, Powe

Initially, the possibility of developing a function is considered to get the optimum
SVC locations and sizes that minimize the voltage deviation, active power loss and
SVC cost. The objective function, F(x) can be defined as follow.

F(X) =a P|_ + b Vd+ C CSVC
P. = Power Loss, V4= Voltage deviation Cs,=SVC Cost

a, b,c = corresponding coefficients for Power loss, Voltage deviation, SVC cost

4.1.1 Active power loss

The total active power loss in a power system can be calculated using following equation[5].

b b b
Ploss = Z Rl 112 = Z Z [Vlz + V}'z - 2ViV}'COS(5i - 5]')]YijCOS®ij
=1

i=1j=1i#j
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Where

b : Number of lines Vi : Voltage at the node i
Ri : Resistance of the line 61 : Angle at the node i
li : Current through line Yi &@i : Magnitue and angle of the line admittance

_ Total active power loss with SVC
~ Total active power loss in Normal Condition

Py

3P with SVC
¥ Py,ss normal condition

Py

The active power loss in each transmission line is considered here.
4.1.2 Voltage deviation

The voltage deviation index for a power system can be considered as the deviation
of voltage magnitudes of each and every bus from unity.

e (Vo w2 :
Vaip = I_o.;( iref l) b ol NMuamhenofdings
A% i PRy
% Vl,‘l”ef Viref F l

_ Total of square of voltage deviation of the system with SVC
~ Total of square of voltage deviation of the system in Normal Condition

Va

Y(1 — V; with SVC)?
2.(1 —V; in normal condition)?

Vd =

Voltage deviation of each 33kV, 132kV and 220kV buses in CEB network is

considered here using results obtained from PSS/E software.

4.1.3 Cost of SVC

The total SVC cost in US$/kVAr is given by following equation [5].

n
Cove = Z 0.00030,% — 0.3051Q; + 127.38
k=1

Qk is the reactive power capacity of ki, installed SVC, in Mvar
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4.2 Analysis using PSS/E software

4.2.1 Selected SVVC Combination

Considering the voltage drops, reactive power requirement of particular grid

substation as per CEB Transmission Planning forecast and retirement of thermal

power plant such as Embilipitiya ACE power, the location and capacity of SVC is

basically selected. Further, as there are voltage drops mainly in Colombo region

grid substations during the hydro maximum situation, it is also a major

consideration for selecting the location of SVC. System data file for PSS/E

analysis was obtained from System control center, CEB in August, 2013.

Table 4.1 Selected SVC Combinations with Capacities

Combination Grid Voltage Proposed
Substation Level (kV) | Capacity (Mvar)

o 1 Rannipitiya 132 45

“mk, 2 Biyagama 220 45

et/ 3 Kolonnawa 132 36

= 4 Kotugoda 220 45

5 Pannipitiya 132 45

Biyagama 220 45

6 Pannipitiya 132 45

Kolonnawa 132 36

7 Pannipitiya 132 45

Kotugoda 220 45

8 Kolonnawa 132 36

Biyagama 220 45

9 Kotugoda 220 45

Biyagama 220 45

10 Kotugoda 220 45

Kolonnawa 132 36

11 Galle 132 27

12 Trincomalee 132 18

13 Embilipitiya 132 36

14 Galle 132 27

Embilipitiya 132 36
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4.2.2 Generation & load details for Hydro Maximum night peak and Capacitor banks
details

4.2 Generation details 4.3 Load details
Bus Name Pgen(MW) | Qcen Bus Name Voltage(kV) | MW Mvar
(Mvar) Hambantota 33 1.18 0.92
Laxapana 40 5 Horana 33 43.07 20.7
Wimalasurendra 50 0 Katunayaka 33 48.38 22.77
Polpitiya 74 34 Kosg:ma > 33 47.79 24.15
Seethawaka 33 21.24 13.8
Canyon 96 0 Nuwaraeliya 33 14.16 0
Samanalawewa 100 54 Thulhiriya 33 27.14 207
Ukuwela 34 20 Kolonnawa —A 33 55578 | 26.2315
Bowathenna 30 15 Kolonnawa-B 33 20.06 10.557
Kukuleganga 60 30 Pannipitiya 33 67.26 37.95
KDH 0 0 Biyagama 33 84.96 42.55
— Kotugoda 33 42.008 16.56
Embilipitiya 0 30
pruy Kotugoda New 33 23.6 115
Puttalam 83 30 Sapugaskanda 33 57.23 32.2
Barge 60 30 Bolawatta 33 54.87 33.143
Balangoda 33 9.145 10.005
Chunnakaum 24 5.5 :

- Deniyaya 33 15.93 6.141
Wind 0 0 Galle 33 23718 17.25
New Laxapana 1 50 7.7 Galle-B 33 14.042 4.4965
New Laxapana 2 50 21.6 Embilipitiya 33 18.88 6.9

Kurunegala 33 50.74 24.15
Kothamale Gen 2 T 2 e Habarana 33 43.66 31.05
Kothamale Gen 3 = 60 49 ARGFAdHAPUFA-A 33 | 154934 4.1055
Upper Kothmale 1 /™ 70 274 Anuradhapyia-B 33 4.13 1.173
Upper Kothmale 2 =i 70 27.4 New Anuradhpura 33 18.88 4.37
Victoria 1 g 70 pgh Fiincomalee 33 33.276 10.6605
- - Kilinochhi 33 9.204 1.403
V!Ctor!a 2 70 25.1 Chunnakum 33 21.712 9.2
Victoria 3 70 25.1 Rathnapura 33 0 10.35
Rantabe 1 25 0.9 Kiribathkumbura 33 708 31.05
Rantabe 2 25 0.8 Valachchenei 33 17.405 8.211
GT 07 0 0 Rathmalana 33 63.72 33.2925
KCCPGT 15.000 40 20 Mathugama 33 37.524 21.85
- Puttalama 33 15.93 46
KCCP ST  11.500 59 35 Cement 33 17.2516 8.05
AES GT 0 0 Athurugiriya 33 37.76 8.763
AES ST 0 0 Veyangoda 33 37.76 8.763
Kerawalapitiya-G 0 0 Jayawardanapura 33 16.756 7.015
e Panadura 33 49.56 26.45
Kerawalapitiya-
erawalapitiya-S 0 0 Madampe 33 29.5 13.8
Sapugaskanda 14 7.2 Kelaniya 33 2065 | 12.4775
Sapugaskanda 2 44 16 Ambalangoda 33 26.432 13.34
Puttalam Coal 1 150 80.4 Dehiwala 33 37.052 21.16
Puttalam Coal 2 150 80.4 Pannala 33 42.952 24.38
Wind NOR 33.000 0 0 Aniyakanda 33 23.6 13.8
Total : 1861 197 Colombo Sub | 11 32.85 14.364
ota 861.5 | 849. Colombo Sub A 11 45.666 17.37
Colombo Sub E 11 48.753 19.242
Colombo Sub F 11 41.4 18
Puttalam Coal 20 23.6 13.8
Colombo Sub C 11 27.376 11.73
Total 1842.31 | 874.424
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Table 4.4: Capacitor banks in operation during the analysis

Obtainable capacity

. . Voltage Total for hydro maximum
Grid Substation level . o
(KV) Mvar night peak situation
(Mvar)
Thulhiriya 33 10 10
Ampara 33 30 0
Kiribathkumbura 33 20 20
Kurunegala 33 10 10
Kotugoda 33 50 15
Habarana 33 10 10
Mathugama 33 20 15
Puttalama 33 20 0
Panadura 33 20 10
Athurugiriya 33 20 10

4. 3 Results

For each combination, values for P, Vg are calculated using PSS/E load flow
results. Eaghis\V/C lis! Hadadh 1o particutardbuses' under Switehed Shunt in PSS/E

/3 4
software a@@seontrol mode wasset to"continuous.

Although SVC capacity is selected considering the reactive power requirement,

actual required capacity of the SVCs can be obtained after running PSS/E. Then,

SVC cost is calculated using equation (4.1.3).
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Table 4.5: PSS/E results for voltage deviation, power loss and SVC cost for Hydro
maximum night peak

o Grid Voltage Propos.ed ActuaI. Power VoIt.agfe z\g;
Combination Substation Level Capacity | Capacity loss (PL) Deviation (USDY
(kV) (Mvar) (Mvar) (Va) Million)
1 Pannipitiya 132 45 45 0.9854 0.8887 5.14
2 Biyagama 220 45 45 0.9864 0.9137 7.71
3 Kolonnawa 132 36 36 0.9885 0.9064 4.2
4 Kotugoda 220 45 45 0.9895 0.9152 7.71
5 Pannipitiya 132 45 42.84 0.9816 0.8719 12.85
Biyagama 220 45 45
6 Pannipitiya 132 45 45 0.9833 0.8829 8.47
Kolonnawa 132 36 36
7 Pannipitiya 132 45 42.91 0.9836 0.8724 12.85
Kotugoda 220 45 45
8 Kolonnawa | 132 36 36 | 09829 | 08813 | 12.15
Biyagama 220 45 45
9 Kotugoda 220 45 4 | 0.9845 | 08779 | 1542
Biyagama 220 45 45
10 | Kotugoda 220 o %5 | 09864 | 08841 | 1215
a2l Kolohndwa 132 36 36
11 %‘i;'GaIIe £37 27 27 0.9652 0.6694 3.22
12 Sg@Trincgmalge 132 18 17.24 0.9899 0.8901 2.1
13 | Embilipitiya 132 36 36 0.9966 0.8724 4.2
14 Gaile 132 27 27 0.9652 | 0.6278 6.88
Embilipitiya 132 36 36

4.3.1 Relationship between Voltage deviation, Power loss and SVC cost

Before developing a function between power losses, voltage deviation with respect
to SVC cost, the relationship between each two parameter is analyzed.
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Voltage Deviation Voltage Deviation & SVC Cost
(1-Vsvc)?2/ (1-Vnormal)?

0.95

®
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0.85
0.8
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0.7

0.65

0.6

0.55
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SVC Cost

0 5 10 15

{hyitionusD)

Figure 4.1 : Relationship between Voltage Deviation & SVC Cost

It can be observed from above results that voltage deviation is not properly

minimized with SVC cost (the capacity of SVC reflects the cost). The location of

the SVC is also effecting on minimizing the voltage deviation and 07 nos. of

different logations [are; censideredy Wy His1analysisy Therefore, it is difficult to

develop a%@@r reffatianship oeteesSVE ¢ostandivoltage deviation unless the

. A
location is‘same.

Power Loss
(PLsvc/PLnormal)

0.995

Power Loss and SVC Cost

0.99 \ 4 $

L K ¢

0.985 L

0.98

0.975

0.97

0.965 2 g 2 g

0.96 . . .

20 SVC Cost
(MillionUSD)

Figure 4.2: Relationship between Power loss & SVC Cost
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As voltage is related to power loss, it is also difficult to develop a proper
relationship between power loss and SVC cost. Therefore, according to the above
results, optimum combination cannot be selected based on single function
consisted of power loss, voltage deviation and SVC cost, Therefore, minimization
of only real power loss and bus voltage deviation is considered in finding optimal
location and size of SVC. Then, SVC cost is considered separately.

PowerLoss  Power Loss ,Voltage Deviation for each Voltage Deviation
(PLsvc/PLnormal) SVC Combination (1-Vsvc)? / (1-Vnormal)?
0.995 1
0.99
0.985 - r 0.9
0.98 \ 08
0.975 \ I =4 Power
0.97 - 0.7 Loss
0.965 ! =@—Voltage
' - 06 Deviation
0.96 :
0.955 05
0.95
0.945 - — 0.4

JivgplglygUl zviligldglvig. 131 112-43544 sy Combination
no.(As per table 4.1)

Figtre.3 : Voltage Delidtions'PowWer Loss for each SVC Combination

The power loss and the voltage deviation are plotted in same graph for each SVC
combination. After identifying minimum points for power loss and voltage

deviation in each case, the optimum combinations can be selected.

However, to effectively select the optimum SVC combinations, power loss and
voltage deviation should be converted to single objective function as described in

next section.
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4.3.2 Linear Combination between Power Loss and Voltage Deviation

Linear combination of real power loss and voltage deviation can be defined as

follows:.

F () =wlx f1(x) + w2 xf2 (x)

Where, F (x) is the weighted sum of real power loss and bus voltage

deviation objective functions which are combined to form single objective function

using weighing factor w

f1(x) = Voltage Deviation for each combination

f2(x) = Power Loss for each combination

Wi1=1-W2

W1 =0.05-0.95

Table 4.6: &/eightedhsunvef{Voliadel Deviation, Powéraludss for each SVC

Combinatiéiri’%‘

T

)

W1 [ w2 Gilk €3 ca 615) Co C7 C8 C9 C10 C11 C12 C13 C14

0.05[ 0.95 0.89362 0.91738 0.91059 0.91898 0.87748 0.88798 0.87802 0.88639 0.88324 0.88929 0.68422 0.89518 0.87830 0.64470
0.1] 0.9 0.89845 0.92102 0.91469 0.92269 0.88296 0.89300 0.88358 0.89147 0.88857 0.89441 0.69901 0.90017 0.88414 0.66157
0.15[ 0.85 0.90328 0.92465 0.91880 0.92640 0.88844 0.89802 0.88914 0.89656 0.89390 0.89952 0.71380 0.90516 0.88997 0.67843
02| 0.8 0.90811 0.92829 0.92290 0.93012 0.89392 0.90304 0.89470 0.90164 0.89924 0.90464 0.72859 0.91015 0.89581 0.69530
0.25[ 0.75 0.91294 0.93193 0.92700 0.93383 0.89941 0.90806 0.90026 0.90672 0.90457 0.90975 0.74338 0.91514 0.90165 0.71217
03] 0.7 0.91777 0.93556 0.93111 0.93755 0.90489 0.91308 0.90583 0.91180 0.90990 0.91487 0.75817 0.92013 0.90748 0.72904
0.35[ 0.65 0.92261 0.93920 0.93521 0.94126 0.91037 0.91810 0.91139 0.91688 0.91523 0.91998 0.77295 0.92512 0.91332 0.74591
04| 0.6 0.92744 0.94284 0.93932 0.94498 0.91585 0.92312 0.91695 0.92196 0.92056 0.92510 0.78774 0.93011 0.91915 0.76278
0.45[ 0.55 F(x) 0.93227 0.94648 0.94342 0.94869 0.92133 0.92815 0.92251 0.92704 0.92589 0.93021 0.80253 0.93510 0.92499 0.77965
05| 05 0.93710 0.95011 0.94753 0.95240 0.92682 0.93317 0.92807 0.93212 0.93122 0.93532 0.81732 0.94009 0.93082 0.79652
0.55[ 0.45 0.94193 0.95375 0.95163 0.95612 0.93230 0.93819 0.93363 0.93720 0.93655 0.94044 0.83211 0.94508 0.93666 0.81339
06/ 04 0.94676 0.95739 0.95574 0.95983 0.93778 0.94321 0.93919 0.94228 0.94188 0.94555 0.84690 0.95007 0.94249 0.83026
0.65[ 0.35 0.95159 0.96103 0.95984 0.96355 0.94326 0.94823 0.94475 0.94736 0.94721 0.95067 0.86169 0.95506 0.94833 0.84713
0.7] 0.3 0.95642 0.96466 0.96395 0.96726 0.94874 0.95325 0.95031 0.95245 0.95254 0.95578 0.87647 0.96006 0.95417 0.86399
0.75[ 0.25 0.96125 0.96830 0.96805 0.97097 0.95423 0.95827 0.95587 0.95753 0.95788 0.96090 0.89126 0.96505 0.96000 0.88086
0.8] 0.2 0.96608 0.97194 0.97215 0.97469 0.95971 0.96329 0.96143 0.96261 0.96321 0.96601 0.90605 0.97004 0.96584 0.89773
0.85[ 0.15 0.97091 0.97558 0.97626 0.97840 0.96519 0.96832 0.96699 0.96769 0.96854 0.97113 0.92084 0.97503 0.97167 0.91460
09] 01 0.97574 0.97921 0.98036 0.98212 0.97067 0.97334 0.97255 0.97277 0.97387 0.97624 0.93563 0.98002 0.97751 0.93147
0.95[ 0.05 0.98057 0.98285 0.98447 0.98583 0.97615 0.97836 0.97811 0.97785 0.97920 0.98136 0.95042 0.98501 0.98334 0.94834

C1-C14: Different SVC combinations

F(x) values are plotted against each SVC combination and minimum points of F(x)
give the optimum combinations.
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Figure 4.4: F(x) value for each SVC Combination
SVC cost also can be included to the above graph. Then, it will be possible to
decide the cost for minimizing voltage deviation and power loss with respect to
selected SVC combinations.
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Figure 4.5: F(x) value and SVC cost for each SVC Combination
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However, as described above there is no regularity between voltage deviations,
power loss and SVC cost due to the fact that location of the SVC also effects on
the results. So, it is not possible to predict obtainable minimization of voltage
deviation and power loss unless the location is specified.

According to the above results, the optimum combinations which minimize the

power loss and voltage deviation can be ranked.

Table 4.7: Optimum SVC combinations for Hydro Maximum night peak

Combination | Grid Voltage Propos_ed Actual_
Rank No. Substation Level Capacity | Capacity
(kV) (Mvar) (Mvar)
Embilipitiya 132 36 36
2 11 Galle 132 27 27
3 5 Pannipitiya 132 45 42.84
Biyagama 220 45 45
4 7 Pannipitiya 132 45 42.91
Kotugoda 220 45 45
B 13 Embilipitiya 132 36 36
g"é'é‘ 9 Kotugoda 220 45 45
= Biyagaimia 220 45 45
= 8 Kolonhnavwa 132 36 36
Biyagama 220 45 45
8 6 Pannipitiya 132 45 45
Kolonnawa 132 36 36
9 10 Kotugoda 220 45 45
Kolonnawa 132 36 36
10 1 Pannipitiya 132 45 45
11 12 Trincomalee 132 18 17.24
12 3 Kolonnawa 132 36 36
13 2 Biyagama 220 45 45
14 4 Kotugoda 220 45 45

According to the above results, minimum voltage deviation and minimum power
loss can be obtained installing 36Mvar SVC at Embilipitiya GS and 27 Mvar SVC
at Galle GS. Figure 4.7 shows the improvement of voltage in 132 kV bus in Galle
GS with above SVC combination. The second optimum combination is installing
27 Mvar SVC at Galle GS (Existing SVC at Galle GS is out of order.). This is also
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the second least cost option. So, if the cost is concerned this can be considered as
optimum combination.
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Embilipitiya 36Mvar & Galle 27Mvar SVC
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4.4 Results for Hydro Maximum Day Peak Scenario

Same analysis was carried out for Hydro Maximum day peak scenario for

further reference. Results are shown in table 4.8.

Table 4.8: PSS/E results for voltage deviation, power loss and SVC cost for Hydro
maximum day peak

Voltage | Proposed | Actual Voltage
Combination | Grid Substation Levelg Capgcity Capacity Power loss Deviat?on SVC C.°?t
) (Mvar) (Mvan) (PL) (vd) (USD/Million)

1 Pannipitiya 132 45 42.84 0.99339 0.91980 4,92

2 Biyagama 220 45 45 0.99666 0.96964 7.71

3 Kolonnawa 132 45 30.82 0.99670 0.92832 3.64

4 Kotugoda 220 45 45 0.99705 0.97739 7.71

5 Pannipitiya 132 45 16.54 0.98704 0.85627 9.9
Biyagama 220 45 45

6 Pannipitiya 132 45 42.84 0.99004 0.89131 4.92
Kolonnawa 132 45 0

7 Pannipitiya 132 45 27.42 0.98704 0.85627 11.26
Kotugoda 220 45 45

8 Kolonnawa 132 45 11.17 0.99040 0.88716 9.2
Biyagama 220 45 45

9 Kotugoda 220 45 45 0.99040 0.88716 15.42
Bijidgama 220 A% A5

10 Ktloda 220 45 45 0.98983 | 0.89337 6.45
iseiohnawa 132 45 13736

11 Galle 132 21 27 0.97280 0.63140 3.22

12 Trincomalee 132 18 8 0.99311 0.92400 0.99

13 Embilipitiya 132 36 36 0.99365 0.89004 4.2
Galle 132 27 27

14 [Embilipitiya 132 | 36 36 | 097164 | 060368 0.88

» Generation details in hydro maximum day peak:

1617.70 MW & 736.7 Mvar

» Load details in hydro maximum day peak :

1606.06 MW & 768.03 Mvar
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Table 4.9: Optimum SVC combinations for Hydro Maximum day peak

Proposed .
Rank Combination | Grid Substation Voltage Cappacity Actual Capacity
Level (kV) (Mvar)
(Mvar)
1 14 Galle 132 27 27
Embilipitiya 132 36 36
2 11 Galle 132 27 27
3 5 Pannipitiya 132 45 16.54
Biyagama 220 45 45
4 7 Pannipitiya 132 45 27.42
Kotugoda 220 45 45
5 8 Kolonnawa 132 36 11.17
Biyagama 220 45 45
6 9 Kotugoda 220 45 45
Biyagama 220 45 45
7 13 Embilipitiya 132 36 36
8 6 Pannipitiya 132 45 42.84
Kolonnawa 132 36 0
9 10 Kotugoda 220 45 45
Kolonnawa 132 36 13.36
10 1 Pannipitiya 132 45 42.84
11 12 Trincomalee 132 18 8
12 & 3 Kolpnnawa 132 36 30.82
13 ok, 2 Biyagama 220 45 45
14 \Be%J 4 Kottigoda 220 45 45

The results obtained from hydro maximum night peak condition and hydro
maximum day peak are almost similar except the rank of 8" and 13"
combinations. The rank of the 8" combination of for hydro maximum night peak
is 7 and 5 for hydro maximum day peak. Similarly, the rank of 13" combination
for hydro maximum night peak is 5 and 7 for hydro maximum day peak. The
required capacity of SVCs of some GSS for hydro maximum day peak is less than
hydro maximum night peak capacity. Therefore, SVCs capacity should be selected
according to the results of hydro maximum night peak condition.

4.5 Reduction of Mvar generation.

As SVCs supply the reactive power requirement, the reactive power generation of the
system reduces increasing the active power transfer in the network. The maximum
reduction of reactive power generation can be observed for combination no. 07
(Pannipitiya GS 45 Mvar and Kotugoda GS 45 Mvar SVCs)
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Table 4.10: Reactive power generation with and without SVCs

Generated Generated
Grid Voltage | Proposed | Actual reactive reactive
Combination Substation Level | Capacity | Capacity | power power with
(kV) (Mvar) (Mvar) without SVC
SVC (Mvar) | (Mvar)

1 Pannipitiya 132 45 45 870.9

2 Biyagama 220 45 45 891.0

3 Kolonnawa 132 36 36 888.6

4 Kotugoda 220 45 45 891.5

5 Pannipitiya 132 45 42.84 840.7
Biyagama 220 45 45

6 Pannipitiya 132 45 45 844.9
Kolonnawa 132 36 36

7 Pannipitiya 132 45 42.91 840.7
Kotugoda 220 45 45

8 Kolonnawa 132 36 36 925.7 845.0
Biyagama 220 45 45

9 Kotugoda 220 45 45 847.6
Biyagama 220 45 45

10 Kotugoda 220 45 45 851.9
&= Kolofinawa 132 36 36

11 | femgalle 132 27 27 896.6

12 \&sPrincomalee 132 18 1724 905.8

13 SEFEmMbiHpitiva 1132 36 36 883.6

14 Galle 132 27 27 854.5
Embilipitiya 132 36 36

4.6 Voltage deviation under single contingency condition for hydro maximum
night peak.

Ability to maintain the system voltage during transmission line outages can be

illustrated for above each combination. Voltage deviation is considered under single

contingency situation of Panadura, Mathugama, Pannipitiya 132kV transmission

lines.
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Table 4.11: Voltage deviation under single contingency situation

Voltage
_ Proposed | Actual deviation Voltage
Contingency | Rank | Combination Grid . Capacity | Capacity without dgwatlon
Substation SVC with S_VC
(Mvar) (Mvar) SVi)2 Y (1-Vi)2
1 14 Galle 27 27 0.1048
Embilipitiya 36 36
2 11 Galle 27 27 0.1049
3 5 Pannipitiya 45 42.84 0.1469
Biyagama 45 45
4 7 Pannipitiya 45 42.91 0.1442
Kotugoda 45 45
13 Embilipitiya 36 36 0.1456
Panadura, 6 9 Kotugoda 45 45 0.1446
Mathugama, Biyagama 45 45
e 0.1645
Pannipitiya | 7 8 Kolonnawa 36 36 0.1460
132KV line Biyagama 45 45
8 6 Pannipitiya 45 45 0.1462
Kolonnawa 36 36
9 10 Kotugoda 45 45 0.1458
7 Kolonnawa 36 36
e 10 1 PanHipitivd i3 45 0.1469
5 L i) Trincemalek 18 17.24 0.1498
e | 2 3 Kolonpawa 36 36 0.1497
13 2 Biyagama 45 45 0.1517
14 4 Kotugoda 45 45 0.1534

The total voltage deviation (3(1-Vi)?) of the system is 0.1645 p.u. under outage of

Panadura, Mathugama, Pannipitiya 132 kV line. This total system voltage

deviation can be reduced to 0.1048 p.u. by installing 36Mvar SVC at Embilipitiya

GS and 27Mvar SVC at Galle GS.

4.7 Actual Voltage deviation for Hydro Maximum night peak

As mentioned in table 4.5, V4 value which is the ratio between total of square of

voltage deviation of the system buses with SVC and total of square of voltage

deviation in normal condition. Following table shows the total actual system
voltage deviation, > (Z-Vi )? with and without SVCs.
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Table 4.12: Actual Voltage deviation for hydro maximum night peak in all buses

Total Total

Gri Voltage | Proposed | Actual voltage voltage

o rid i ] I I

Combination S : Level | Capacity | Capacity | deviation | deviation
ubstation . .

(kV) (Mvar) (Mvar) without with

SvC SvC

1 Pannipitiya 132 45 45 0.1468

2 Biyagama 220 45 45 0.1500

3 Kolonnawa 132 36 36 0.1497

4 Kotugoda 220 45 45 0.1512

5 Pannipitiya 132 45 42.84 0.1440
Biyagama 220 45 45

6 Pannipitiya 132 45 45 0.1458
Kolonnawa 132 36 36

7 Pannipitiya 132 45 42.91 0.1441
Kotugoda 220 45 45

g Kolonnawa 132 36 36 0.1652 ™5 1256
Biyagama 220 45 45

9 Kotugoda 220 45 45 0.1450
Biyagama 220 45 45

Kot | 220 15 15 0.1460

| & | Koloeersity of®Maratufa_Sri 13nkal

, €k, Galle s Xy, ‘ 0.1106

) B i' § By LA P '. T O A DS ST TS 0.1470

&2 EmBilipitivalO- T g 350 T 0.1441

14 Salle : 0.1037
Embilipitiya 132 36 36

4.7.1 Voltage deviation of selected buses

Above analysis is carried out for the total 33kV, 132kV and 220kV buses in the

network. However, it is also possible to carry out this analysis for any selected set

of buses in the network. So, voltage improvement of following 132kV/220kV

buses in Colombo region GSS is analyzed for each SVC combinations.

Kelaniya, Horana, Kosgama, Seethawaka, Kolonnawa, Pannipitiya (both 132kV

& 220kV), Athurugiriya, Veyangoda ( both 132kV & 220kV)

Sri
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Jayawardanapura, Panadura, Dehiwala, Kelanitissa, Kerawalapitiya, Biyagama,

and Colombo Substations A.E & F

Table 4.13: Actual Voltage deviation in selected buses in Colombo region GSS
for hydro maximum night peak.

Total Total
voltage voltage
o Grid Voltage Z?S;;ij CAaE);ucail'lcy deviation | deviation
Combination . Level without with
Substation
R (Mvar) (Mvar) SVC SVC
YAV | ¥ a-viy
1 Pannipitiya 132 45 45 0.0157
2 Biyagama 220 45 45 0.0179
3 Kolonnawa 132 36 36 0.0179
4 Kotugoda 220 45 45 0.0180
5 Pannipitiya 132 45 42.84
Biyagama 220 45 45 0.0134
6 Pannipitiya 132 45 45
W Alannawa 199 20 20 0.0146
" . ) .
7 Tre | = ~
| dEms R § 0.0135
8_€"“‘$ ‘ i ! 37
0.0141
Biyagama 220 45 45 0.0139
10 Kotugoda 220 45 45
Kolonnawa 132 36 36 0.0147
11 Galle 132 27 27 0.0218
12 Trincomalee 132 18 17.24 0.0211
13 Embilipitiya 132 36 36 0.0213
14 Galle 132 27 27
Embilipitiya 132 36 36 0.0212

According to the above results, Combination 7" (45 Mvar SVC at Pannipitiya GS
and 45 Mvar SVC at Biyagama GS) is the optimum combination only voltage
deviation is concerned. The rank of the combination is different from the total bus

system. Therefore, this analysis can be carried out for any set of selected buses and
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it is possible to select best combination accordingly. Further, this selection can be

done considering voltage deviation only, power loss only and considering both

voltage deviation and power loss.

4.8 Reduction of power loss

A summary of reduction of power loss for each combination is mentioned below.

Table 4.14: Reduction of power loss for each SVC combination.

Day peak Night peak
Power
L . SvC loss Power )
Congatlon Suti ':;?ion Capacity reduction | Power loss UnFts
' (Mvar) | Power loss inMW | loss reduction | Saving
reduction (100 reduction in MW per
with SVC MVA | with SVC | (100 MVA | day*
(p.u) base) (p.u) base) (kwh)
1 e Pannipitiya 45 0.00608 G:6 0.01501 15 11700
2 ém,i Biyagama 45 0.00367 0.36 0.01286 1.29 8190
3 \B=Folohriavvd 36 0100473 O.4F 0.01314 131 9570
4 &EpKotugoda 45 0.00313 0.31 0.01153 1.15 7170
5 Pannipitiya 42.84 0.00928 0.92 0.01641 1.64 15960
Biyagama 45
6 Pannipitiya 45 0.00879 0.87 0.01481 1.48 14880
Kolonnawa 36
7 Pannipitiya 4291 | 0.00582 0.58 0.01568 1.57 | 11670
Kotugoda 45
8 Kolonnawa 36 0.00652 0.65 0.01680 1.68 12840
Biyagama 45
9 Kotugoda 45 0.01105 1.1 0.01531 1.53 | 17790
Biyagama 45
10 Kotugoda 45 0.00644 0.64 0.01394 1.39 11850
Kolonnawa 36
11 Galle 27 0.15287 1.52 0.02156 2.15 24690
12 Trincomalee 17.24 0.00112 0.11 0.00774 0.77 3630
13 Embilipitiya 36 0.01143 1.14 0.01682 1.68 18720
14 Galle 27 0.21178 2.11 0.02985 2.98 34260
Embilipitiya 36

*Unit (kWh) saving due to reduction of power loss
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Eg: for combination no. 14 (27Mvar SVC at Galle GS and 36 Mvar SVC at
Embilipitiya GS)

Number of hours considered for day peak =12 hours

Number of hours considered for night peak = 3 hours

Units saving per day = 2.11x1000x12 + 2.98x1000x3
= 34,260 kWh

If average generation cost is considered as Rs. 5 (Rs./kWh), the total saving per
day with above SVC combination is Rs. 171,300.00

r\%‘ \
i B«y .
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Chapter 5

Discussion & Conclusion

5.1 Discussion

Sri Lanka can reach to the 100% electrification level of the country within next
two years. In this process, maintaining the consumer satisfaction is also major
responsibility of the utility avoiding power quality issues. So, it is important to
discuss how power quality issues come to the system and how to solve them.

Voltage unbalance of the system is a main reason for the most of the power quality
issues. The voltage profile must remain within +5 % of the rated value for better
and efficient operation of various electrical equipments (as per IEC 60364-5-52). A
power system is expected to operate under widely varying conditions and the
quality of the supply should be maintained under all conditions maintaining

voltage magn ver system also
require dig{@rt. Ig tage -and _current 0 waveforms get
distorte ju;t" e presenge af-pon- lip 1 speed drives,
inducti g elements.

In transmission level, at lighter load condition, transmission line is over
compensated. The voltage increases across the series line reactance due to the
charging line current of shunt line capacitance is greater than the voltage drop by
the load current. This surplus charging current flows through the sending end and
receiving end generators forcing to absorb the corresponding reactive power.

Similarly, in under compensation, corresponding reactive power must be supplied.

Basically, voltage variation is due to the imbalance in generation and consumption
of reactive power in the system. Above issues can be corrected by compensation
that is generation or absorption of a suitable quantity of reactive power. There are

two main types of compensation; Load compensation and Line compensation.
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Load compensation is the management of reactive power to improve the quality of
the supply, specially the voltage and the power factor. The reactive power is
adjusted with respect to an individual load and the compensation device is
connected to the load itself. Compensation of lines is meant the use of electrical
circuits to modify the electrical characteristics of the lines. A flat voltage profile
on a line can be achieved if the loading of the line corresponds to its surge
impedance loading. Therefore, to achieve flat voltage profile, the compensating
devices such as capacitors and inductors should be chosen such that the effective
surge impedance of the line should give virtual natural loading equal to the actual
load. However, practically, actual loads keep changing with time. So, the
corresponding devices should also vary without a delay. Then, the effective
impedance matches with the actual loading every time.

Also with ever increasing demand of electric power, the existing transmission
network becomes weak resulting poor quality of unreliable power supply. In order
to enhance the power transfer capability of the existing transmission network,

huge st es are required.. It js also difficult to finy of way for the
new lines E“o’t( seprch has gofe.into. develpping.new tech es over the past
few ye ﬁ@_ﬁ'_.@ inereaseth efficiency 1 systems in the
world. As a result of this, high speed thyristors are employed for switching in or

out transmission components such as capacitors and reactors for desirable

performance of the system replacing the existing slow acting mechanical controls.

Today, the world has come to the third generation of reactive power compensation.
Converter based self commutated devices such as STATCOM, UPFC, IPFC.. etc.
are being used by utilities in the world to ensure the reliable power system while
maintaining the power quality. SVC can be considered as second generation of
reactive power compensation which use thyristor based technologies.
Mechanically switched capacitors and reactors are belonged to the first generation

of reactive power compensation.

Sri Lankan utility is still in first generation of reactive power compensation
technologies and there are new breaker switched capacitors to be constructed in

several grid substations. Although these capacitor banks would help to correct the
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power factor, it would not be effective solution to voltage drops of the system and
also there would be no considerable effects to power transfer capacity of
transmission lines. To maintain the voltage at some grid substations under single
contingency situation it has been proposed to construct new transmission lines.
Also addition of new transformer bays also has been proposed to increase
capacity. As described in section 1.1, some countries have achieved required
capacity by installing SVCs at suitable locations without constructing new lines or
bays. So, this is high time for utility to move to second generation of reactive
power compensation technologies. As shown in this analysis, utility can minimize
voltage drop issues after installing SVCs at selected grid substations and also can
increase the power transfer capacity in the system.

This analysis is basically carried out for all 33kV, 132kV and 220 kV busses of
the system and for all the transmission lines. However, any set of buses and lines
can be analyzed to get required results. Further, this analysis can be carried based

on different scenarios; minimizing the voltage deviation or minimizing the power

loss and alsc. mjzing the both,. |f,the voltage drops is.the jor issue, SVC
capacit esn;ﬁ';’i;_is atjon.canhe. selected.cansigering-onky.the Its of reduction
of volte dé_‘—;yie ng/with SVGsarMainly nbo region face
voltage drop issues during hydro maximum situation. So, as described in section

4.7.1, it possible to select those grid substations and carry out analysis for them.
Also same analysis can be carried out for voltage drops of the system under
different contingency situation and SVC can be selected accordingly. However,
the main issue addressed in this study is difficulties in maintaining voltage in grid
substations in hydro maximum situation. For optimum selection of SVCs with

economic consideration, reduction of power loss is also considered.

5.2 Conclusion

The main reason for being reluctant to go for a solution like SVC for voltage
compensation is the installation cost. However, the utility spend large amount of
money to run thermal power plant to maintain the voltage. Also new transmission

lines are constructed to improve the system voltage during different contingency
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situations. The reduction of power loss is significant with SVC as described in
section 4.8. Further, reactive power obtained from the system has reduced as
mentioned in section 4.5. Therefore, ability of supplying active power also
increases according to generator capability curve. So, after installing SVCs, there
is no need of running thermal power plants and to construct new transmission lines

to maintain the voltage.

In this analysis, optimum SVC combinations have been ranked considering
minimum voltage deviation and minimum power loss and the SVC cost is
separately considered. The utility can select suitable SVC combinations depend on
up to which level voltage deviation should be minimized and power loss should be
reduced. For an example, total system voltage deviation, (1-V;)? can be reduced
from 0.1652 pu to 0.1037 pu and power loss can be reduced by 2.98MW by
installing 36 Mvar SVC at Embilipitiya GS & 27 Mvar SVC at Galle GS under
hydro maximum night peak condition. However, if voltage drops of Grid

substations in Colombo region are considered the optimum combination is

installii ) ) annipitiya GS.
Therefore, éﬂﬂﬁ V... It 1S recommended, to .install SVC Biyagama and
Pannipitiyd&ESS as a solution to. voltage;c yrid substations
and ins: SV ole system.

As motioned in section 2.5, Sri Lankan utility loose Rs. 500 million approximately
per year (This value is calculated based certain assumptions as described in section
2.5 and this value depends on the system operation) for running thermal power
plant to maintain the voltage. If first three optimum combinations are installed
the total cost would be Rs. 2500 million approximately. Considering also the
saving due to power loss reduction, installation cost of SVCs can be recovered
from less than 05 years. Minimization of voltage deviation under normal condition
and under disturbances, improvement of system stability and power transfer
capacity with installing SVCs will also add more economical benefits.
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