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Abstract

Low frequency oscillations are an inevitable phenomena of power system. Integration of
unified power flow controller (UPFC) and power system stabilizer (PSS) can considerably
improve the stability by damping out of low frequency oscillation (LFO). This thesis had
presented the damping out of LFO through optimal sizing of PSS and UPFC using an Antlion
optimization (ALO) approach to improve the transfer capability of North West region of
Ethiopian electric network from Tana Beles to Bahirdar 400kV line. The obtained results
(minimal damping ratio, eigenvalues and time domain simulation) of the proposed ALO
approach were compared with the results of conventional existing system, teaching learning
based optimization (TLBO), particle swarm optimization (PSO) and genetic algorithm (GA)
to investigate the efficiency of the proposed approach for various operating conditions of the
considered electric network. In this thesis UPFC had been compared and selected from
various flexible alternating current transmission system (FACTS) devices and filters to show
the robustness of the proposed system. Further, the proposed ALO approach had improved
the tuning time to estimate the key parameters of PSS and power oscillation damper (POD).
Consequently, the settling time, controller gain and time constants of ALO to attain steady
state system is small as compared with teaching learning based optimization, genetic
algorithm and particle swarm. The nonlinear equation which describes the system had
linearized and then placed in state space form to study and analyze the performance of the
system by damping out of LFO problems. System eigenvalues obtained from ALO tuned
UPFC-PSS and conventional existing system are compared to study the efficiency of the
proposed method for various operating conditions. Besides, time domain simulation
comparison proves the superiority of the proposed method over the existing system. Finally
using PSS only improves the maximum overshoot by 42.2% and settling time of 63.7% but
the proposed optimally sized UPFC-PSS employed with ALO method had improved the
maximum overshoot by 56.06% and settling time by 78.7% as compared with conventional
existing system (base case). Thus, this thesis addressed the mechanism regarding low
frequency oscillation in the electric network by incorporating optimal sizing of PSS
equipped with UPFC to the system.

Key words: Eigenvalues, LFO, minimum damping ratio, ALO, PSS, UPFC, POD
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Chapter One
Introduction

1.1 Background

Low frequency oscillation (LFO) is a phenomenon in which oscillation continues for a
relatively long period of time that leads to system instability. Low frequency oscillation
(LFO) becomes the main cause of power system stability that limits the steady state
transmission capacity of power system and affects normal operation of power system
security and economics in Ethiopian electric transmission system. The range of frequency
for LFO is from 0.1-3Hz and it is difficult to detect. If these oscillations are left untreated, it
sustain and keep increasing to the level which may lead for system instability or complete
blackout of the electric power system. Although PSS improves transmission system stability
by damping of LFO, it is not effective for strong disturbance like three-phase fault near
generator terminal. However, the development and use of UPFC in power system have
discovered favorable results for enhancement of electric network stability, voltage stability
and optimal power flow.

General advancement of FACTS device can solve such kind of problem. Along with primary
function of FACTS device, the real power flow can be regulated to diminish LFO and
increase power system stability. This recommends that FACTS will find new application as
electric utilities merge and as a sale large power between distant and hostile interconnected
partners become more wide spread.

Currently several FACTS device have been implemented and installed in practical power
system like UPFC, Interline power flow controller (IPFC), Static VAr compensator (SVC),
thyristor controlled series capacitor (TCSC), Static synchronous compensator (STATCOM)
and many others. The organized application of PSS and UPFC ensures stability of the system
and suppresses LFO during disturbance. The appropriate tuning of optimal parameters of
UPFC and power system stabilizer determines its efficiency for LFO damping in any electric
network. In an electric power system many devices and controllers have been used to keep
the balance between demand and generation in a reliable manner with high power quality
[1]. Any small or large disturbance can affect the synchronous operation of power system
and its stability determines whether the system can settle down to a new or original steady

state after transient disappears [2]. LFO are generator rotor angle oscillation having a
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frequency of 0.1-2Hz. The main reasons of power system oscillation are the unbalance
between demand and generation. Nowadays, large demand of power to the furthest end of
the system that forces to transmit huge amount of power through a long transmission line
and results an increasing power oscillations [3].

1.2 Statement of the Problem

The low frequency oscillation is a one type of stability problem in Tana Beles 400kV
transmission line which is concerned with the behavior of the synchronous machines after
disturbance due to a rapid change in load. There are different causes of low frequency
oscillation for Tana Beles 400kV network, these are unbalance between supply and demand
which is created by a change in load, generation or in network conditions. In any case the
synchronous machine should remain in synchronism with other machines and they should
operate in parallel as well as at the same speed. All the daily frequency, real power and
reactive power data are presented on the appendix D.

Low frequency oscillation in Tana Beles 400kV power system network is one causes of
power system instability, if adequate damping is not available as early as possible these
frequencies may sustain and grow to cause system separation; blackout or partial load
shedding. The range of low frequency variations in Tana Beles 400KV line is from 0.1-0.8Hz
which may be created by large disturbance and small signal disturbance, such as change in
load, use of high gain exciters in AVR and connection of poorly tuned generator excitations
of Tana Beles power station. Further, sometimes the frequency had dropped beyond +2.5Hz
permissible range which is multiple contingency event or system separation event and finally
lead to complete blackout throughout Ethiopia. Tana Beles 400kV electric transmission
network must be stable to ensure continuity of supply throughout Ethiopia since LFO
stability problem leads to partial load shedding or full system interruption. Therefore, it has
always been traditional to use automatic voltage regulator (AVR) to improve system
damping but in this thesis sizing of PSS and UPFC is proposed to damp out LFO problems.
1.3 Objective

1.3.1 General Objective

The general objective of this thesis is damping out of low-frequency oscillation through

optimal sizing of PSS and UPFC using Antlion optimization.



1.3.2 Specific Objective

Obtain synchronous machine rotor angle value, rotor speed deviation and DC link
voltage.

Sizing of Power Oscillation Damping controller

Improve dynamic power system stability using PSS and UPFC.

Compare conventional existing system with new integrated PSS and UPFC system
Compare Ant lion algorithm with other existing techniques such as conventional
fixed gain model, PSO, GA, TLBO.

Perform eigenvalue analysis and time domain analysis.

Simulate the overall system model using MATLAB/Simulink

1.4 Thesis Organization

For successful completion of the study some methods, steps, procedures and tasks must be

conducted.
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Introduction: Some general introductions about LFO damping has been discussed.
Literature Review: A number of published papers about low frequency oscillation
damping and enhancement of dynamic stability of power system have been reviewed
in different books, papers, articles, journals, lectures and materials.

Data collection: Collect all the input data required for mathematical analysis and
data required for simulation test.

Data Analysis: Based on data collection, mathematical analysis takes place with and
without controller for LFO damping of power system for SMIB network.
Component modeling: Modeling of synchronous generator and Controllers like
excitation system, power system stabilizer, unified power flow controller and POD
controller.

System Modeling: Modeling and simulation of single machine infinite bus system
using MATLAB Simulink.

System simulation result and discussion: Evaluate the proposed method achieves
its general objective of the study or not.

Conclusion based on the performance of the system relative effectiveness of PSS,
UPFC and ALO based POD controller for overall system performance improvement

IS compared.



1.5 Significance of the Study

This thesis has an advantages of damping low frequency oscillation using PSS and FACTS
to improve power system stability in power system network. Instability may occur due to
different reasons that happen at the generation station, transmission or at the distribution
when a large load is connected to the system. The main effect of low frequency oscillation
causes interruption of power from generation to end user and may cause to break down
electrical equipment due to oscillation generators. Enhancing dynamic power system
stability by damping out of LFO helps to minimize the failure of electrical equipment as well
as the whole power system network. So, to overcome such problems a solution is required
which leads to the introduction of optimal sizing of UPFC and PSS using Antlion algorithm.
1.6 Scope of the Study

This study is concerned on the damping out of low frequency oscillation of electric networks
through optimal design of UPFC and PSS which enhances the dynamic stability of a power
system network. This problem would be solved by maintaining rotor angle of a synchronous
machine under stable or optimum condition or minimizing low frequency oscillation by
employing ALO. This study is limited to simulation of Tana Beles 400kV transmission
network with optimally placed UPFC using MATLAB/Simulink following to the sizing of
system components, power system stabilizer and make mathematical analysis. Also this
thesis provides eigenvalue analysis and time domain analysis to determine the maximum
overshoot and settling time of system states.

1.7 Thesis Layout

This thesis is composed of five chapters with detailed explanations. Chapter one presents a
general introduction to the power system stability, low frequency oscillations, power system
stabilizer, filters and UPFC, research objectives, statement of problem, significant and scope
of the study and Methodology. Chapter two includes literature review and some general
theoretical background of the research. Chapter three describes the linearization of non-
linear SMIB system, power system stabilizer sizing, UPFC sizing and ALO technique.
Chapter four represent the Simulation results and discussion of the eigenvalue analysis and
time domain simulation of Tana Beles 400kV electric network and LFO damping, and PSS
optimized parameters and UPFC controller. Chapter five represents the conclusion,

recommendations and future work of the study.



Chapter Two
Literature Review

2.1 Introduction

This thesis presents the studies that would conduct on damping out of low frequency
oscillation by using PSS and UPFC to improve dynamic stability of a power system network.
Related research works published in the technical literature are described and the concepts
of small signal and large signal disturbance of power systems are analyzed.

2.2 Summary of Literature Review

Al-Hinai, A. and Al-Hinai, S. (2009) investigated that dynamic stability enhancement using
particle swarm optimization power system stabilizer. In this work the damping out of LFO
for single machine infinite bus power system is analyzed. Such analysis needs a certain level
of mathematical modeling and simulation. The major components of the mathematical
models are synchronous machine, excitation systems and power system stabilizer. In general
MATLAB Simulink is used for system modeling. According to system performance a proper
design for PSS using PSO has been carried out. Then the sized power system stabilizer is
implemented in the model and dynamic system response is analyzed. Since the simulation
results without PSS shows unacceptable system response the response of the system with
PSS has successfully stabilize the system [4].

In December 2010, Datta and Roy recommend damping out of power system oscillations for
SMIB system using STATCOM in combination with power system stabilizer controller. It
has been observed that Lead-Lag controllers have better capability in damping power system
oscillations than that of proportional controllers. Simulation result was obtained using
MATLAB/Simulink software. The damping capability of power system stabilizer controller
is superior to Lead-Lag controller designed model by damping low frequency oscillation
with less overshoot and shorter settling time [5].

Rout and Panda (2010) investigated the performance of FLC based adaptive PSS for SMIB
system stability enhancement. Power system stabilizer is used to generate additional
excitation control signals to damp out LFO of the electric network. In this case speed
deviation and accelerated power are used as input for FLC. The inference mechanism of

FLC is represented by If-Then rules. The performance of fuzzy logic power system stabilizer



and the result of the system with PSS were obtained. The simulation was tested under
different types of condition [6].

Linda, et al. (2010) investigated a novel non-traditional optimization approach for designing
fuzzy based PSS for a SMIB has been presented. The level of robustness to system load
deviation is better than conventionally tuned power system stabilizer. When the number of
energy deliverers connected to the system increases this research can be directed to develop
systematic techniques of design and analysis of fuzzy based stabilization control like PSO,
Ant Colony Optimization. The simulation results of both parameter optimization techniques
can be compared for single machine infinite bus systems and its effectiveness can also be
studied [7].

Kushwaha, et al. (2013) emphasize particle swarm optimization optimized PSS to increase
the dynamic stability of the entire power system using linearized state space model for SMIB
system. Many input and output parameters of PSS controllers are optimized using PSO to
achieve good result and enhance stability. Out of the various choices for input to the PSS
controller, the rotor speed deviation A® and acceleration o are considered as the input to
power system stabilizer controller. Moreover the behavior of the conventional controller,
power system stabilizer controller and PSO optimized PSS is obtained for various
parameters [8].

In March 2014, Arizadayana et al. proposed that a linearized model of SMIB power system
installed with UPFC is presented to study power system oscillation. The proposed model is
then simulated using MATLAB-SIMULINK and compared with the conventional system
with PSS. The simulation results indicated that by incorporating FLPSS with UPFC, the
damping of low frequency oscillation shown a better performance than conventional PSS
thus improving the dynamic power system stability [9].

Gupta et al. (2014) proposed that normal operating voltage stability enhancement of power
system using FACTS devices. This work leads towards the main issues of the power system
to enhance voltage stability of the system and to decrease real power loss in the system. The
analysis has been done on IEEE 14 bus system using two FACTS devices namely thyristor
controlled series compensator and static synchronous compensator for power system
stability under different loading conditions. The simulation has been done using MATLAB
Simulink and optimal location is obtained by calculating voltage collapse proximity index
and line stability index to locate the critical line with respect to bus [10].



Morteza et al. (2016) proposed that controller design of STATCOM using modified shuffled
frog leaping algorithm (MSFL) for LFO damping. In this work, a new MSFL algorithm is
proposed for optimal selection of STATCOM damping controller parameters to shift
eigenvalues to the left hand side of the plane. m. A SMIB system had been considered to
examine the operation of proposed controllers. Sudden change in the input power of
generator is taken as a disturbance. The robustness of the controller for damping of LFO is
tested at various operating conditions and results are compared to particle swarm
optimization and SFLA methods. Simulation results show the potential and superiority of
the proposed MSFLA over the SFLA and PSO [11].

Jalali et al. (2016) prove recent technologies in ESS have initiated a global interest to harness
their potential in enhancing reliability and robustness of power system. The advantages of
integrating STATCOMSs with ESSs acts as a dynamic compensation device for voltage
stability enhancement are demonstrated. In this regard, the issues of placement and operation
of these devices are addressed. It is shown that a desired level of voltage stability margin for
a power system with embedded wind farm can be attained efficiently, regardless of
variations of wind power generation and loading condition. The approach is to test on IEEE
30-bus test system [12].

Vigneysh, and Kumarappan, (2017) assume adaptive fuzzy proportional-integral controller
is proposed to improve the dynamic performance of the inverter interfaced autonomous
micro-grid. For this purpose, an accurate small signal state space model of the micro-grid
with electronically interfaced distributed generation units is developed. The developed
model includes the network dynamics, controller dynamics, dynamics of LCL filter and load
dynamics [13].

Vladimir et al. (2018) proposed method on enhancement of dynamical characteristics of a
fuzzy control system by using unstable subsystem controller synthesis ensures the placement
of roots in the right half-plane, when the output signal of the system is in the area of large
deviations. This approach provides a further increase in system transients. The use of
hodograph of roots that is different from the circular ones (for a system with two roots in the
right half- plane) allows for slight improving of the properties of the system. However, it
requires a significant complication of the control system. The MATLAB SOS Toolbox was
applied to synthesize a control action for a nonlinear polynomial fuzzy system while
providing Lyapunov stability [14].



2.2.1 Methods or Techniques Point of View for damping out of LFO

Table 2.1: Techniques and number of literature for different purpose

Methods/Techniques

Total No. of literatures reviews out of 45 literatures

Optimization based methods

[4],[11],[16],[27].[36],[37].[38].[42]

Al-based techniques

[51.[61.[71,[11],[13],[14],[21].[25] [26],[33],[40].[43]

Other method

[11,[2],[3].[8].[9].[10],[12],[15],[16],[17],[18],[19],[20],[22] [23
1.[24].[26],[28],[29],[301.[31].[32] [34],[35].[39],[41],[44].[45]

2.2.2 Operating Parameters Point of View

Table 2.2: Operating Parameters point of view

Operating Parameters of power

systems

Total No. of literatures reviews out of 45 literatures

Voltage stability

[10],[12],[17].,[28]

Coordination

Controllers

of FACTS

[21,[5],[18],[27][29][30][31][33][34],[35] [36].[38].[39].[4
1][42],[44]]

Low frequency oscillation

[31.[4].[11],[19].[24].[26],[36],[40].[43]

Power system stability

[11,[4],[51.[6].[71.[8].[15],[16].[17].[21].[22],[25],[32],[37]

Other parameters point of view

[91,[13],[14],[20],[23]

Table 2.3: Literature review summary

Authors Titles Advantages Limitations

Al-Hinai, Dynamic stability Uses tuned PSS by For any strong disturbance

and Al-Hinai | enhancement using employing PSO PSS does not make the
particle swarm system stable, FACTs
optimization power device must be utilized to
system stabilizer get accurate result

Datta, Subir | Damping of power Uses both Its controller was

and Roy, A. | system oscillation for STATCOM and PSS | conventionally sized and

K SMIB system using to damp out LFO poor, it does not use any

STATCOM in
combination with
power system stabilizer

controller

techniques to optimally

tune controller parameters




stability of power

system

stable

Rout, and Performance of fuzzy Uses Al based It is not effective for any

Panda logic based adaptive supplementary strong disturbance like
power system stabilizer | controller three-phase fault
for SMIB system

Linda, etal | Novel non-traditional Compares Al It does not use any
optimization approach | techniques with controller and FACTSs
for sizing fuzzy based optimization controller. Also it does not
power system stabilizer | techniques consider various operating
for SMIB system conditions

Kushwaha, | PSO optimized PSSto | Uses optimized PSS | It does not have

etal enhance the dynamic to make the system supplementary controller

and does not use any
FACTS device to make

system more stable

Arizadayana,
Z. etal

SMIB power system
installed with UPFC to
study power system

oscillation

It uses Al based PSS
and UPFC

It does not have any
supplementary damping
controller for a UPFC and
does not consider various

operating conditions

The
Proposed
thesis

Damping low frequency
oscillation in electric
network through
optimal sizing of PSS
and UPFC employing
ALO

It uses both PSS and
UPFC with effective
POD controller. It
uses efficient technic
to effectively tune

POD parameter

It is costly

2.2.3 Research Gaps and limitations

The weakness of the above literatures are summarized as follows:

e Dynamic stability of power system is improved by using poorly tuned power system

stabilizer and conventional unified power flow controller.

e The performance index of the response to attain steady state system takes large

settling time and maximum overshoot to converge.




e The techniques utilized in the above papers could not be coordinated and stability is
not improved effectively within short time.

Ref [36] had presented dynamic power system but it does not consider different operating
conditions to test the robustness of the controller utilized. Also the analysis done is for only
rotor speed deviation and angle deviation it does not compare other power system states to
test its effectiveness. Furthermore it does not coordinate the PSS and UPFC together and
hence the system is not effective for any strong disturbance like three phase fault near
generator terminal. Ref [41] presented stability enhancement of PSS-UPFC installed power
system, in this case the statistical performance measures for training and testing dataset are
used to test the robustness of the system but it did not consider various operating condition
in time domain simulation analysis. Ref [43] presented coordinated design of PSS and UPFC
controller but it does not use any supplementary damping controller for the UPFC. Also
Power system stabilizer parameters was estimated to treasure the optimum values of two key
PSS parameters (K &T1) by keeping constant values to other three parameters (T2, T3, &T4)
but the result may not accurate since three out of five parameters are setting to be constant
to optimize K &T1. Ref [45] presented optimal multi objective design of robust PSS using
GA, in this paper a conventional lead-lag PSS is developed to damp out LFO in multi
machine system. However, the objective function is the same due to the behavior of
employed algorithm and effectiveness of the developed PSS, it is not effective for any strong
disturbance near generator terminal.
This thesis fills the gaps of past researchers by using excitation system control, power system
stabilizer, unified power flow controller, and Antlion optimization techniques to improve
low frequency oscillations of a power system. Comparisons of the controller are held based
on performance index and proper installation of the devices system.
2.2.4 Improvements and Contribution of the proposed work
The main contribution of the proposed method is that the controllers are properly sized and
coordinated optimally by ALO to damp out low frequency oscillation. The power oscillation
damping controller have low controller gain, time constants and small settling time to attain
steady state stability. Also the controller is optimally sized and installed with its proper place.
For the objective functions presented in ref [36] only UPFC parameters are optimally tuned
without any damping controller and the damping torque is low due to absence of damping

controller. The power system stabilizer is also conventional. In ref [41], ref [43] and ref [45]
10



the parameters of the controller are sized with training and testing data sheet by setting (K
and T1) manually and finding the remaining parameters and the parameters may not be brand
optimal because some values are kept constant to estimate other parameters. The proposed
technique utilizes different mathematical models to estimate the key parameters of the UPFC
and PSS based on different techniques.

The evolved mathematical models were employed to estimate the respective values of the
key parameters in real time depending on the operating conditions of the power system
network. The superiority of the proposed ALO based UPFC-PSS system over the one
described in ref [41], ref [43] and ref [45] was confirmed through presented minimum
damping ratio and eigenvalue analyses along with the time domain representations of the
power system states with properly sized damping controller. In the proposed system the
power oscillation damping controller parameters are optimally sized by ALO to produce
electrical torque in phase with speed deviation by phase compensation technique which
meets the proposed objective function. Therefore ALO based optimal sizing of PSS and
UPFC makes this thesis superior over the other papers due to the proper sizing and
installation of power system oscillation damping controller on the UPFC.

2.3 Theoretical Background

2.3.1 Classification of Power System Stability

The basic considerations of classifying power system stability are based on the magnitude
of disturbance considered which influences the techniques of calculation and estimation of
stability; processes and the time span that must be taken to be considered for assessing
stability [15].

I. Rotor angle stability: the ability of synchronous machine of an interconnected system to
remain in synchronism after subjected to disturbance.

ii. Voltage stability: It is the ability of power system to keep normal operating voltages for
all buses in the system after subjected to disturbance from the given initial operating
condition.

iii. Frequency stability: It refers to the ability of power system to keep nominal frequency
following a series system upset resulting in a significant imbalance between generation and
demand. It maintains the equilibrium between generation and load with minimum loss.

Instability results in the form of continued frequency swing leading to tripping of generating
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units or loads. Power system stability can be classified in to three categories. Figure 2.1 [15]

below presents the classification of power system stability with different categories.

Power System Stability

Voltage Stability

— Rotor angle Stability = Frequency Stability

Small-Disturbance Transient Stabili | I
Angle Stability ransient Stability Large Disturbance Small Disturbance
Voltage stability Voltage stability
[ | I I
Short term Short term Long term Short term Long term

Figure 2.1: Classification of Power system Stability
1. Steady state stability: It is the study of power system, generators steady state condition
and answering the question what is the maximum possible generator load that can be
transmitted without loss of synchronism any one of generator. The maximum power
transmitted during this state is said to be steady state stability limit.
2. Transient stability: It is the ability of power system to keep synchronism when a given
system is subjected to a sudden and large disturbance with a small time such as loss of
generation or load and a fault on transmission line is said to be transient stability. A large
signal disturbance involves the system response of power flows, large excursions of
synchronous generators rotor angle and bus voltages. Transient stability is a rapid
phenomenon usually occurring within one second for a generator close to cause disturbance
like three phases to ground fault, line to line fault and double line to ground fault [15].
3. Dynamic Stability: Dynamically stable system is a system that the oscillation does not
obtain more than certain magnitude and this amplitude will die out quickly. In a power
system a dynamic stability concept is used in the study of transient state conditions. The
power balance of generating unit is always disturbed and there by mechanical oscillations of
synchronous generator rotor follow the disturbance in addition to the electrical transient
phenomena produced.
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Table 2.4: Comparison between FACTS device for LFO damping

No. | Facts Power system | Load flow | Voltage | Transient | Damping of
device | stability enhancement | control control | stability LFO

1 UPFC | YES HIGH HIGH | MEDIUM | HIGH

2 TCSC | YES MEDIUM | LOW HIGH MEDIUM

3 SVvC YES LOW HIGH LOW MEDIUM

4 SSSC YES LOW HIGH | MEDIUM | MEDIUM

5 HVDC | YES MEDIUM | HIGH | MEDIUM | MEDIUM

2.4 Benefits of Utilizing UPFC

The main reasons why UPFC are recommended for damping of low frequency oscillation in

electrical network can be determined as follows:

UPFC increases transfer capability of lines and prevent blackouts.

Boosting generation productivity, reduce circulating reactive power, improvement of

system stability limit.

Damping out of any range of LFO, guaranteeing system stability, security, reliability

and system economic operation.
It gives additional flexibility and perform both function of STATCOM and SSSC.

It provides simultaneous or individual controls of transmission system parameters

such as voltage, impedance and phase angle [16].

2.5 Classification of Power System Oscillations

Electromechanical oscillation of electrical generators in power system is considered as one

of the disturbance of the power system network. These oscillations can be effectively

damped to keep power system stability and the oscillation is named as power swings.

Electromechanical oscillations are grouped in four categories [17].

a) Local oscillations: - This type of oscillation occurs between a single generator and rest

of generating station as well as between the generating station and rest of power system.

Under this oscillation frequency ranges from 0.2Hz to 2.5Hz.

b) Interplant oscillations: - It occurs between two electrically close generating plants and

the range frequency can vary from 1Hz to 2Hz.
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c) Inter area oscillations: - It occurs between two major groups of generating plants.
Frequencies are typically in the range of 0.2Hz to 0.8Hz and generally called low frequency
oscillation.
d) Global oscillations: - It is characterized by a common in phase oscillations of all
generators on an isolated system and the frequency ranges are below 0.2Hz.
2.6 Low Frequency Oscillations
Using high gain exciters and poorly tuned generator excitation may create LFOs with
negative damping; this is a small signal stability problem [18]. LFOs include local plant
modes; control modes and torsional modes induced by the interaction between the
mechanical and electrical modes of a turbine-generator system, and inter area modes, which
may be caused by either high gain exciters or heavy power transfers across weak tie lines.
LFO can be created by small disturbances, such as changes in the load and are normally
analyzed through the small signal stability of the power system. These small disturbances
lead to a steady increase or decrease in generator rotor angle caused by the lack of
synchronizing torque, or to rotor oscillations of increasing amplitude due to a lack of
sufficient damping torque. The most typical instability is the lack of a sufficient damping
torque on the rotor’s low frequency oscillations. There are several blackouts occurred in the
past years caused by low frequency oscillations which are shown in table 2.5 [19] below:
Table 2.5: Different blackouts occurred due to low frequency oscillations.

Country UK Taiwan Canada | China | US Italian
Oscillating Frequency | 0.5 0.78-1.05 | 0.224 0.4 0.17 0.55
(Hz)

Low frequency oscillation phenomena can be harmful:
e It can narrow system security margin.
e |t can make the original large power system slowly change in to system separation
status.
e It has negative impacts on load side like long duration frequency instability which
may reduce the yield rate of industries.

e It reduces power transmission capability of the existing interconnection lines.
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Chapter Three
Methodology and Dynamic Modeling of Power System

3.1 Introduction

The flow chart of general methodology to accomplish this thesis work is represented as

Data collection

Data analysis

v
SMIB system modeling
v 7 v

PSS modeling UPFC modeling Excitation system modeling

v

Optimal sizing and tuning of PSS
and UPFC parameters

‘7 Results and discussion ¥

follows:

Eigen value Analysis Time Domin analysis
l Comparison of algorithms for LFO damping
Compare conventional, PSS v
and with PSS and UPFC Comparison of FACTS device for LFO damping
v
Comparison of conventional. PSS and
\ 4 PSS with UPFC for LFO damping
Conclusion and T

g <

Recomendation

Figure 3.1: Basic flow chart of thesis methodology
3.1.1 Data Collection

The necessary data for this thesis is collected from different sources by asking question and
receiving recorded data from Tana Beles and Bahirdar substation. The required data’s are
transmission line impedance, transformer impedance, and synchronous generator rated

power factor, frequency, transient reactance, nominal power and voltage.
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Table 3.1: Tana Beles hydropower plant data

Generator parameters Voltage (kv) = 15kv.  M=8MJ/MVA

of the system S = 133MVA, Inertia H(s) = 3.14
T’'40 =9.25,T" 30 =T"q0 = 0.1s
Xq=103X,=07X,;=031

X'qg=X"=X",=025X, =0.2D=4

Exciter type EXST1 data Tr = 0.01; V; min = — 0.3; V;max = 0.2

Tc=0;Tg =0; K, =60

T, = 0.002s; VRmax =5; VR min = =5
K:;=0; Kr =0.03; T,(>0) =1
Efgmax = 7.3 pu, Eggmin = —7.3 pu

K. =1T, =0, K =0.00008; Tr = 0.1

Control parameters for generators K, = 3.33; T, = 0.07,beta=0,T,, = 2,

with governor type UYGOV R, permanent droop = 0.04

r, temporary droop = 0.5 T.(>
0), governor time constant = 6, T¢(>
0), filter time constant = 0.05, Tg(>

0)Servo time constant = 0.5 At, Turbine gain =
1.2, Dturb, tubine damping = 0.3

Transformer Xr = 0.1pu; Xip = 0.1pu; Xgy = 0.1pu
Transmission line X, =1pu
Operating condition P=08pu;V, =1pu; V = 1pu
DC link parameter Vpe = 2pu; Cpe = 1pu
UPFC parameter Xg =X =0.1, mg = 0.08; 65 = —78.21; ¢
= 85.35;
mg = 04‘; K51 - KS4 = 1; TSl - TS4- = 005
Kde = _S'chl = 0, de = _S'Kdl =—60

Ki—vac = 20,Kp_yqc = 10, K;_yge = 40, Kp_yg:
= 2, KI—QEt = 3, KI—QEt = 04
Table 3.1 above shows the parameters of Tana Beles generator, transformer and transmission

line system but detail data were presented in appendix C and appendix D.

3.2 Single Machine Infinite Bus Model

The mathematical model for small signal analysis of synchronous machine, excitation
system, power system stabilizer and UPFC are briefly discussed. This thesis also includes
mathematical analysis and modeling of synchronous generator, modeling of transmission
line, modeling of PSS and modeling of UPFC. Antlion optimizer, POD controller, PSS and
UPFC techniques are developed to improve low frequency oscillation for SMIB system. The
ability of power system to maintain stability depends to a large extent on the controllers
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available on the developed system to damp low frequency oscillations. Figure 3.2 presents
the overall diagrams of single machine infinite bus power system network of the whole

system [20].

400KV line

oCmumrm®

15kv/400kv 400kv/230kV | ri

Tana Beles HPP
Infinite Grid

STATCOM SssC

Figure 3.2: Single line diagram of the overall power network equipped with UPFC
3.2.1 Mathematical Modeling of Synchronous Generator
The general system configuration of single synchronous generator represented by the
classical model with all resistance included is represented in figure 3.3 [21] below. Here E’
is the voltage behind X/ and its magnitude is assumed to remain constant at the pre-

disturbance value.
Et

Ra+jX’°d RE+jXE

EB@ ‘ EB

Figure 3.3: Mathematical model representation of generator
The terminal current flowing through the classical model representation of the generator is

determined between terminal voltage and infinite bus voltage.

~_ Ec—Ep

It Rg+jXg (3.1)
E' = E + Ry + X0l (3.2)
The complex power behind the transient reactance is given by the equation (3.3) as shown
below.

S'=P+jQ =E'T, (3.3)
§' = Esing + | LEeosd) (34)
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In per unit, the air-gap torque is equal to the air-gap power. With stator resistance included,

the air-gap power is equal to the terminal power.

I

Te=p= = —2L5sind (3.5

In order to linearize the equation (3.5) the initial operating condition is assumed and the
partial derivative of the equation with respect to the rotor angle of the system equation gives
the new representation of the equation (3.6) as expressed. Linearizing about an initial loading
conditions given by § = 80 yields

AT, aTe A =E EB

cosSO (A5) (3.6)

The equations of motion in per unit are represented in equation (3.7) and (3.8) below.

PAw, = — (Tpy — Te — KpAw,) (3.7)
P8 = woAw, (3.8)
Linearizing equation and substituting for equations (3.7) and (3.8) in above equation (3.6)

the new equation is obtained as follows:

1

— (AT, — K08 — KpAw,) (3.9)

pAw, =
K, = £ EB)coss0 (3.10)

Writing the above equation in vector-matrix form equation (3.11) and (3.12) are obtained as

follows:
pAS = wyAw, (3.11)
-Kp K i
= A‘*’r] - [ TR [A‘”r] + [znl AT, (3.12)
Wy 0 AS 0
This is the form x = Ax + bu
. Ks 1
Synchronizing torque
component
1 Aor ®0 S
el |
2Hs S A>
Damping
torgque constant KD

Figure 3.4: Block diagram of SMIB system with generator model
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The elements of the state matrix A are seen to be dependent on the system parameters KD,
H, XT, and the initial operating condition represented by the values of E’ and §,. The block
diagram representation shown in figure 3.4 [21] above describes SMIB system for small-
signal performance. From the block diagram this change of rotor angle to initial operating
condition of rotor speed and the rest parameters are represented as shown in equation (3.13)

below.

=% [ﬁ( K.AS8 — KpAw, + ATm)]

KDSA6

AS =20 ZHS( KAS — + AT )] (3.13)

By rearranging equation (3.13) the new equation can be obtained as follow;

S2(48) +32 b 25(A8) + £ 00 (88) = $2AT,, (3.14)
Therefore, by simplifying equatlon (3.14) the characteristic equation is given by:

S?+ 225+ 2wy =0 (3.15)
This is the general form of the formula with s-operator

S%Z + 2Tw,S+ w2 =0 (3.16)

The simplified mathematical analysis of un damped natural frequency can be represented as:

0y = / K ;’-Pj rad/s (3.17)

The damping ratio is obtained as:

(=1 1 K (3.18)

22Hw, 2.,/Ks2Hw,

When synchronizing torque coefficient increases then the natural frequency increases but
damping ratio can decreases. An increase in damping torque coefficient increases the
damping ratio. From the equation (3.16) above eigenvalues can be obtained as follow:
A = —Twy £ jwn/1 - (3.19)
The damped frequency is:

wq = w1 -3 (3.20)
Where, Ks is synchronizing torque coefficient in pu torque/rad, KD= is damping torque
coefficient in pu torque/pu, H= inertia constant in MW.s/MVA, Aw,, is the speed deviation
in pu=(w, — wy)/wy, Ad is rotor angle deviation in rad, S is Laplace operator and w,, is the

rated speed in rad/s=2nf,, f, = 50Hz. Eigenvectors are determined from the simultaneous
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equation of the system in which the two equations are linearly dependent and the equation

can be:

l A l [g; (3.21)

The time response of SMIB system variables speed deviation and rotor angle deviation is

represented in matrix form as follows:

Aw (D] _ [911 ®12] [Clexlt]
[A(S(t) ] B @21 @22 Cze}th (322)
The constant coefficients of exponential function, c;and c, are obtained from equation (3.23)
C11 _ W11 l1112] [Awr(O)

=l wellaso) (3:23)

3.2.2 Mathematical Model of Synchronous Machine Field winding

The rotor windings have axes 120 electrical degrees apart and assumed to have an equivalent
sinusoidal distribution, the following windings are depicted which is the three stator
windings denote a, b, and c, field winding denoted F. This winding carries the field current
which gives rise to the field flux. This rotating flux induces the voltages in the stator
windings. Short circuited damper winding in the d-axis denoted by D. Short circuited damper

winding in the g-axis denoted by Q.

b-axis Q

C-axis : :

a

Figure 3.5: Windings in the synchronous generator and their axes.

d-axis

The basic voltage Equations which descript the machine in a-b-c reference system are:

3.2.3 Stator and rotor Equations of synchronous machine
. d .
Vai = LaiTai + Elpai L= 1, R (2 (324)

20



. d .

vbl = l’blrbl + Ewbl L= 1, - (3'25)
. d .

]]Cl- = lCerl + Elpcl 1= 1, T (1 (3'26)

Vpai = fpaityar + -Wpai 0= 1wt (3.27)
Where, vy is the flux linkage, v, I and r is winding voltage, current and resistance in the a-b-
c reference system respectively.

3.2.4 Park’s transformation

It is convenient to transform all synchronous machine stator and network variable into a
reference frame that converts three-phase sinusoidal variations into constant. Such a
transformation is:

Vago = TagoVaber lago = Tagolaver Waqo = TagoWane (3.28)
Where, vape 2 [Va vy vl iane 2 lia iy il Pabe 2 [Wa Pp Pl

t . .. .t
Vago = [vd Uq Vo] yldgo = [ld lg lo] ;lpdqa 2 [Yq ¢q l/)o]t

[ coswgt  cos(wgt — 2?”) cos(wgt + 2?”)
Tago = g —sinwgt  —sin(wst — 2?”) —sin(wst + 2?”) | (3.29)
1 1 1 JI
2 2 2
coswgt —sin(wgt) 1
_ 2 _2 g _2r
qulo =2 cos(wgt . ) sin(wgt . ) 1 (3.30)
| cos(wst + 2?”) —sin(wgt + 2?”) 1

Applying kirchhoff and Faradays law are

. d . d 1
Vabe = Tslape T alpabc and Vago = Tsldqo + quo Equod)dqo

Vi Vai Vai

Vai| = Tago Tadky |Vai| = %quo Vil  i=1 e n (3.31)
_Voi oi ci

-IDi Idi Iai

Ioi| = Tago Tago |ai| = \/%quo Ibi] =1, .. ... n (3.32)
_IOi IOi ci

L2 Ya; VYai

Yoil| = Tago Td_qlo Yqi| = \/%quo [¢bi i=1,...... n (3.33)
Yo Yoi cl

Where, Tq4, the machine transformation. After the system in dgo coordinates has the forms

3.2.5 Stator and rotor equations

d . .
all}Di = Ipjlsi + O)quQi + VDi L= 1, P (A (334)
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d . .
anQi = 1Qirsi - (A)illlDi + VQi L= 1, e (335)

d . ,
allJOi = 1pilsi + VOi L= 1, v e 1 (336)

Where, Vpi, Voi, Voir ipis Lgir toi» Wpi» Wai, and Yg; are the stator voltage, current, and flux

linkage in the dqo reference system, rsi is the stator resistance, where w; is the rotor speed.

. d ,
Vidi = lfqilfai + alpfdi L= 1, . (4 (337)

d-axigh

EN
%D
EF

W)
Q q g-axis

o vy

I T T

Figure 3.6: model of synchronous machine in dqo axis
Where, vrqi,irair rai and Ppq; implies the field voltage, current, resistance and flux
component in the dqo reference system respectively.
3.2.6 Motion Equation

ds _ de; .
E:d_tl_ws i=1,.......,n (3.38)
S=wj—wg i=1....,n (3.39)
2H;d?6 _ 2H; (dw;\ _ .

W, = zw_;i(Tmi —Toi = Trwi) i—1,......n Where, H= the inertia time constant in

seconds, T,,;=mechanical torque, T,;= electrical torque, Tr,,;=damping torque coefficient
given in pu, §=angular position of the rotor, ws=synchronous speed and w;= rotor speed.
3.3 Excitation System Model

Excitation system gives DC current to synchronous machine field winding. In addition, the
excitation system carry out both control and protective functions needed to the satisfactory
performance of power system by controlling field voltage and there by the filed current. The
control function includes reactive power flow and control of voltage, and enhancement of
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system dynamic stability. The protective function ensures the capability limit of synchronous
machine excitation system, and other equipment are not exceeded [22].

3.3.1 Elements of Excitation System Model

1) Exciter: supplies DC power to synchronous machine field winding.

2) Regulator: Processes and amplifies input control signal to a level and form appropriate
control of the exciter which includes both regulating and excitation system stabilizing
function.

3) Terminal voltage transducer and load compensator: senses generator terminal voltage,
rectifier and filters to DC quantity and compares with its reference.

4) Power system stabilizer: gives additional input stabilizing signal to the excitation system
to damp out LFO.

5) Limiters and protective circuits: Provides both control and protective function which
ensures capability limit of exciter and synchronous generator are not exceeded. The main
block diagram of an excitation control system for a large synchronous generator are shown

in figure 3.7 below.

Limiter and protective circuits |t

Terminal voltage transducer

and load compensator
2 1
To Power system
-

Regulator  p—p»| Exciter -1 Generator

Ref.

Power system stabilizer |-

Figure 3.7: Block diagram of synchronous generator excitation control system
3.4 Transmission Line Modeling
Electrical power is transferred from generating stations to consumers through overhead lines
and cables. Overhead lines are used for long distance in open country and rural areas, where
as cables are used for underground transmission in urban areas and for underwater crossings.

To transfer electric power transmission lines are modeled as nominal 7 circuit as shown in

figure 3.8 [23].
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| z I To Node

From Node

Y2—=—= —_ Y/2

Figure 3.8: Transmission Lines as a nominal &t circuit
Where, Z is the series impedance of the line, % is half of total line charging y at each node,
A transmission line can be represented by series RLC circuit shown in figure 3.9. The

differential equations for the circuit elements, after applying Park’s transformation, can be

expressed in the d-q reference frame by the following matrix expressions.

XL
M AN ' ' |}
RL A
Xc
Generator - — B
VR VL Vc

I e

Figure 3.9: A series RLC transmission line

The voltage across the resistance

VrRa] _ [RL. O ][la
el = [0 wo) ] @4
The voltage across the inductance
[ _2x 1. XL dig
N R 1 A i 542
-VLq- 3XL 0 iq 0 X []dig '
| W0 i (OF) dt
The voltage across the capacitor:
[dVq] .
dt | _ (DOXC 0 ] [ld_ [ 0 030] [Vcd]
dVeq| = [ 0 wollig) ¥ lwy 0Veq (3.43)
[ dt |
The overall equation of the transmission line can be written as
_M_
d\c;t v dig .
c ar 1
Tq = [Att] [VCd]+ [Rt1] d‘i: + [Rt2] [id]+ [Btt][V}] (3.44)
Vig cq — q
[ Viq |
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0 o 0 0 [@oXe 0 ] 0
—w 0 0 O ] 0 woXc 0
Where, [Att] = 1 ol [Rtl] = % )? ’ [th] = RL _ﬂxL J [Btt] = sind
0 1 o = =X o J cosé
0 o [O1)) L RL

3.5 Transformer Modeling
Transformers are modeled to step up or step down the given voltage to the required level
which enables utilization of different voltage levels across the system. Transformers are with

off nominal turns ratio and are modeled as equivalent 7 circuit as shown in figure 3.10 [23].

{ z |

Yt/2

Tap Side

No Tap Side

(1-a)Yt/a (1-a)Yt/an2

Figure 3.10: Transformer as equivalent 7 circuit

Where, ¥V, = Zi

t

z;: represents the series impedance at nominal turn ratio, a.: represents per unit off-nominal
tap position. The transmission network represented by algebraic equation:

1= YpusV

Where, I: Vector of bus currents, Y;,,.: Bus admittance matrix and : Vector of bus voltages
3.6 Power System Stabilizer

Power system stabilizer is used to enhance damping of LFO through excitation control. PSS
provides an additional signal to increase damping torque of the generator excitation system.
This control signal can provide positive damping effect, without affecting voltage regulation
function of voltage regulator and the ability of maintaining generator terminal voltage level
and also known as additional excitation control. To increase capability of preventing power
system from low-frequency oscillation, PSS can use generator rotor speed (Aw), system
frequency (Af), accelerating power (Pm — Pe), electrical power (APe), and combination of
these signals as input signals. In this study the input signal for single input generic PSS
model is synchronous machine rotor speed deviation (Aw) while the output signal of PSS is
stabilized voltage (V). T,,, is the washout time constant and shows the stabilizer gain of PSS.

T1-T4 are representing the two stages of lead-lag compensation time constants [24]. System
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separation occurs if no adequate damping is available to compensate for the insufficiency of
damping torque in synchronous generator unit. This insufficiency of damping is mainly due
to AVR exciter’s high speed, gain and system’s loading. In order to solve the problem, PSS
parameters have been successfully tuned to damp out unwanted low frequency oscillations.
3.6.1 Optimal Parameter Sizing of PSS

There are two main types of PSS such as generic PSS and multiband PSS. In this study
generic type PSS is used because it is commonly applicable for damping of electrical torque
and LFO. The block diagram of generic type PSS is shown in figure 3.11 [25] below which
involves a gain block (Kpss), washout time block with time constant Tw, two lead-lag blocks
with time constant T1, T2, T3 and T4 [25]. Generic PSS could generate torque on the rotor
of electrical machines and hence phase lag between exciter input and machine electrical

torque is compensated.

Aw sTw (ST1+1)

sTw ST1+] (ST3+1)
SRS R ey [ (sToe)

(sT4+1)

L » [ ,Vpss

Figure 3.11: General Power system stabilizer lead-lag structure
The value of time constant is taken between 0.01 to 1 seconds. Phase compensation block
with time constant T1, T2, T3 and T4 supplies the appropriate phase lead characteristics to
compensate phase lag between input and output signals. The five optimal parameters of
generic PSS are four time constants T1-T4 and gain Kpgs Which is optimally selected by
ALO algorithm to guarantee optimal system performance under various system

configuration and disturbances [25].

3.7 Modeling of Power System Stabilizer
The method of incorporating excitation system models into a LFO damping by considering

excitation system model is shown in figure 3.12 below.
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Terminal voltage
: g + Exciter Efmax
Et 1 Vi
™ (sTr+1) > KA Efd
+ 2
. 1 Vsmax
Gain Washout filter Phase compensation Efmin
Aqrl etab | ostw V2 | (sT1+1) (sT3+1)
(sTw+1) T (sT2+1) (sT4+1) Vs=V3
3 4 5
.................. PSS............ Vsmin

Figure 3.12: Power system stabilizer with AVR block

The AVR regulator model (block 1) shown in figure 3.12 [26] has the parameter Tr that
represents the terminal voltage transducer time constant. A high exciter gain (block 2),
without transient gain reduction or derivate feedback, is used. The non-linearity associated
with the model is due to the ceiling on exciter output voltage represented by (EF .x EFmin)
and PSS output voltage (Vsmax Vsmin)- The PSS model in figure 3.12 consists of three blocks
a phase compensation block, signal washout block and gain block. The phase compensation
block (block 5) provides suitable phase lead characteristics to compensate for phase lag
between exciter input and generator electrical torque. The signal washout block (block 4)
acts as a high pass filter with time constant Tw and allows signals associated with
oscillations. Without it, steady changes in speed modifies the terminal voltage. The stabilizer
gain Ksr,p (block 3) determines the amount of damping introduced by PSS. From block 1
of figure 3.12

pvi = - (B~ V1) (3.45)
From blocks 3 and 4

pvz = KstappAw, — %Vz (3.46)
With, pAw, from block 5

pvs = T_12 (Typvy + v, —v3) (3.47)
With pv, is given by equation (3.31). The stabilizer output V; is

Vs = v3

With Vemin < V; < Vymax from block 2, the exciter output voltage is

Efg = Ka[Vref — V1 + V5] (3.48)

W|th EF min S Efd S EF max
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Initial value of excitation system variables
Ve = Et'VZ = O,VS = 0
The AVR reference is
E
Vref == % + \%1 (349)
A

Thus V,..; takes a value appropriate to the generator loading condition prior to disturbance.
The power system stabilizer is composed of phase compensation block which consists of
first order lead lag system with gain and reset block. The signal is provided to the excitation
control unit to balance the speed of the rotor based on the rotor speed variation. Hence for
PSS, time constant and gain of compensation block acts as control parameters to damp out

system oscillations.

3.8 Unified Power Flow Controller (UPFC)

A UPFC is a versatile controller in FACTS concept. It has the ability to tune three control
parameters like voltage, reactance and phase angle between two buses either simultaneously
or independently. It has two voltage source converters (VSC), series converters and shunt
converters that are coupled with a common DC link capacitor which provides bidirectional
flow of real power between series connected SSSC and shunt STATCOM respectively. The
series controller SSSC is used to add controlled voltage magnitude and phase angle in series
with the line whereas the shunt converter STATCOM is used to obtain reactive power to AC
system. The UPFC model can be incorporated to power flow equations by including the
impedances of the converters transformers into the bus admittance matrix and adding the
UPFC injection powers at specific buses. The schematic diagram of UPFC used for SMIB

system is shown figure 3.13 below.

[[=J— ~— VB M
B A AL A xBV
VY
iE* vDC

VSC-E e oE 11 vsce

Figure 3.13: Single line diagram of UPFC
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Excitation and boosting transformers (ET and BT) are used to connect the UPFC with
transmission line. The major components of UPFC are two VSCs which are VSC-B and
VSC-E coupled with a common DC link capacitor. The parts of UPFC are a bidirectional
AC-to-AC converter. The VSC-B or static synchronous series compensator (SSSC) injects
the series voltage with the help of boosting transformer that is connected in series with TL
whereas the VSC-E (STATCOM) supplies or absorbs real power to support VSC-B
according to the requirement. Due to the series voltage injection at DC link of the UPFC, it
could be needed to support the real power exchange. Reactive power generation is another
task of VSC-E if it is desired that ensures the shunt reactive compensation independently for
the transmission line. The four input control parameters of UPFC are mg, mg, 6z & 85 where
6 & 6y are the phase angles of E; and By, respectively and my and my are the amplitude

modulation ratio of E and By, respectively.

3.9 Controlling mechanism of UPFC

3.9.1 Shunt Converter Control Mechanism

The shunt converter takes a controlled current from the network. The shunt inverter is
operated to absorb or generate reactive power to regulate bus voltage at which UPFC is
connected. The shunt converter is used to inject a controllable current, into the transmission
line. This current has two component I,, and I,. The first component of this current is Ip,
which is automatically calculated by the requirement to balance the active power gone to the
series converter via DC link. The other part of the current in shunt converter is the reactive
current, Iq that can be controlled with the same method as STATCOM. The shunt converter
controls UPFC bus voltage and the DC link capacitor voltage. UPFC bus voltage is
controlled by g-axis shunt inverter voltage. The DC link capacitor voltage is controlled by
the d-axis shunt inverter voltage (Vspq)-

There are two modes of operating control for shunt converter (STATCOM) which are [27]:-
I. Reactive Power (VAR) Control Mode: - In this case capacitive or inductive VAr request
is taken as a reference input. Shunt converter control translates VAr reference into equivalent
shunt request and tunes gating of converter to establish the desired current. In this mode a

feedback signal representing dc bus voltage, V. is also required [27,28].
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ii. Automatic Voltage Control Mode: - In this mode, the shunt converter is regulated to
keep transmission line voltage to a reference value. So, voltage feedback signals are obtained

from the sending end bus feeding the shunt-coupling transformer [27, 28].

¢ 0
Real/
reactive
Ishunt———™1  cyrrent
calculator i ep
o Magnitude
{ Current
-yV1i . controller | andangle
V1* Limit v
. er
> Controller - alculator 'y
lel
o
Ip - Gate
' + — PLL p-  pattern
Ip* 0
vdc* Controller vi 6 logic
+
\/dc

Figure 3.14: Block diagram of shunt converter

3.9.2 Series Converter Control Mechanism

The series converter controls the magnitude and angle of series injected voltage, V;, in series
with the transmission line [27], [28],[29]. This voltage injection is directly or indirectly
intended to influence the flow of power on the line. However, V,, depends on the operating
mode chosen for UPFC to control power flow. The series inverter injected voltage is split
into two components, one in-phase (V;) and the other in quadrature (V) with UPFC bus
voltage. The series converter controls real power flow in the transmission line by injecting
a voltage in quadrature (V) with the UPFC bus voltage. The in-phase component (V) of the
series injected voltage controls the transmission line side bus voltage (V;;.). By regulating
the transmission line side bus voltage reference (Vjinerer), transmission line reactive power
flow (Qyineres) can be controlled.

The principal operating modes of series converter are:

i. Direct Voltage Injection Mode: - series converter simply generates the voltage vector,
V.. with the magnitude and phase angle requested by reference input. A direct voltage
injection is when the injected voltage vector, V,, is maintained in phase with the system
voltage for voltage magnitude control or in quadrature with it for controlled quadrature
boosting, or in quadrature with line current vector, IL to provide controllable reactive series

compensation.
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ii. Line Impedance Compensation Mode: - in this case the magnitude of series injected
voltage vector, V;, is controlled in proportion to the magnitude of the line current, IL so that
the series insertion emulates impedance when viewed from the line. The desired impedance
is specified by reference input and in general it may be complex impedance with resistive
and reactive components of either polarity. A special case of impedance compensation
occurs when the injected voltage is maintained in quadrature with respect to the line current
to emulate purely reactive.

iii. Phase Angle Regulation Mode: - in this case the injected voltage vector, V., is controlled
with respect to the input bus voltage vector, V; so that the output bus voltage vector, V, is
phase shifted without any magnitude change. One special case of phase shifting occurs when
V.. is maintained in quadrature with V; to emulate the quadrature booster [30].

iv. Automatic Power flow Mode: - in this case the magnitude and phase angle of injected
voltage vectors, V. is controlled so as to force such a line current vector that results in the
desired real and reactive power flow in the line. Also the series injected voltage is determined
automatically and continuously by a closed-loop control system to ensure the desired P and
Q are maintained despite power system changes. The general block diagram of series

converter controller is shown in figure 3.15 below.

*vz

P*— ! Real/reactive Ip*
o current + Vv
—{ calculator UPFC o SEries LN Magnitude
D - ’ injected and angle
power voltage Vr | calculator
Real/reactive e control limiter
o—®| current B+ “VCI
calculator Ir - GATE
vi—»| PLL | PATTERN
91 LocIc

Figure 3.15: Block diagram of series controller
3.10 Mathematical Model of SMIB equipped with UPFC
Synchronous generator is supplying electric power to infinite bus through transmission line
and UPFC. The structure of the UPFC with damping controller is shown in figure 3.16 [31]

below where, N can be mg, mg, 65, and 8z which is input parameter to UPFC.
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Figure 3.16: UPFC with damping controller
To keep the power flow between series and shunt converters, a DC voltage regulator must
be incorporated. The DC voltage is controlled through modulating phase angle of ET voltage
OE. The figure 3.17 [32] represents UPFC with dc voltage regulator together with damping

controller which is most robust to properly tune UPFC input parameters.

Vdcref SEref
+ +
. Xdc +
Kdp+Kdi Ks SE
Vde— s (1+sTs) >
AUGBE +
Input State__, POD
P Controller

Figure 3.17: UPFC with dc voltage regulator and damping controller
3.10.1 Non-linear Dynamic Modeling of UPFC
Referring to figure 3.17 shown above, the nonlinear differential equation describes the
dynamic behavior of UPFC, three phase excitation current, three phase boosting current, and
DC link voltage which can be written as follows [33]:

Modeling shunt converter three-phase current equation is described as:
1

diEa — r_E 0 0 _ 0 O
|[ dt ]| [ Ig ] iga cos(wt + 6g) |[1E ) ]| VEta
i r
|d;]ib| =10 —i 0 [i_Eb] - m'ZETVdC cos(wt + 8 — 120°) | + | 0 I 0 [VEtb] (3.50)
ldiEcJ 0o o -z cos(wt+8; +1200] 1y o 1)LVEe
dt Ig [ g

Modeling series converter three-phase current equation is described as:

disa] _™® o 0 - 00
it I[ 15 ]| iga cos(wt + 6g) Is ) } VBta
: r
Ton| - - 0 [iBb]—m%% cos(wt + 8 —120°)| +]0 + 0 [vBtb] (3.51)
. B
dig, _r_Bl igc cos(wt + 8g + 120°) 1 VBtc
el Lo 0 | °
dt Ip te
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Modeling DC-link Capacitor Voltage equation can be:

cos(wt + 6g) T ig, cos(wt + 8g) iga
dz:c = ez |cos(wt + 8 — 1209 lEb + 222 [cos(wt + 85 — 120°) [iBb] (3.52)
dc d .
cos(wt + &g + 120°) cos(wt + 8g + 1209)

Where, Vg, i, 15, and lg are the excitation transformer voltage, current, resistance and
inductance respectively; Vg, ig, 15, and lg are the boosting voltage, current, resistance, and
inductance respectively; Cy., V4. are the dc link capacitance and voltage respectively. To
consider the effects of UPFC in damping of low-frequency swing (LFS), the dynamic model
of UPFC is employed, while resistance and transient of the transformers of UPFC can be
disregarded. The equation describing the dynamic performance of UPFC can be written as
[33].

Modeling of shunt converter voltage equation is described as:

ME V3cCOSOF

Vetal [0 —xg][iea 5

[vEtQ] - [xE ] lEq + mEdesin6E (3.53)
2

Modeling of series converter voltage equation is described as:

mp vdccosé‘B
[vBtd _xB le (3 54)
vth xB qu vadCsm6B '

Modeling of DC-link voltage equatlon is described as:

dl;% = 43:;”; [cosSg  sindg] [iif;] + :Z;BC [cosSp sindg] [EZZ] (3.55)
Where, Vg, Xgandig are voltage, reactance and current of excitation transformer
respectively; Vg, X and ig are voltage, reactance and current of boosting transformer
respectively. V., and Cp are the voltage and capacitance of DC-link. Equations (3.56),
(3.57), (3.58), and (3.59) below represents the non-linear dynamic model of UPFC for SMIB

system [33]:

§ = wb(w — 1) (3.56)
& = = (Pm — Pe — D(@ — 1)) (357)
By = 5 (Bra — Eq — fa(xa — X)) (3.58)
g = 7 (ka(rer = Vo) = Era) (359)
Vie = :Cld";(lEdsinSE + IEqCOSSE) + jcld'i (Ipgsindg + Igqcosdp) (3.60)
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The equation of real power balance between shunt and series converters can be shown below:
Re(Vgls — VgIi) = 0

From the above equations § is the rotor angle, w and wb are the rotor speed and synchronous
speed, Pm is the input mechanical power, Pe is output electrical power, D and M are
damping coefficient and machine inertia, Egg, E& and E; are the generator field, internal
voltage of generator and transient generator, respectively, T’;, is the time constant of field
circuit, the reference voltage is V,¢r. K,, T, are gain and time constant of excitation system
respectively.

Pe = Vigig + Vigig (3.61)
The generator output power is written in terms of the g-axis as well as d-axis components of

the armature current i and terminal voltage V't as:

V, = /Vtzd +V2, (3.62)

Viq = Eq — Xgid, Ved = Va — Xelq = Xqlq, Viq = Vq + Xddg = Eq — Xqiq = Eq — Xgig
Where v4 = Vb sin§; Vq = Vbcosb

__ Egq-Vpcos8 . Vpsind _ _ . . : . .
- ) lq bl 7 y 1Id = 1gq + 1Bd + ITLd and lq = lEq + qu + lTLq

i
d Xy

Xqy
Where, vig; viq and ig; iq vg4; vq are the d and g components of the terminal voltage of
generator, V., line current, I,, and the voltage at infinite bus bar V,, respectively. All the
network currents are presented in Appendix A.

3.10.2 Linear Modeling of UPFC

The model of linear dynamic by linearization of non—linear model for the operating

condition [34].

A8 = wpAw (3.63)
Ad> = — (Apm — Ape — DAw) (3.64)
AEL = TLdO (AEq — AE; — Aig(xq — x3)) (3.65)
AEfd = Tia (_kaAVt — AEfd) (366)

AVdc = K,Ad + KSAE’q — KgAVy, + KeeAmg + K 50A8g + KopAmp + K5,A85  (3.67)

The terminal voltage is [34]:

AVt = K5A8 + K6AE(’1 + KVdAVdC + KveAmE + KVSEASE + KVbAmB + KVSbASB (368)
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Where, AP, = K;A8 + K,AE] + KpaAvpc + KpeAmg + KpseASg + KppAmg + K548

AEy = K4A8 + K3AE] + KqaAvpc + KgeAmg + Kq5eA8g + KgpAmg + KgsA85

Avy = KsAS + KeAE] + KygAvpe + KyeAmg + Ky5eA8g + KypAmp + KyspASp

AV4. = K,A8g + KgAEqG — KoAvpc + KC‘;AmE + K 5eA0g + KpAmpg + K5,A08

Kpd, Kpes Kpses Kpb, Kpsb, Kqa» Kqer Kgser Kqb Kqsb Kvas Kve, Kvser Ky, Kvsn, Kees Keses Keb, Kesp
, and the constants K, to Ky, are function of the system coefficients and the initial operating
coefficients. In state space exemplification, these equations can be expressed as:

AX = AAX + BAU (3.69)
Where, the state vector x, the control vector u, and the matrices A and B are shown

AX = [AS Aw AE; AErq AVy 1", and AU = [AUpss Amg ASy Amp ASg]"

Then, the construction of the matrix A and B are shown as follows [34]:

0 Wy 0 0 0
K D K 4 _Kpe
M M M M
Ao | K _ K 1 Kgae
_ A A ! 1A
Tao 0 Tao Tao Tao
_KaKs 0 _KaKe _ 1 KaKvdc
Ta 0 Ta Ta Ta
B K7 Kg O _Kg
10 0 0 0 0
0 __KpE __Kpse  Kee _ Kpss
M M M M
B 0 _ @ _ Kq8E _ @ _ Kq{SB
= A 1A A A
Ka Tyo T4o T4o Tao
T, KaKyqe KaKvsE KaKvs KaKvsg
N = — _ —
0 Ta Ta Ta Ta
L KCE KCSE KCB KC5B

Where Amg, Amg, ASg and Ady are a linearization of the input control signal of the UPFC
and the equations related to the K parameters have been presented in Appendix B. All the
design parameters of UPFC were presented in appendix Bl at the end of this thesis. The

voltage across the DC link capacitor was controlled by POD controller during &5 as [34]:

8z = {(Kap +2) o> + (Kaep + 22 (Vaers — Vao) } (1) (3.70)

1+sTg

Kdcr
S

Where, Ky, is proportional gain of controller and kg is proportional gain of SSSC controller
3.10.3 Rating of UPFC

Improper sizing is bad for UPFC itself and for the power system network. Sizing includes
shunt converter rating, series converter rating and capacitor rating. Input to UPFC primary
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side transformers of both converters are the line voltage and power where UPFC is
connected. The primary side voltage of the transformers of shunt and series converters are
equal to the bus bar voltage, which is 400kV. The secondary side voltage of the shunt and
series transformers are around 10% of the primary side voltage of the two transformers
according to IEEE standards of UPFC details. This is true for both shunt and series converter
of UPFC transformers. Other transformer parameters like transformer reactance X and
resistance R are selected from EEP catalogue. Capacitor sizing is determined from energy
storage of capacitors principle which states energy stored in a capacitor is proportional to

capacitance of the capacitor and the supply voltage to it. The rating of the capacitor can be

found as;
E (Cv?
S = z = ot (371)

Where, E is the energy stored on the capacitor E = CTVZ and C is the capacitance of the
capacitor. V is the secondary side transformer of the shunt converter. S is the power rating
on the capacitor

3.10.4 Modeling of DC-link Capacitor

For maintaining the power flow in the capacitor, controlling the net input power should
instantaneously meet the charging and discharging rate of energy in the capacitor. The input
power to capacitor comes through shunt converter and output power pass through series
converter. The power maintained in the capacitor is given by:

Pic = Py, — Pse (3.72)
Where, the shunt and series power are written as:

Pshy = Vshaishd — Vshqishg: Pse = Vsedised — Vseqiseq @Nd Pac = Ipc * Vge

The current in the capacitor is calculated as:

ige = CVae

Where, P, , Py, and P, are active powers of the series converter, shunt converters and DC

link capacitor respectively. Therefore, the dynamics of DC link capacitor is;

CVdc%Vdc = (Vshaishd — Vshqishq) — (VsedVsed — Vseqlseq)

CVic %Vdc = %C%chc = (Vshd * ishd — Vshq * Ishq) — (Vsed * Vsed — Vseqlseq)

CVge = Vae = = Vi = 2 {(Vsnaisha — Vshgisnq) — (VseaVsea — Vseqiseq)} (3.73)
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3.11 Constraints of UPFC Sizing and Placement
The optimization problem has both equality constraints and inequality constraints to be
processed.
3.11.1 Equality Constraints
The equality constraints are the power balance equation that can be represented by:
Pyi — Pai — Vi Zhey Vi (Gijcos8y; + Byjsing;;) = 0 (3.74)
Qgi — Qai — Vi Zpey Vi (Gijcos®y; + Byjsing;;) = 0 (3.75)
Where P; is real power generation at bus i, Py; is the real power demand at bus i, Q; is the
reactive power generation at bus i, Q4; is the reactive power demand at bus i.
3.11.2 Inequality Constraints
The inequality constraints are the ranges of bus voltage magnitudes, reactive power injection
and variables of the UPFC device. The inequality constraint represents system operating
limits:

e UPFC series injected voltage limits: 0 < V,, < Vinax

e UPFC reactive current limits: I < [, < [

o Reactive power limits: Qg ™" < Qgi < Q™™

e Bus voltage limits: VP <V, < v;max

e Line power flow limit: S; < S; max

o Real power limit: Py™™ < Py; < Pyi™™
Where, P;i““ and Pgi'®* represents real power flow limits of nt" bus, Q;’fi" and Qg;**, are the
reactive power flow limits of the nt* bus, and Vg’?i" and Vi**are the voltage magnitude
limits of the n;, bus. The power loss is given by:
P, = XL, ViVYjicos(8; — 8; + §)) (3.76)
Where, i=1, 2, 3...... n. In this thesis, the contribution is to find the optimal location and
sizing of UPFC devices for damping of LFO of the system.
3.12 Control Scheme of UPFC
For effective oscillation damping, the injected series voltage (V;.) should be properly
controlled. Series injected voltage V., consists of 1}, andV;, which are in-phase and

quadrature components in the UPFC control system. Vse can be calculated as:
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r= /vg + vZ And the angle y = arCtan(:_Z)

The overall control scheme of the proposed POD controller based UPFC is shown in figure
3.18 [35] below.

Kip/s+Kpp > Vvd .
+ Calculate
Vad randy
- vV
Kig/s+Kpq | ¥ )
+
Ki/s+Kp Vaq

Figure 3.18: Control Scheme of UPFC
3.12.1 UPFC Supplementary Controller
For effective damping increase, supplementary control function helps UPFC via improving
its UPFC control function [35]. In this block diagram, Tw is wash-out time constant, T1 and
T2 are lead time constant, T3 and T4 are lag time constant, and K is controller gain.
Controlling parameters should be selected so optimally that have maximum effect on
damping power system oscillations. In this research, these parameters are optimally selected
using ALO algorithm.
3.12.2 PSS and UPFC Controller
The structure of PSS to be considered and used is lead-lag controller and described as:

Upss = K STw (1+ST1) (1+ST3) Ao (3.77)

1+STW 1+ST2 1+ST4

The UPFC damping controller have the structure shown below in figure 3.19 where, u can
be mg, 65, mg, Or 65. To keep the power balance between series and shunt converter DC
voltage regulator is used. The DC voltage is controlled by adjusting the phase angle of ET

voltage 65 controller to be considered as shown in figure 3.19.

38



Ks

— —pAU
(1+sTs)

vt
(g

Uret

K(sTw) (L+sT1) (L4sT3) | AU '
(1+sTw) (1+sT2) (14sT4)

Aw

Figure 3.19: UPFC with POD controller
This Au is the control signal of UPFC which can be any one of the four signals mE, mB, JE,
and 8B. In this case A g is chosen as Au, and then the AU,..r could be ASBref' So, like this

way reference signals are selected depending upon the value of Au.

Vdc ¢6ref
vdcref + Kdp+Kdi Ks |SE
S + (1+sTs)
+
Ag K(sTw) (1+sT1) (1+sT3) A

(1+sTw)(1+sT2) (1+sT4)

Figure 3.20: UPFC with POD and DC voltage regulator
3.12.3 Controllability Index for UPFC Location
The series converter of UPFC which is installed in series with the transmission line is
represented by series voltage source, V.x and the shunt converter of UPFC which is
connected to the transmission line by the coupling transformer is represented by the shunt

voltage sources, V.

Vk<06k vVm<Om
Ik ZcR N VCcR<&CR |
' { } -l
Im
Bus k I? AC Bus m
lIvR
ZVR
AC VVR<6VR

Figure_3.21: Voltage source equivalent circuit of UPFC
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The UPFC voltage sources are:

Ecr = Ver(cos 8cg + jsindcr) (3.78)
Evr = Vyr(cos 8yr + jsindyr) (3.79)
Where, V,r and V, are within the controllable magnitude.

V™™ < Vg < Vg™, and phase angle, 0 < 8.z < 2m of the voltage source representing
the series converter. The magnitude V,, and phase angle §,; of the voltage source
representing the shunt converter are controlled between limits V,z™" < V,z < Vm%*and
0 < 8,z < 2m respectively. Assume UPFC is located between two buses k and m as
demonstrated in figure 3.21.

In a series converter the active and reactive power should be:

Per = V&RGjj + VerVi(Gjjcos(8cr — 8;) + Byjsin(8cr — 8;) + VerV;(Gjj cos(8cr — 8;) +
Bj;sin(Scr — 8;) (3.80)
Qcr = —V&Bj; + VerVi(Gjj sin(8cg — 8;) — B cos(8cr — 6;) + VerV; (Gyj sin(8cr — 8;) —

Bjjcos(8cr — 6i) (3.81)
In a shunt converter the active and reactive power should be:

Pir = —=VirGyr + VirVi(Gyrcos(8yr — 8;) + Byg sin(8yr — 6;)) (3.82)
Qcr = VerByr + VurVj(Gyg sin(8yr — 8;) — Byg cos(8yr — §;)) (3.83)

In the above equations, admittance between bus k and m is represented as Yy, = Gj; + jBj; .

3.13 Ant lion Optimization Problem

The recently developed Ant Lion Optimizer (ALO) algorithm is a new meta-heuristic
optimization approach. The ALO was first introduced by Seyedali Mirjalili (2015). The
inspiration of the Antlion optimization algorithm has come from the real life analysis of the
Antlion hunting mechanism in nature. ALO technique mimics the hunting strategy of
antlions in nature. The five steps of hunting mechanism are random walk of ants, building
traps, entrapment of ants in traps, catching preys, and rebuilding traps.

3.13.1 Operators of ALO Algorithm

In order to represent such interactions, ants are required to move on the search space and
antlions are allowed to hunt the ants and become fitter using traps. The random walk of ants
are as follows:

X(t) = [0, cumsum(2r(t;) — 1), cumsum(2r(t,) — 1), cumsum(2r(t,) — 1)] (3.84)
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Where, cumsum represents the cumulative sum, n is maximum number of iteration, t

represents the steps of random walk and r(t) is a stochastic function which is represented as:

_ (1 ifrand > 0.5
r(t) = {0 if rand < 0.5

Where, t represents the random walk of ants and rand is a random number generated with

(3.85)

uniform distribution in the interval of [0, 1]. Position of ants has the following matrix:

A1,1 A1,2 Al,d
A A

Mane = |50 %% Azs’d (3.86)
lAn,l An,Z An,dJ

Where, My, is the matrix for saving the position of each ant, 4; ; shows the value of the j¢"

variable of i" ant, n is the number of ants, and d is number of variables. Matrix M4,,, has

been considered to save the position of all ants during optimization. The fitness value of all

ants are:
[f([A1,1 A1 A1,d])]

Mqp = | (P21 A2z Az»zdl)i (3.87)
[6[Ans Az - Ana))]

Where, MOA is the matrix for saving the fitness of each ant, A4;; shows the value of jth

dimension of i** ant, n is the number of ants, and f is the objective function. In order save

their positions and fitness values, the following matrices are utilized:

AL;; AL, ALy 4
AL AL AL

Mantion =| & 2 . 20 (3.88)
ALy: Ay - Alpg

Where, Myupion is the matrix for saving the position of each antlion, AL;; shows the

jt"dimension’s value of i*"* antlion, n is the number of antlions, and d is number of variables.

f([AL;  ALp, ALy 4])
AL AL

Moas, = | (L S Alz db (3.89)
f([ALn,l ALn,Z ALn,dD

Where, MOAL is the matrix for saving the fitness of each ant lion, ALi,j shows the
jt"dimension’s value of i*" antlion, n is the number of antlions, and f is the objective

function.
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3.13.2 Random Walk of Ants

To keep the random walks inside the search space, they are normalized using the following

equation:
t_a)x(di—ct
R et 0%

Where, a; is the minimum of random walk of i*" variable, b; is the maximum of random
walk in it" variable, cf is the minimum of i*" variable, and d} indicates the maximum of i
variable.

3.13.3 Trapping in Ant lion’s Pit

In order to mathematically model this assumption, the following equations are proposed:

cf = Antlionj + c* (3.91)
di = Antlion] + d* (3.92)
Where, ctrepresents the minimum of all variables at ¢t" iteration, d* indicates the vector

including maximum of all variables at t**iteration, cf represents the minimum of all
variables for i*" ant, d} is the maximum of all variables for i*"ant, and Antlion | shows the

position of the selected j* antlion at t**iteration.

3.13.4 Sliding Ants towards Antlion

This behavior slides down the trapped Ant that is trying to escape. The following equations
are proposed in this regard:

t

t —

ct = (3.93)

<
I
t

dt =< (3.94)

3.13.5 Catching Prey and Rebuilding Pit

The last stage of hunt is when an ant reaches the bottom of the pit and is caught in the

Antlions jaw. The following equation is proposed:

Antlion] = Ant; if f(Ant}) > f(Antlion;) (3.95)

Where, t shows the current iteration, Antlion]F shows the position of selected j** Antlion at

t'"iteration, and Ant; indicates the position of i** Ant at t*" iteration.
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3.13.6 Elitism
Elitism is a characteristics of evolutionary algorithm which allows them to keep the best
solution obtained at any stage of optimization process since the elite is the fittest antlion, it

should affect the movement of all ants during iteration. The elite is:

RY +RE
Ant;c = % (3.96)

Where, R} is random walk around the antlion selected by roulette wheel at t*"iteration,

RS is random walk around the elite at t" iteration, and Ant! indicates position of i*"ant at

Set parameters: NP, ITmax

v

Randomly initialize populations, ALs
Evaluate quality of all solutions
Select the best Ant lion AL best

Set current iteration to 1, IT=1

v

Determine “ Random walking of ants” by Eq. (3.87), RWs [«

v

Select potential ants through “Roulette wheel’’

v

Determine new positions ants using Egs. (3.88) and (3.89)

v

* Check lower and upper bounds for ants all variables

* Evaluate quality of all solutions.

* Compare ALs and Ants (s=1, 2...... ) to keep better ones
* Name kept ones to ALs

tth iteration.

IT=1T+1

Y

IT<ITmax

Yes

Figure 3.22: General flow chart diagram of Antlion optimization algorithm
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3.14 Problem Formulation

ALO optimization is characterized as the way towards finding the conditions that gives good
and most extreme condition of a function, where the function expresses the effort required.
Basically optimization refers to maximizing or minimizing an objective function subjected
to some specific constraints. In this thesis the main goal of employing ALO algorithm is to
select the optimal parameters of PSS and UPFC among the different options to operate
system in optimal conditions. So, ALO algorithm has been selected and used for optimal
tuning method for the proposed thesis. To select the best stabilizer parameters that enhance
LFO damping, the problem is formulated to optimize a selected objective function J

subjected to gain and time constant inequality constraints.

Modeling of the SMIB network
incorporated with UPFC and PSS

v

Continuous measurement of loading
conditions (Pe, Qe &Vt)

v

Determination of initial values and system
eigenvalues

Are eigenvalues

ocated in left of axi
Yes

Employment of ALO for tuning to estimate
key parameters (K, T1 T2, T3 &T4)

v

Activation of UPFC and PSS to damp out LFO and to
bring back eigenvalues to the left side of the jw axis

Damping LFO_—spapie system |

Figure 3.23: Flowchart of implementing ALO applicable for LFO
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Table 3.2: Parameter initialization of implemented ALO based UPFC parameter setting

Parameters Settings
Number of Search agent 40
Maximum number of iteration 100
Number of variables to be optimized 5

3.14.1 Finding Eigenvalues and Minimum Damping Ratio

The number of states and eigenvalues depend on the dimension of the system matrix.
[A-NI0=0 (3.97)
Where 4; represents eigenvalues and ¢ represents right eigenvector. For non-trivial solution
determinant of A — A;1 equals to zeros and the eigenvalues can be calculated.

The controllability of a system is determined by left eigenvector. The eigenvalues of the
system matrix must lie in the left half plane to make the system stable. This indicates that
the real part of complex conjugate must be placed in the left half plane. For unstable system
the real part of complex conjugate always lies in the right half plane. Assume an eigenvalue
in complex formatA; = o; +jw; , where i =1, 2,....k and k denotes the total number of
eigenvalues. The oscillation frequency (f) and damping ratio ({;) can be calculated using the
following expressions.

Damping factor ai = real (Ai)

= — (3.98)

2,2
of +wi

Where, i=1, 2...... N, in which N is the total of state variables.

3.14.2 Objective Function

For LFO damping the appropriate input signal is speed deviation and the primary objective
is to minimize this speed deviation when subject to a disturbance. The objective function of
the proposed problem is a combination of two separate objective functions and both of them
are associated with system eigenvalues. The first objective function tries to improve system
damping factor while the second one sets the damping ratio to a suitable value. For this
optimization problem eigenvalue based multi-objective function reflecting combination of
both damping factor (c) and damping ratio is considered. The main objective function is to
minimize speed deviation and maximize it damping ration when the system is subjected to
disturbance. To minimize this speed deviation the problem is formulated in terms of damping

factor and damping ratio. To have some degree of relative stability, the parameters of the
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PSS and POD controller may be selected to minimize the following objective function. The
objective function depends on the problem formulation of the system not on the type of
technic utilized to optimize the problem and the objective function of this thesis is the same
with different algorithms like PSO, FA, GA, TLBO and ALO. The only thing that the output
of different algorithm is different is that the nature of the algorithm but the result is not far
enough to each other. The first objective function is damping factor which can be described
as (J1) [41, 45]:

J1 = 2i (0 — 0)?

The second objective function is damping ratio which can be described as (J2):

J2 = X5 (G0 — 32

The overall objective function J3 by ALO is the combination of two functions [41, 43, 45]
Jza=J1 tax]; (3.99)
J3 = X (00 — ) + ax X1 (G — §)? (3.100)
3.14.3 Constraint Equations

The constraint equations are the controller gain K and phase compensating time constants,
lead-lag time constants T1-T4.

Minimize J subject to

Controller gain:

Kmin < K < Kmax

Phase compensating time constants [41, 43, 45]:

T < Ty < TP

T, < T, < T2

TN < Ty < TP

T < T, < TP

Where, Np is number of operating point, o; and {; are the real part and damping ratio of it"
eigenvalue respectively. In this thesis the value of a, 0,, and {,are 10, -2 and 0.5
respectively. The value of o0 determines the relative stability in terms of damping factor
margin provided for constraining the location of eigenvalues during process of optimization.
The objective of optimization is to maximize the minimum damping ratio. The parameters

to be optimized are K, Ty, T,, T3 and T;. In this study Tw is set as 10 sec.
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Table 3.3: Typical range of constraint parameters of PSS and POD [45]

Parameters T1 T2 T3 T4 K
Minimum 0.01 0.01 0.01 0.01 0.01
Maximum 1 1 1 1 100

Figure 3.24a shows the first objective function (J1) which enforces the closed loop

eigenvalues towards the negative half plane and places them inside the indicated dashed

region. Similarly figure 3.24b illustrates the second objective function (J2) that controls the

maximum overshoot of the eigenvalues by limiting them with in a particular dashed region.

Thus, the system eigenvalues are restricted to a specific D-shaped region as shown in figure
3.24c when both objective functions (J1&J2) are considered. This would ensure stability by

forcing the real parts of the eigenvalues in the left hand side of the complex plane for a

specific range of overshoot [43].

a) ci<co /2% A

b)

ci<co

jo

Ci>Co

o0
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Ya

Figure 3.24: Region of eigenvalue location for objective functions
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The application of ALO is used to enhance the terminal voltage and active power or to reduce
the rotor speed deviation or losses occurring in a system depending on the designed objective
function.

3.14.4 Controller Parameter Optimization

Four different optimization techniques such as ALO, PSO, TLBO and GA are compared to
tune the POD damping controller for the enhancement of damping ratio. To determine T1
and T2 the phase angle lead @m to be provided by the compensator is related to T1 and T2

as:

sin(@,,) = =% Where a is the ratio between T2 and T1
1+a

_T —_1 =21 tvpi Ty
=% wn = = T, = o typically, T must be less than 10

Consequently, the objective function of this thesis transmutes into maximizing the minimum
damping ratio.
3.14.5 Optimal Sizing of PSS Tuned by ALO
The five optimal parameters of PSS are four time constants T1-T4 and gain Kpgs Which is
optimally selected and sized by ALO algorithm to guarantee optimal system performance of
the generator under various system configuration. The optimality intended in this thesis is
that to find out the optimal parameter sizes of PSS. PSS could generate torque on the rotor
of electrical machines and hence phase lag between exciter input and machine electrical
torque is compensated. The main purpose of tuning PSS and POD parameters are to ensure
appropriate phase lead to compensate the phase lag resulting from generator excitation
system and the parameters are optimized to provide appropriate phase lead. Figure 3.25 and
table 3.4 shows the optimal parameters of PSS tuned by ALO for exciter input.

Table 3.4: Optimal parameter values of power system stabilizer employing ALO
Parameters K Tw (S) T1(s) T2 (S) T3 (s) T4 (s)

Optimal values | 32.6712 | 10 0.0296813 | 0.560678 | 0.247449 | 0.63342
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PSS Gain  Washout Filter Phase lag Phase lead

A 105 (1+0.02068135) | . | (1+0.2474495) | Ay
| 202 T weaos) [ (1+0.560678s) [ (1+0633425) [Exciter (vitab)

Figure 3.25: Optimally sized Power system stabilizer lead-lag structure
3.14.6 Controllable Parameter Region of UPFC Controllers
The installation of UPFC is used for LFO damping for normal operation of UPFC, the DC
voltage across the DC link capacitor needs to be controlled by a DC voltage regulator.
Therefore, there are total of four control functions to be fulfilled, i.e. active power flow
control/LFO damping, reactive power flow control, AC voltage control and DC voltage

control.

(1) DC voltage controller: 8 = (Kp_ygc + K“:dc)(VDc_ref —Vbe)

(2) AC voltage controller: mg = (Kp_ygt + K“S"Et)(VEt_ref — Vi)

(3) Active power flow controller: 85 = (Kp_pgt + K"SP EYY (Pat—ref — Pet)

(4) Reactive power flow controller: mg = (Kp_qg: + K"%)(QEt_ref — Qgp)

The UPFC active power flow controller, K;_pg: and Kp_pg; are the vertical and horizontal
coordinate. The other three UPFC controller parameters are set in appendix C.

3.15 Optimal Sizing of UPFC Supplementary Damping Controllers

To utilize UPFC devices for improving low frequency oscillation damping, a supplementary
damping controller is required. The supplementary damping controller used as a lead-lag
damping controller are called power oscillation damper (POD). The damping controllers are
properly sized to produce an electrical torque in phase with speed deviation, that damp out
LFO by phase compensation technique. The speed deviation, are considered as input to
damping controllers. To damp LFO in power system, supplementary control action can be
applied to UPFC devices to increase system damping.

3.15.1 ALO based Optimal Sizing of UPFC-POD Controller

The optimal sizing of POD controller is used to provide fast response of LFO damping and
good steady-state accuracy of the system. It also increases the low frequency gain and system
bandwidth, making the system response fast. The speed deviation Aw is considered as the
input to the damping controllers. This input passes through several transfer functions which

adjusts gain and phase. The parameters of damping controller are optimized and obtained
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using ALO technique [40]. The structure of POD controller is similar with PSS. The
optimally sized block diagram of POD controller is illustrated in Figure. 3.26 [41].
Controlling parameters are selected so optimally that have maximum effect on damping low
frequency oscillations which are optimally selected using ALO. The optimality intended in
this thesis is that to find out the optimal parameter sizes of UPFC-POD controller [42]. The
four control parameters of UPFC can be modulated in order to produce the damping torque
[43]. The optimal tuned transfer function for power oscillation damper controller can be
expressed as:

H(s) = 32.6712 *

10s (1+0.0296813S) (1+0.24-74-49S)
1+10s \ 1+0.560678s 1+0.63342s

The controller adjusts UPFC inputs by properly tuning and processing of the input error
signal (speed deviation), and consequently provides an effective damping.

POD Gain Washout Filter Phase Compensator
A® 10s (1+0.0296813s) (1+0.247449s) | UPFC input
326712 0 [ (1+0560678s) [ | (1+0.63342) | T Au

Figure 3.26: Structure of optimally sized UPFC-POD controller

3.15.2 Sizing and Location of UPFC

UPFC acts as a load and as a source hence, it should have optimal placement. If it were
improperly placed, it would have negative impacts on LFO and stability as a whole. Its
placement determines the effectiveness of controlling of low frequency oscillation of the
power system. The optimal location is selected by giving due consideration for reduction in
real power generation cost, reduction in LFO, reduction in UPFC installation cost, reduced
disturbance losses and improved power flow. Because of higher cost of UPFC device, the
installation is not recommended at all possible bus. The criteria of selection is carried out by
using ALO algorithm to identify the most critical bus during which UPFC could be placed
and hence, system can be operated under stable condition [44].

Table 3.5: Optimal location and Sizing of UPFC using ALO

Loading condition Optimal line/bus Rating (MVAR)
Normal loading 3 26
Light loading 3 24
Heavy loading 3 28
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Table 3.5 shown above presents the optimal location and sizing of UPFC obtained by ALO
technique. The practical available sizes of UPFC are 28 MVAr for heavy loading condition
and 24 MVAr for light loading condition but it is a single unit which is installed at bus three
(Bahir dar substation) optimized by ALO technique. In this study single unit UPFC should
be recommended for practical application because the installation cost and maintenance cost
of UPFC device is lower than that of using multiple unit UPFC. Also based on ALO the
optimal location of UPFC is at bus three so, if it is not placed at this bus it is bad for the
power system and the UPFC itself.

3.16 Overall System Diagram with MATLAB Simulink

The considered electric network consists of Tana Beles power plant equipped with PSS and
an infinite bus which are interconnected through a transmission line and installed with UPFC
at Bahir dar substation. The parameters of damping controllers for individual and
coordinated sizing are optimized utilizing ALO technique based on eigenvalue objective
function. The proper selection of PSS parameters are the key to place the eigenvalues in the
left half plane to improve system stability by damping of LFO. It consists of Tana Beles
power plants, three buses B1 to B3 interconnected through two transmission lines L1 and
L2, two transformer T1 and T2 and two loads connected at buses B2 and B3. The UPFC
placed at the right end of the 65 km line L2, between the 400 kV buses at B3 is used to damp
out LFO throughout the transmission network. To study the performance of UPFC
controller, simulation result has been performed using MATLAB Simulink implementation

system model in figure 3.27 shown below.
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Figure 3.27: Overall power system network equipped with UPFC
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Chapter Four

Simulation Result and Discussion

In this thesis damping of LFO for enhancement of Ethiopian power system dynamic stability
for SMIB system with conventional existing system using optimized UPFC and PSS had
been done. The required data for this work are standard data from different sources like EEP
data from Tana Beles power station and transmission line data. The simulation result of the
proposed ALO algorithm are compared with existing system, GA, PSO and TLBO. So,
eigenvalue analysis and time domain simulation method has been performed for damping of
LFO simulation results.
4.1 Eigenvalue Analysis and Minimum Damping Ratio
The system is stable if all eigenvalues has negative real parts. If any one of the eigenvalues
have positive real part, then the system is unstable and if the eigenvalues have real part equal
to zero, then the poles are complex with only the imaginary part and lies on the jw axis. The
poles are conjugates of each other and response of the system is undamped. To obtain robust
controllers, eigenvalue analysis and minimum damping ratio of three operating condition
had been compared and discussed in table 4.1 below because of power system is a dynamic
system. The synchronous machine variables like real power, reactive power and its terminal
voltage (PO, QO and Ut) are considered as the loading conditions. Since the system is
dynamic and the load is continuously varying then the range of values of the selected
variables are taken between 0.2<P0<1.2, 0.01<Q0<0.4 and 0.6<Ut<I.

Table 4.1: Eigenvalues and minimum damping ratio of different loading conditions

existing system

(base case)

+1.4242+0.0000i
-6.9972+0.0000i
-2.8657+0.0000i

+0.1156+5.1410i
+0.1156-5.1410i
-2.8400+0.0000i

Operating Normal loading Light loading Heavy loading

Condition (pu) | P0=0.8, Q0=0.114 P0=0.2, Q0=0.01 PO = 1.20, Q0 = 0.4
ut=1 Ut=0.6 Ut=1.4

Eigenvalues of | +0.1527+9.1627i -7.0589+0.0000i +0.1320+12.5527i

conventional +0.1527-9.1627i +1.5345+0.0000i +0.1320-12.5527i

+1.5318+0.0000i
-6.9952+0.0000i
-2.9339+0.0000i
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Eigenvalues -0.2123+8.4810i +3.3395+0.0000i -2.3738+10.6746i
for PSS only -0.2123-8.4810i -1.3107+6.8592i -2.3738-10.6746i
-5.9644+4.8680i -1.3107-6.8592i -4.1923+5.8688i
-5.9644-4.8680i -6.9527+0.0000i -4.1923-5.8688i
+2.8079+0.0000i -3.4574+0.0000i +3.7656 + 0.0000i
Eigenvalues -0.2655+7.2754i -0.2616 +4.1837i -0.2701+10.1023i
for ALO based | -0.2655-7.2754i -0.2616-4.1837i -0.2701-10.1023i
PSS and UPFC | -2.5097+2.447i -2.5210+2.4518i -2.5038+2.4946i
Controller -2.5097-2.447i -2.5210-2.45181i -2.5038-2.4946i
-0.0154+0.000i -0.0007+0.0000i -0.0182+0.0000i
Minimum 0.03647 0.0624 0.02673
damping ratio { | 0.03647 0.0624 0.02673
for ALO based | 0.7161 0.7169 0.7084
PSS and UPFC | 0.7161 0.7169 0.7084
1 1 1
Undamped 1.1585 0.6662 1.6087
natural 1.1585 0.6662 1.6086
frequency 0.3897 0.3904 0.3972
fn (H2) 0.3897 0.3904 0.3972
0 0 0

The overall system for Tana Beles 400kV line is simulated for different loading conditions
and tabulated in table 4.1 above. ALO based optimally tuned PSS and UPFC model describes
good performance over conventional existing system and PSS only for each case in terms of
minimum damping ratio. From table 4.1 shown above the eigenvalues for ALO based PSS
and UPFC controller is more superior to conventional existing system. Damping ratio and
eigenvalue comparison clearly shows better performance of ALO optimized PSS and UPFC
controller over conventional existing system in real time operation of power system network.
From table 4.1, with conventional existing system three of the eigenvalues are positive which
lies on the right of jw axis and the system is not stable while with PSS-UPFC controller all
the eigenvalues are negative and damping ratio is positive which are located on the left of

jw axis and the system is stable.
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Eigenvalues with conventional existing system
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Figure 4.1: System eigenvalues with existing system at normal loading conditions
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Figure 4.2: System eigenvalues with existing system at light loading conditions
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Figure 4.3: System eigenvalues with existing system at heavy loading conditions
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Figure (4.1), (4.2) and (4.3) above shows the location of eigenvalues of conventional existing
system at normal, light and heavy loading conditions respectively. The result shows that
most of the eigenvalues have positive real part and negative damping ratio ({<0) which lies

on the right half plane of the jw axis. Therefore, the system is unstable.

System Eigen Values with PSS only
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Figure 4.4: System eigenvalues with PSS only at normal loading conditions
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Figure 4.5: System eigenvalues with PSS only at light loading conditions
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System Eigen Values with PSS only
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Figure 4.6: System eigenvalues with PSS only at heavy loading conditions
Figure (4.4), (4.5) and (4.6) shows the location of eigenvalues of the system with PSS only
at normal, light and heavy operating conditions respectively. The above result shows that
one of the eigenvalue has positive real part and negative damping ratio ({<0) which lies on

the right half plane of the jw axis. So, the system is unstable.

System Eigenvalues with PSS and UPFC
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Figure 4.7: System eigenvalues with PSS and UPFC at normal loading condition
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5 System Eigenvalues with PSS and UPFC
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Figure 4.8: System eigenvalues with PSS and UPFC at light loading condition
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Figure 4.9: System eigenvalues with PSS and UPFC at heavy loading conditions
Figure (4.7), (4.8) and (4.9) shows the location of system eigenvalues with PSS and UPFC

controller for normal, light and heavy loading conditions respectively. In these cases all
eigenvalues have negative real part and positive damping ratio implies that the eigenvalue
lies on the left of the jw axis. Since damping ratio is between 0&1 (0 <{ <1) and the poles
are located on second and third coordinates due to existence of both real and imaginary parts
and the response of the system is stable. The last eigenvalue has damping ratio (=1 and the
poles are real and equal which lies on the negative o-axis and the response of the system is

critically damped or stable.
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4.2 Time Domain Simulation Analysis
4.2.1 Optimal parameters of PSS and UPFC
Low frequency oscillation damping mainly depends on controller gain (K) and time
constants (T1-T4) and these parameters must be optimized and the mentioned objective
function (J) fulfills the same requirement.

Table 4.2: Optimal parameters of PSS and UPFC-POD using different techniques

Parameters | K Tw T1 T2 T3 T4
Algorithm T~
lALO 32.6712 10 0.0296813 | 0.560678 0.247449 0.63342
GA 41.708 10 0.194398 | 0.212408 0. 148983 0.877625
PSO 41.708 10 0.4250 0.802737 0.107363 0.988972
TLBO 81.4742 10 0.166037 | 0.659183 0.708986 0.444357

The above table 4.2 shows that the optimal parameter values of the controller for different
algorithms. The time constant and controller gain of ALO is small as compared with GA,
PSO and TLBO optimization technique. The proposed ALO developed model in power
system requires less time to attain steady state system and avoid adverse interaction with
active power generation and amplification of high frequency noise as compared with above
mentioned algorithms.

4.3 Simulation Results of UPFC
Figure (4.10) and (4.11) below shows the simulation results of UPFC control parameters.

Modulation index of UPFC
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Figure 4.10: Modulation index of series (mg) and shunt converter (mg)
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Figure 4.11: Phase angle of series converter (6g) and shunt converter (6g)
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Figure 4.12: DC link capacitor voltage oscillations
From figure 4.12 the DC link capacitor voltage shows very little oscillations. This is because
the shunt inverter controls the DC link capacitor voltage effectively. At the instant of fault
occurrence, the DC link capacitor voltage drops as it supplies some of its stored energy to
the fault. Subsequent to fault removal, the shunt inverter modulates its consumption of real
power and controls the DC link capacitor voltage to its reference value. The objective of

LFO study is to make certain that whether the designed system can damp out LFO and attains
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steady value following clearance of disturbances. In this thesis simulation results have been
done for the parameters like rotor angle deviation, rotor speed deviation, active power,
reactive power, rotor angle, excitation voltage, rotor speed, terminal voltage, and positive
sequence voltage. These parameters clearly shows that the damping out of low frequency
oscillation and resulting power system stability enhancement.

However, when the system is disturbed, the output power of the generators either increases
or decreases from their maximum output. Figure 4.13, below shows the positive sequence
voltage (a), active power generation (b) and reactive power of each bus (c) and for this case
the system oscillates and unstable for very short duration but UPFC can damp out those

oscillations quickly and attains the system to a steady state value without interruption.
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Figure 4.13: Positive sequence voltage (a), active (b) and reactive power (c) using UPFC

The positive sequence voltages, active power and reactive power at different buses could be
obtained as shown in figure 4.13(a), (b) and (c). Although there are oscillations for very few
seconds the system has been attained its steady state value because of UPFC damps out those
oscillations from the system. It is clear from the results that UPFC controller can effectively
damp out LFO. This thesis presents the robustness of PSS-UPFC on damping out of LFO
and power system stability improvement. The time taken to damp out LFO is much reduced
when UPFC is installed to the system and the system get stabilized with in small duration of
time.

4.4 Comparison of Simulation Results with Different Algorithms

For comparative analysis of different algorithms (GA, PSO, TLBO and ALO) the objective
function and constraint equation provided is the same for those mentioned algorithms. The
parameters of the controllers are properly tuned for all algorithms but the result is different
because of the characteristics of the algorithm and the compatibility of the technique with
the proposed system. Simulation result illustrates that the proposed objective function based
optimized PSS and UPFC controller with ALO has good performance in damping LFO and
stabilizes the system quickly as compared to the conventional fixed gain model, GA, PSO
and TLBO method. Table 4.3 clearly shows the tabular representation of power system states

which are depicted from figure 4.14 to figure 4.18 shown below.
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Table 4.3: Maximum overshoot and settling time of power system parameters

Maximum overshoot Settling time (sec)

Existing | GA PSO TLBO | ALO Existing GA PSO TLBO | ALO

Aw| 0.0182 | 0.0181 | 0.0180 | 0.0180 | 0.0167 | oscillatory | 6.97 | 11.85 |14.52 | 4.62

A |-2.165 |-1.932 |-1.935 |-1.933 |-1.865 | oscillatory | 6.27 | 9.78 12.23 | 3.95

§ | 21509 |2.1899 |2.1939 | 2.1959 | 2.1937 | oscillatory | 3.2 | 4.87 7.8 2.75

w | 0.017 0.0173 | 0.0185 | 0.0180 | 0.016 | oscillatory | 7.04 |11.32 |13.6 |4.68

F 10.87 0.89 0.90 0.89 0.84 oscillatory | 7.02 | 11.63 |14.35 | 4.28
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Figure 4.14: Rotor speed deviation of different algorithms with conventional fixed gain

From figure 4.14 above the rotor speed deviation of different algorithms with conventional
fixed gain in which the maximum overshoot and settling time of ALO is less than other
optimization algorithms. Generally ALO technique gives more accurate results than the rest
of the techniques to damp out low frequency oscillation within shortest possible time.
Simulation result demonstrated that the ALO technique is most effective for solving and
damping out of LFO problem as the maximum overshoot and settling time of angular
frequency deviations are relatively small compared to other technigques. The obtained results
are promising and proves the potential of the proposed LFO control strategy based ALO
algorithm to ensure power system stability.
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Figure 4.15: Rotor angle deviation of different algorithms with conventional fixed gain

From figure 4.15 above the rotor angle deviation of different algorithms with conventional
fixed gain model in which the maximum overshoot and settling time of ALO is less than the
remaining techniques. ALO gives more accurate results than the rest methods to damp out

low frequency oscillation within shortest possible time.
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Figure 4.16: Frequency deviation of different algorithms with conventional fixed gain

From figure 4.16 above the frequency of different algorithms with conventional fixed gain
in which the maximum overshoot and settling time of ALO is less than the remaining
techniques and generally ALO technique gives more accurate results than the rest methods

to damp out low frequency oscillation within shortest possible time.
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Figure 4.17: Rotor angle of different algorithms with conventional fixed gain model

From figure 4.17 above the rotor angle of different algorithms with conventional fixed gain
model in which the maximum overshoot and settling time of ALO is less than the remaining

techniques.
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Figure 4.18: Rotor Speed of different algorithms with conventional fixed gain model
From the simulation result shown in figure 4.18 above the rotor speed of different algorithms
in which the maximum overshoot and settling time of ALO is less than the remaining
techniques and generally ALO gives more accurate results when compared to the other
techniques to damp out low frequency oscillation within shortest possible time.
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Although LFO are suppressed from the network using ALO based system, other applied
techniques also damp out LFO but the only difference here is that the magnitude of
maximum overshoot and settling time attain steady state system. Since the objective function
and constrain equation incorporated in the mentioned algorithm is the same the result is
nearly similar. Using damping ratio and damping factor as the objective function in the
optimization process based ALO algorithm, the time of suppressing LFO is very small
compared with the time given by other applied methods. The proposed ALO has good
performances and gives better result in terms of minimizing fluctuations of low frequency
oscillations and shows superiority compared with conventional fixed gain, GA, PSO and
TLBO approaches. The comparative study shows that the ALO algorithm could rapidly
converge to the correct optimal.
4.5 Comparison of Simulation Results with Different FACTs Device
Figure (4.19) and (4.20) shown below are the rotor angle deviation and speed deviation
employed for PSS only, PSS equipped with SVC, TCSC, SSSC, STATCOM and UPFC with
POD controller. Comparison analysis on the impact of all controllers to UPFC for controlling
the effect of LFO to SMIB system had been illustrated from figure 4.19 to figure 4.23 below.
So, the detailed explanation of maximum overshoot and settling time for different FACTS
device combined with PSS has been presented on table 4.4 below.

Table 4.4: Maximum overshoot and settling time different FACTS device

Devices | Maximum overshoot Settling time (sec)
Aw(pu) | AS(rad) | § (rad) | w(pu) | F(Hz2) | Aw AS 6 1) F

PSS 0.0192 | -2.331 | 2910 |0.019 |[0.96 |9.85 |9.983 |3.317 |9.517 | 9.6
SvC 0.0179 | -2.283 | 2.9118 | 0.018 |0.90 |8.12 | 7.7 3.6 7.45 |7.82
TCSC 0.0171 | -2.282 | 2.9078 | 0.0171 | 0.87 |6.95 | 7.417 | 4.167 | 6.533 | 6.63
SSSC 0.0169 | -2.241 | 3.1498 | 0.0178 | 0.81 | 7.73 |8.283 | 6.517 | 7.767 | 8.07
STATCOM | 0,0176 | -2.282 | 3.1501 | 0.0170 | 0.88 | 7.08 | 7.317 | 3.167 | 7.067 |6.82
UPFC 0.0162 | -2.230 | 2.9058 | 0.016 |0.80 |4.52 |6.196 |2.717 | 4.602 | 4.35

The above table 4.4

clearly shows the tabular representation and comparison results of
different FACTS device which are depicted from figure 4.19 to 4.23.

66




Aw (pu)

Rotor angle deviation
T T T

0.5 T T T

T T T

With PSS only

PSS and SVC
---------- PSS and TCSC
.......... PSS and SSSC
PSS and STATCOM
PSS and UPFC

8 10 12 14 16 18 20
time (sec)
Figure 4.19: Rotor angle deviation of different FACTS device
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Figure 4.20: Rotor Speed deviation of different FACTS device
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Figure 4.21: Rotor angle of different FACTS device
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Figure 4.22: Rotor Speed of different FACTS device
Figure 4.21 and figure 4.22 shows that the rotor angle and rotor speed of incorporating
different FACTSs device. In this case the maximum overshoot and settling time of UPFC is

smaller that shows the superiority of the proposed system.
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Figure 4.23: Frequency of different FACTS device
The above result shows that UPFC is the most comprehensive FACTSs devices for Tana Beles
400kV high-voltage transmission networks to effectively damp out low-frequency
oscillation. It is developed for damping out low frequency oscillation and improve the
transmission capacity of power system and power system transient stability. Moreover, it
can improve damping of system oscillation and power angle stability. In this thesis, UPFC

is intended to damp out low frequency oscillation of 400kV line for northwest region of
68



Ethiopian electric network. When the NWR of Ethiopian power system is exposed to large
power unbalance between generation and load variations, the UPFC adjusts power system
quantitative values to balance the power by delivering voltage, active power and reactive
power to or from the compensators. As compared to other devices the proposed UPFC has
the most effective FACTS devices having short settling time and less maximum overshoot.
For comparative analysis of different FACTs device the objective function and constraint
equation provided is the same for those mentioned device to optimally size FACTS device
controller. The parameters of the controllers are properly tuned for all FACTSs but the result
is different because of the different behavior of FACTs compatibility with the proposed
system. Although LFO are suppressed from the network using UPFC devices, other applied
FACTSs also damp out LFO but the only difference here is that the magnitude of maximum
overshoot and settling time to attain steady state system.

4.6 System Simulation Results at Various Operating Conditions

In a power system, the operating load varies over a wide range. It is extremely important to
investigate the variation of operating conditions on the dynamic performance of the system.
To evaluate the performance of the proposed simultaneous sizing approach the response with
proposed controllers are compared with the response of PSS and UPFC individual controller
sizing. The speed deviation, rotor angle deviation, rotor speed, rotor angle and other power
system states are determined and discussed below at different operating conditions with
conventional existing system, PSS only and UPFC equipped with PSS sizing of controllers.
The real-time sizing of PSS and UPFC controller by the proposed approach can considerably
damp out the unwanted LFO and enhances power system stability performance of Tana
Beles 400kV transmission network. Three different cases as nominal, light and heavy
loading conditions are considered over a wide range of loading conditions for comparison
purpose.

4.6.1 Simulation result at normal loading condition

Time domain simulation for normal operating condition was carried out to compare the
performance of ALO optimized PSS-UPFC with conventional existing system in damping
out LFOs of an electric network. A 10% pulse input of mechanical torque was applied and
the corresponding system responses are presented from figure (4.24) to (4.30) for 20sec.

From these results the oscillations does not damped in case of conventional existing system
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due to some disturbance while the coordinated controller of PSS equipped with UPFC shows

better damping effect to low frequency oscillations.

Table 4.5: Maximum overshoot and settling time at normal loading conditions

Power Maximum overshoot Settling time (sec)
system Existing | PSS only PSS and Existing PSS PSS and
states system UPFC system only UPFC
Aw (pu) |0.01738 | 0.01737 0.0165 Oscillatory 10.37 4617
AS (rad) | -2.048 -2.049 -1.908 Oscillatory 10.45 4,133
§ (rad) | 2.386 2.385 2.155 14 5.417 2.897
w (pu) |0.017 0.017 0.016 Oscillatory 10.73 4.483
F (Hz) 0.87 0.86 0.82 Oscillatory 10.72 4,583
AV (pu) | 1.5571 1.5281 1.5131 Oscillatory 10.32 4.15
E; (pu) |7.393 7.509 7.67 Oscillatory 16.47 4.967
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Figure 4.24: Rotor speed deviation of the system at normal loading condition

From figure 4.24 the rotor speed deviation (Aw) of the generator has been demonstrated with

conventional existing system, with PSS and UPFC equipped with PSS at nominal loading

conditions. Due to small disturbance of turbine the maximum overshoot varies from 0.06%
to 5.06% with settling time from 48.15% to 76.92% for PSS only and PSS equipped with

UPFC respectively which quickly damp out rotor speed oscillations and attains steady state

system. Therefore the generator rotor speed oscillations with PSS and UPFC equipped with

a POD controller shows increased damping as compared to conventional existing system
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and only PSS controller. In general, with conventional existing system the result is

oscillatory and becomes unstable while stability of the system is maintained and LFO are

effectiv

A0 (rad)

ely damped out when PSS is equipped with UPFC.
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Figure 4.25: Rotor angle deviation of the system at normal loading condition

Rotor angle deviation with conventional existing system is an oscillatory system and takes
a long time to damp out LFO while when UPFC is equipped with PSS and POD controller

the system damps out and diminishes the oscillations with very short time. So, using ALO

based UPFC controller can quickly damp out LFO. When rotor angle deviation is subjected

to a positive change A§ > 0 then the power would be subjected to AP and the machine falls

towards instability. While when A§ < 0 the machine had returned back to its initial state.
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Figure 4.26: Rotor angle of the system at normal loading condition
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The results of PSS and UPFC equipped with POD controller for series inverter has actually
shown that POD controller is appropriate and provides improved damping to rotor angle
oscillations. The time taken to damp out low frequency oscillation is 2.897 sec for PSS with
UPFC, 5.417 sec for PSS only and 14 sec for conventional existing system. According to
IEEE standards of rotor angle stability, the obtained result shows that the generator oscillates
and attains steady state values. Therefore, the generator fulfills inter area mode of oscillation
having 2.386 rad, 2.385 rad and 2.155 rad peak overshoot for conventional existing system,
with PSS only and PSS equipped with UPFC respectively. Since 6 starts to decrease after
reaching a maximum value, the machine attains its steady state value. The settling time of
PSS only and PSS equipped with UPFC has 61.3% and 79.3% with maximum overshoot of
0.05% and 9.7% respectively.
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Figure 4.27: Rotor speed of the system at normal loading condition

Figure 4.27 shows generator rotor speed (w) of existing system and PSS equipped with
UPFC controller. A step increase in load is taken as a disturbance which shows that the per
unit speed of Tana Beles generator. The speed of generator oscillates from 0.9798 to 1.016
with smallest settling time around 4.483 second which indicates that the addition of UPFC
has improved damping of the generator rotor speed oscillations. The rotor speed oscillations
of the generator with conventional existing system is oscillatory and when only PSS is added,
it takes around 10.73 seconds while when PSS is equipped with UPFC, it takes around 4.483
seconds to damp out oscillations and attains steady state system. The rotor speed with UPFC
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and PSS equipped with POD controller shows increased damping as compared to

conventional existing system and PSS only.
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Figure 4.28: Frequency of the system at normal loading condition
Frequency with conventional existing system is oscillatory which varies between 48.94Hz
and 50.87 Hz which takes a long time to damp out oscillations and attains steady state
operation and with PSS only a frequency varies between 48.95Hz and 50.86Hz while when
UPFC is equipped with PSS and POD controller the system can damp out LFO and attains
steady state system with 4.583 seconds settling time and maximum overshoot varies between
49Hz and 50.82Hz.
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Figure 4.29: Terminal voltage of the system at normal loading condition
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Figure 4.29 Shows that the terminal voltage V; is 1 pu throughout the simulation. Voltage
stability is the ability of power system to keep steady voltages at all buses after disturbance
from a given initial loading conditions. The addition of UPFC equipped with PSS is to damp
out low frequency oscillation of power system. But from the simulation result, there is a very
small significant effect on terminal voltage of the system because the terminal voltage of
synchronous generator is controlled by automatic voltage regulator. At normal operation the
model runs in steady state.
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Figure 4.30: Excitation voltage of the system at normal loading condition

From the result shown in figure 4.30 it is observed that the excitation voltage can go as high
as 7.393 pu with conventional existing system and it is oscillatory to attain steady state but
for UPFC equipped with PSS the maximum overshoot has 7.67 pu and stabilizes quickly
after 4.967 sec. Generally, at normal loading condition the simulation result shows that the
system employed with PSS & UPFC controller provides good damping characteristics to
low frequency oscillations. When compared with conventional existing system, PSS
equipped with UPFC controller quickly stabilizes the system under a mechanical disturbance
present in the system. Hence it can conclude that the system with proper and optimal tuning
of damping controller can effectively damp out the low frequency oscillations and provides
good damping characteristics to attain power system steady state stability. From the above
results both PSS only and optimized UPFC-PSS damp out the LFOs of the electric network
after being subjected to mechanical disturbance but optimized UPFC-PSS provides quick

response compared to conventional existing system and PSS only. Therefore, the
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conventional system took relatively long time over UPFC equipped with PSS to damp out

the LFOs originated by the external mechanical disturbance to all system states.

4.6.2 Simulation result at heavy loading condition

To test the robustness of proposed PSS-UPFC controller a sudden increase in load is taken

as a disturbance and the system is operated even in heavy loading condition. From the results

obtained below the conventional existing system is oscillatory and generator loses their

synchronism.

Table 4.6: Maximum overshoot and settling time of power system at heavy loading

Power Maximum overshoot Settling time (sec)
system | EXisting PSSonly | PSSand Existing PSSonly | PSS and
states system UPFC system UPFC
Aw (pu) | 0.01748 0.01747 0.0167 Oscillatory | 10.35 4.767
A6 (rad)| -2.075 -2.075 -1.942 Oscillatory | 10.37 4.183
6 (rad) | 2.372 2.373 2.144 15 4.829 2.75
w (pu) |0.018 0.0175 0.016 Oscillatory | 9.733 4.667
F (Hz) |0.885 0.88 0.84 Oscillatory | 9.733 4.6
AV (pu) | 1.5553 1.5253 1.3533 Oscillatory | 9.633 4.076
E; (pu) | 7.369 7.829 7.66 Oscillatory | 15.28 4.981
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Figure 4.31: Rotor speed deviation of the system at heavy loading condition
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Figure 4.31 describes the rotor speed deviation of the generator with and without PSS
equipped with UPFC at heavy loading conditions. The addition of UPFC has improved
damping of generator rotor speed oscillations. Due to small disturbance of turbine the
maximum overshoot is 0.01748, 0.01747, 0.0167pu with settling time of oscillatory, 10.35
and 4.767 second for conventional existing system, PSS only and UPFC equipped with PSS
respectively. Therefore the generator rotor speed oscillations of PSS and UPFC equipped
with a POD controller which quickly damp out oscillations and attains steady state system

as compared to conventional existing system and only PSS controller at heavy loading

condition.
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Figure 4.32: Rotor angle deviation of the system at heavy loading condition
Rotor angle deviation of conventional existing system is oscillatory and takes a long time to
damp out low frequency oscillations and attains steady state operation. While when UPFC
is equipped with PSS and POD controller the system damps out LFO and diminishes the
oscillations with very short time. So, using ALO based UPFC damping controller can
quickly damp out low frequency oscillations. When rotor angle deviation is subjected to a
positive change A§ > 0 then the power would be subjected to AP and the machine falls
towards instability. While when a deviation A§ < 0 the machine had been attained back to

its initial steady state.
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Figure 4.33: Rotor angle of the system at heavy loading condition

According to IEEE standards of rotor angle stability, the generator fulfill inter area mode of
oscillation having a maximum overshoot of around 2.372, 2.373 and 2.144 rad for
conventional existing system, with PSS only and PSS equipped with UPFC respectively.
The settling time to damp out low frequency oscillations are 2.75 sec for PSS with UPFC,
4.829 sec for PSS only and 15 sec for conventional existing system. Since d starts to decrease
after reaching a maximum value, the machine attains to its steady state. Using only PSS has
a settling time of 67.9% and when PSS is equipped with UPFC has the settling time of 81.7%
which shows that the proposed system has a damping efficiency of 81.7% to attain steady
state operation.
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Figure 4.34: Rotor speed of the system at heavy loading condition
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Figure 4.34 shows the per unit rotor speed of Tana Beles generator with and without PSS &
UPFC controller. The rotor speed of the generator with conventional existing system is
oscillatory and when only PSS is added, the settling time is around 9.733 seconds. The rotor
speed oscillations with UPFC and PSS equipped with a POD controller shows improved
damping as compared to conventional existing system and only PSS. The speed of the
generator have maximum overshoot of 0.016pu with smallest settling time of 4.667 second
which indicates that UPFC has improved damping of generator rotor speed oscillations and

attains steady state system.
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Figure 4.35: Frequency of the system at heavy loading condition
Mean frequency with conventional existing system is oscillatory which varies between a
frequency of 49Hz and 50.885Hz which takes a long time to damp out those oscillations and
attains steady state operation and with PSS only a frequency varies between 48.96Hz and
50.88Hz. While when UPFC is equipped with PSS and POD controller the system can damp
out the oscillations and attains steady state system with shortest possible time and frequency

varies between 49Hz and 50.84Hz and have settling time of 4.6 seconds.
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Figure 4.36: Terminal voltage of the system at heavy loading condition

Voltage stability is the ability of power system to keep steady voltage at all buses after
subjected to disturbance from heavy loading conditions. The addition of UPFC equipped
with PSS is used to damp out low frequency oscillation of power system. But from the result,
there is a very small significant effect on terminal voltage of the system because terminal
voltage of synchronous generator is controlled by automatic voltage regulator.
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Figure 4.37: Excitation voltage of the system at heavy loading condition

From the results shown in figure 4.37 it is observed that the excitation voltage can go as high

as 7.369 pu with conventional fixed gain model and attains its steady state after many
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seconds but for UPFC equipped with PSS the maximum overshoot should be 7.66 pu and it
stabilizes quickly after 4.981 sec.

Generally, the simulation result shows that the system employed with PSS & UPFC
controllers provides good damping characteristics to low frequency oscillations and quickly
stabilizes the system under a disturbance. Hence, it can conclude that the system with proper
tuning of damping controller provides good damping characteristics and attains power
system stability quickly. From the above study the system can effectively damp out the low
frequency oscillations by using optimized PSS with UPFC and hence the stability of the
system has been improved.

4.6.3 Simulation result at lightly loading condition

The figure shown below represents simulation results of the system at lightly loading
condition. A sudden loss in load (large load is disconnected from the system) is take as a
disturbance. The low frequency oscillations damp out quickly with the proposed system
compared with other conventional system. However, conventional existing system is unable
to damp out the oscillations. The proposed system gives acceptable damping effect and
adequate settling time for power oscillations under severe disturbance.

Table 4.7: Maximum overshoot and settling time of power system at light loading

Power Maximum overshoot Settling time (sec)
system Existing | PSS only PSS and Existing PSS only | PSS and
states system UPFC system UPFC
Aw (pu) 0.01727 |0.01725 0.01631 Oscillatory 9.967 4.467
AS (rad) | -2.037 -2.037 -1.896 Oscillatory 8.183 4.033
6 (rad) |2.353 2.353 2.126 13 4.8 2.833
w (pu) 0.0175 0.017 0.016 Oscillatory 10.32 4.45
F (Hz) 0.88 0.87 0.81 Oscillatory 9.667 4.55
AV (pu) | 1548 |1.5339 1.3169 Oscillatory | 10.23 4.252
E, (pu) |73 7.512 7.707 Oscillatory | 15.05 5.617
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Figure 4.38: Rotor speed deviation of the system at light loading condition

From figure 4.38 rotor speed deviation of the generator has been demonstrated with
conventional existing system and PSS equipped with UPFC at lightly loading conditions.
The addition of UPFC has improved damping of generator rotor speed oscillations. Due to
disturbance of turbine the maximum overshoot of rotor speed deviation varies from 0.01727,
0.01725, 0.01631pu with settling time of oscillatory, 9.967 and 4.467 second for existing
system, PSS only and PSS equipped with UPFC respectively. Therefore the generator rotor
speed oscillations with PSS and UPFC equipped with a POD controller shows improved
damping as compared to conventional existing system and only PSS controller. Therefore,
with conventional existing system the result is oscillatory and becomes unstable while
stability of the system is maintained and low frequency oscillations are effectively damped
out when PSS is equipped with UPFC.
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Figure 4.39: Rotor angle deviation of the system at light loading condition

In this case the rotor angle deviation of existing system is oscillatory while when UPFC is
equipped with PSS and POD controller the system damps out and diminishes the oscillations
with short time. So, ALO based UPFC damping controller can quickly damp out LFO. When
rotor angle deviation is subjected to a positive change A§ > 0 then the power would be
subjected to AP and the machine falls towards the instability but A§ < 0 the machine attains
to its initial steady state system.
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Figure 4.40: Rotor angle of the system at light loading condition
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The initial generator rotor angle () is around 2.353, 2.353 and 2.126 rad with conventional
existing system, with PSS only and PSS equipped with UPFC respectively. According to
IEEE standards of rotor angle stability, the obtained result shows that the generator oscillates
and attains steady state values. Therefore, the generator fulfill inter area mode of oscillation
having 2.833 sec settling time. The time taken to damp out low frequency oscillation is 2.833
sec for PSS with UPFC, 4.8 sec for PSS only and 13 sec for conventional existing system.
Since 6 starts to decrease after reaching a maximum value, the machine attains to its steady

state system.
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Figure 4.41: Rotor speed of the system at light loading condition

Figure 4.41 shows generator rotor speed with conventional existing system and with PSS &
UPFC controller at lightly loaded condition. The speed of generator oscillates from 0.98 to
1.016 with smallest settling time of around 4.45 second which indicates that the addition of
UPFC has improved damping of generator rotor speed oscillations. The rotor speed
oscillations of the generator with conventional existing system is oscillatory and when only
PSS is added, it takes around 10.32 seconds while when PSS is equipped with UPFC, it takes
around 4.45 seconds to quickly damp out oscillations and attains steady state system. The
rotor speed oscillations with PSS and UPFC equipped with a POD controller shows

increased damping as compared to conventional existing system and only PSS.
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Figure 4.42: Frequency of the system at light loading condition
In this case the frequency with existing system is an oscillatory which varies with a
maximum overshoot of 0.88Hz and with PSS only its overshoot is 0.87Hz while when UPFC
is equipped with PSS and UPFC-POD controller the system has an overshoot of 0.81Hz that
can damp out LFO and attains steady state system at 4.55 seconds.
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Figure 4.43: Terminal voltage of the system at lightly loading condition

The addition of UPFC equipped with PSS is to damp out low frequency oscillation of power
system to maintain terminal voltage at nominal value. But from the simulation result, there
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is a very small significant effect on terminal voltage of the system because the terminal
voltage of the synchronous generator is controlled by automatic voltage regulator.

Excitation voltage Et
T T T T T T T

Existing System
PSS with ALO

I\l\ PSS and UPFC with ALO | _|
/\j\AI\ A_Nnla o
VMY T

ey |

Et (pu)

6 8 10 12 14 16 18 20
time (sec)
Figure 4.44: Excitation voltage of the system at light loading condition

From the simulation result shown in figure 4.44 it is observed that the excitation voltage can
go as high as around 7.3pu with conventional fixed gain model and oscillatory but for UPFC
equipped with PSS the maximum overshoot is 7.707pu and stabilizes quickly after 5.617
second. Generally when the equilibrium is upset because of any perturbation, the speed of
the rotor changes or accelerates from its synchronous speed in response. The change in rotor
speed leads to a change in relative rotor angle. The change in rotor angular position leads to
a change in generated output power according to the power angle characteristics. When the
output power changes, the rotor changes its speed; consequently, the rotor angle also changes
again. Generally, during lightly loading condition the simulation result shows that the system
employed with PSS & UPFC controllers provides good damping characteristics to low
frequency oscillations and quickly stabilizes the system under a disturbance when compared
with conventional existing system and only PSS controllers. Hence it can conclude that the
system with proper sizing of damping controllers provides good damping characteristics and
attains power system stability quickly. It can also conclude that if the settling time is less,
stability had improved quickly and less power system stability improvement occurs if
settling time is more. The system can effectively damp out the low frequency oscillations by
using ALO based PSS with UPFC and hence, the stability of the system is maintained.
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4.7 Comparison of Maximum Overshoot and Settling Time

Figure 4.45 to 4.47 shows the maximum overshoot and settling time at various loading
conditions.

Maximum overshoot of rotor Speed 30  Settling Time of rotor speed deviation

0.018 deviation (pu) (sec)
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Figure 4.45: Maximum overshoot and settling time of rotor speed deviation
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Figure 4.46: Maximum overshoot and settling time of rotor angle
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Figure 4.47: Maximum overshoot and settling time of rotor speed
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4.8 Detailed Cost Analysis

In this thesis three types of losses are considered for cost analysis purpose, these are
disturbance losses due to low frequency oscillation, transmission line loss and other types of
losses. Along with optimal power flow, the installation cost of UPFC devices are obtained
from the Siemens company database. The location which gives the minimum installation
cost, reduced low frequency oscillations, better voltage profile and power flow is considered
as the optimal location for the UPFC devices in the system. The cost of installation of UPFC
devices has been mathematically given by:

IC = CUPFC x S x1000 (4.2)
Where, IC is the installation cost of UPFC devices in US$ and CUPFC is the cost of UPFC
devices in US$/KVAr. The cost of installation of UPFC is taken from Siemens database. Cost

function for UPFC is developed as follows:

Cyprc = 0.00035%2 — 0.2691S + 188.22US$/kVAR (4.2)
Where, Cuprc is the cost of UPFC in US$/kVA and S is operating range of UPFC in MVAR
S=0;—0; (4.3)

Q.- MVAR flow through the branch before placing UPFC device
Q, - MVAR flow through the branch after placing UPFC device
4.9 Cost Comparative Analysis of Different Algorithms
The following table shows cost comparison analysis of different algorithms with various
operating conditions and the one which have less cost have been selected and further
analyzed below.
4.9.1 Cost comparison pre-UPFC
Table 4.8: Comparison of pre UPFC cost analysis at heavy loading

Algorithm | Total loss (MW) | Cost due UPFC Size | Total annual cost
LFO to loss (3$) (MVAR) without UPFC($)

ALO 4.921 1864628.62 0 1864628.62

GA 4.948 1874695.3 0 1874695.3

PSO 4.974 1884796.8 0 1884796.8

TLBO 5.001 1894933.11 0 1894933.11
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Table 4.9: Comparison of pre UPFC cost analysis at light loading

Algorith | Total loss (MW) | Cost due UPFC Size | Total annual cost
m LFO to loss ($) (MVAR) without UPFC($)
ALO 4.486 1699605.77 0 1699605.77
GA 4.618 1749618.96 0 1749618.96
PSO 4.789 1814232.36 0 1814232.36
TLBO 4.898 1855866.27 0 1855866.27

4.9.2 Cost comparison post-UPFC

Table 4.10: Comparison of post UPFC cost analysis at Normal loading

Algorithm | Total loss | Cost due to | UPFC | UPFC Size | UPFC cost | UPFC
(MW) loss ($) Bus | (MVAR) $/kKVAr cost ($)
ALO 1.096 415320.85 |3 26 50 1300000
GA 1.103 417783.19 |3 26.3 50 1315000
PSO 1.109 420255.79 |3 26.5 50 1325000
TLBO 1.116 422738.66 |3 26.8 50 1340000
Table 4.11: Comparison of post UPFC cost analysis at light loading
Algorithm | Total loss | Cost due to | UPFC | UPFC Size | UPFC cost | UPFC  cost
(MW) loss ($) Bus (MVAR) $/KVAr $)
ALO 1.096 415320.85 |3 24.00 50 1200000
GA 1.103 417783.19 |3 24.60 50 1230000
PSO 1.109 420255.79 |3 24.80 50 1240000
TLBO 1.116 422738.66 |3 24.94 50 1247000
Table 4.12: Comparison of post UPFC cost analysis at heavy loading
Algorithm | Total loss | Cost due UPFC | UPFC Size | UPFC cost | UPFC cost
(MW) to loss ($) Bus | (MVAR) | $/kVAr %)
ALO 1.883 713332.17 3 28.0 50 1400000
GA 1.938 734275.27 3 28.4 50 1,420,000
PSO 2.0006 757977.6 3 28.7 50 1435000
TLBO 2.032 769982.1 3 28.82 50 1441000

Generally from the above cost analysis result shows light loading and heavy loading

condition are compared with each other without adding the cost of energy not supplied and
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ALO based optimization technique have least annual cost compared with the rest of the
optimization techniques, which shows that ALO technique is more preferable than the other
techniques. The annual cost analysis for various loading condition of ALO technique can be
calculated as follows:

Case 1: Financial losses of the system pre installation of UPFC

Scenario 1: At heavy loading condition

Disturbance loss are 4.921 MW

Annual MWh= (peak loss in MW) * t= 4.921MW*8760h =43,107.96MWh=43.108GWh
Scenario 2: At light loading condition

Disturbance loss are 4.486 MW

Annual MWh = (peak loss in MW) * t= 4.486MW*8760h = 39,297.36MWh=39.297GWh
Case 2: Financial losses of the system post installation of UPFC with proposed ALO
Scenario 1: At heavy loading post UPFC

System loss are 1.883MW

Annual MWh loss = (peak loss in MW) * 8760h=1.883*8760=16,495.08MWh=16.495GWh
Scenario 2: At light loading post UPFC

System loss are 1.096 MW

Annual MWh loss = (peak loss in MW) * 8760h=1.096*8760=9,600.96MWh=9.601GWh
4.10 Energy Not Supplied

When load demand exceeds available supply and no corrective action is taken, the system
becomes unstable. A dynamic process is triggered, which starts with frequency fluctuations
and power surges, followed by unpredictable tripping and damage to generators and lines,
finally culminating in widespread blackouts or load shedding. ENS gives the total amount
of energy that would have been supplied to the interrupted customers in case of low
frequency oscillation if there would not have been any interruption. It is usually expressed
in MWh.

ENS =);P, xr; =), FE; (4.4)
Where, Pi is the average load interrupted by each interruption i and Ei is the energy not
supplied because of each interruption i.

From appendix E there are 16 interruptions per year out of this 11 interruptions are during

loading problem when the system is overloaded the frequency is reduced. So, interruption
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number 3, 5,9, 11 and 12 are not included in the energy not supplied cost calculation because
it is beyond scope of this thesis. Therefore there are 11 interruption due to low frequency
oscillation problems which are considered in this study.

ENS = 51.6 + 63.7 + 49.6 + 53.67 + 48.95 + 48.53 + 58.1 + 44.95 + 54.47 + 60.6
+ 52.5

ENS =586.72 MWh
The cost of energy not supplied (CENS) can be calculated as:

CENS=ENS* cost of electricity tariff (4.5)
4.11 Cost of UPFC Rating
Although UPFC controllers can offer high-speed control for enhancing electric power
system damping oscillation, one significant disadvantage of power electronic based
controllers is more expense per unit of rating than that of similar conventional equipment
[44].

Table 4.13: Costs of various FACTS controllers

FACTSs Controller Cost(US$)

DSTATCOM $36 per KVAr
SvC $40 per KVAr
STATCOM $50 per kKVAr
TCSC $40 per KVAr
UPFC $50 per kVAr

Based on table 4.13 and the exchange rate of Commercial Bank of Ethiopia on October 19,
2021 G.C is one US Dollar =47.04 Ethiopian Birr (ETB).
Table 4.14: Cost of UPFC

Scenario Rating(MVAr) Cost/kVAr UPFC cost ($)
1 28 $50 1,400,000
2 24 $50 1,200,000

4.11.1 Total cost implication

The cost evaluation is based on ETB/kWh energy rates for Ethiopian Electric Utility, under
the new power tariff. The cost of energy till December 2021 is rated at 1.385 ETB/kWh
when the total energy consumed is greater than 500kWh (0.02944$/kWh) or 29.44 $/MWh,
by taking the average of all the tariff class energy unit costs ($/kwh). Using 29.44 $/MWh,

the total amount of annual financial loss due to disturbance is estimated as follows:
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Case 1: Cost implication of the system pre installation of UPFC

Scenario 1: For heavy loading condition

The annual financial loss for a year is 43,107.96MWh *29.44 $/MWh=1,269,228.84%

Scenario 2: For light loading condition

The annual financial loss for a year is 39,297.36 MWh *29.44 $/MWh=1,156,914.27$

Case 2: Cost implication of the system post installation of UPFC

Scenario 1: For heavy loading condition

The annual financial loss for a year is 16495.08MWh *29.44 $/MWh=485,615.16%

Scenario 2: For light loading condition

The annual financial loss for a year is 9,600.96MWh*29.44 $/MWh=282,652.26%

The cost of energy not supplied (CENS) can be calculated as:

CENS = ENS = Cost of electricity tariff = 586.72MWh/year * 29.44 $/MWh =

17,273.04%

Therefore, the total cost due LFO problem before installation of UPFC can be calculated as:

Scenario 1: For heavy loading condition

The total cost before installation of UPFC = $1,269,228.84+$17273.04=%$1,286,501.88

Scenario 2: For light loading condition

The total cost before installation of UPFC = 1156914.27$ +$17273.04=$1,174,187.31
Table 4.15: Cost comparison pre and post UPFC

Scenario | Cost pre-UPFC | Cost Post UPFC | Saving ($/year) | Cost of UPFC
($/year) A ($/year) B A-B ($/year)

1 1,286,501.88 485,615.16 800,886.72 1,400,000

2 1,174,187.31 282,652.26 891,535.05 1,200,000

4.11.2 Methods of financial losses analysis

The economic analysis in this study uses standard financial measures, such as Payback
Period and Net Present Value (NPV) [44].

4.11.3 Payback period

The Payback Period is the number of months/years of benefits required for the project to

breakeven point. The payback time can be estimated by the following equation.

Net investment Cost for UPFC

Payback Period =

(4.6)

Net Annual return
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This method determines the period after which the initial investment is recovered. A project
is only carried out if the payback period is lower than a certain threshold defined by the
company. Typically used thresholds for the payback time vary between 2 to 4 years.
However it is inferior to the NPV method, as it takes into account any cash flows after the
payback time. The shorter the payback, the more desirable the investment. Conversely, the
longer the payback, the less desirable it is. The total investment cost is the sum of installation
cost (10%) and maintenance cost (2%).

Scenario 1: For heavy loading condition, the investment cost can be calculated as:
Installation cost (10%) =0.1* 1,400,000=140000%

Operation and maintenance cost (2%) =0.02*1,400,000=28000$

Total investment cost=UPFC cost + installation cost + maintenance cost

Total investment cost=1400000$+140000$+28000=1,568,000%

Total investment cost _ 1,568,000
Saving ~800,886.72

Scenario 2: For light loading condition the investment cost can be calculated as:
Installation cost (10%) =0.1* 1,200,000=120000%

Operation and maintenance cost (2%) =0.02*1,200,000=24000%

Total investment cost=UPFC cost + installation cost + maintenance cost

Total investment cost=1200000$+120000$+24000=1,344,000%

Payback Period = = 2years

Payback Period = Total inves'fment cost _ 1,344,000 — 151 years
Saving 891,535.05

4.11.4 Net Present Value method

Net present value (NPV) is the value of all future positive and negative cash flows over the
whole life of the project discounted to the present value. In the NPV method, all marginal
cash flows of a project are taken into account during its entire lifetime. Cash flows in
upcoming years are discounted to t = 0 by using an appropriate rate called the Opportunity
Cost of Capital (OCC), hurdle rate, discount rate or required rate of return, which results in
the present value of these cash flows. The NPV method is typically used for large capital
projects. The Net Present Value of these cash flows (if the salvage value of the equipment is

assumed to be negligible) is calculated by:

CF,
PV =3, (1+rt)t 4.7)
NPV = PV — C, (4.8)
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Where, CFt =the net cash flow at time t

CO0 = the initial investment, r = the cost of capital (discount rate) = 12%, t = the number of

years = 0, 1, 2....n, n = life time of the project = 20 years. Data from the electric power

research institute and American electric power suggests that the life time of UPFC device

averages to twenty years.
Table 4.16: Cost benefit analysis of NPV of UPFC installation for scenario 1 [44]

Years | Financial loss | Financial loss | CFt($) A-B PV ($) NPV ($)
without UPFC($) A | with UPFC ($) B | (Saving)
0 1,286,501.88 485,615.16 800,886.72 -1,568,000 | -1,568,000
1 1,286,501.88 485,615.16 800,886.72 715,077.43 | -852,922.57
2 1,286,501.88 485,615.16 800,886.72 638,461.98 | -214,460.59
3 1,286,501.88 485,615.16 800,886.72 570,055.35 | 355,594.76
4 1,286,501.88 485,615.16 800,886.72 508,977.99 | 864,572.75
5 1,286,501.88 485,615.16 800,886.72 454,444.63 | 1,319,017.38
6 1,286,501.88 485,615.16 800,886.72 405,754.14 | 1,724,771.52
7 1,286,501.88 485,615.16 800,886.72 362,280.48 | 2,087,052
8 1,286,501.88 485,615.16 800,886.72 323,464.71 | 2,410,516.71
9 1,286,501.88 485,615.16 800,886.72 288,807.78 | 2,699,324.49
10 1,286,501.88 485,615.16 800,886.72 257,864.09 | 2,957,188.58
11 1,286,501.88 485,615.16 800,886.72 230,235.79 | 3,187,424.37
12 1,286,501.88 485,615.16 800,886.72 205,567.67 | 3,392,992.04
13 1,286,501.88 485,615.16 800,886.72 183,542.56 | 3,576,534.6
14 1,286,501.88 485,615.16 800,886.72 163,877.29 | 3,740,411.89
15 1,286,501.88 485,615.16 800,886.72 146,319.01 | 3,886,730.9
16 1,286,501.88 485,615.16 800,886.72 130,641.97 | 4,017,372.87
17 1,286,501.88 485,615.16 800,886.72 116,644.6 4,134,017.47
18 1,286,501.88 485,615.16 800,886.72 104,146.98 | 4,238,164.45
19 1,286,501.88 485,615.16 800,886.72 92,988.37 4,331,152.82
20 1,286,501.88 485,615.16 800,886.72 83,025.33 4,414,178.15
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Figure 4.48: NPV analysis of installation UPFC at heavy loading condition

From the above figure 4.48, the UPFC rating is capable of providing positive cash flows

after two year of service but funds accumulated after the end of years of service, is
$4,414,178.15.
Table 4.17: Cost benefit analysis of NPV of UPFC installation for scenario 2 [44]

Years | Financial loss | Financial ~loss | CFt($) A-B PV ($) NPV ($)
without UPFC($) A | with UPFC ($) B | (Saving)

0 1,174,187.31 282,652.26 891,535.05 -1,344,000 -1,344,000

1 1,174,187.31 282,652.26 891,535.05 796,013.44 | -547,986.56
2 1,174,187.31 282,652.26 891,535.05 710,726.28 | 162,739.72
3 1,174,187.31 282,652.26 891,535.05 634,577.04 | 797,316.76
4 1,174,187.31 282,652.26 891,535.05 566,586.64 | 1,363,903.4
5 1,174,187.31 282,652.26 891,535.05 505,880.93 | 1,869,784.33
6 1,174,187.31 282,652.26 891,535.05 451,679.40 | 2,321,463.73
7 1,174,187.31 282,652.26 891,535.05 403,285.18 | 2,724,748.91
8 1,174,187.31 282,652.26 891,535.05 360,076.05 | 3,084,824.96
9 1,174,187.31 282,652.26 891,535.05 321,496.47 | 3,406,321.43
10 1,174,187.31 282,652.26 891,535.05 287,050.42 | 3,693,371.85
11 1,174,187.31 282,652.26 891,535.05 256,295.02 | 3,949,666.87
12 1,174,187.31 282,652.26 891,535.05 228,834.84 | 4,178,501.71
13 1,174,187.31 282,652.26 891,535.05 204,316.82 | 4,382,818.53
14 1,174,187.31 282,652.26 891,535.05 182,425.73 | 4,565,244.26
15 1,174,187.31 282,652.26 891,535.05 162,880.12 | 4,728,124.38
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16 1,174,187.31 282,652.26 891,535.05 145,428.67 4,873,553.05
17 1,174,187.31 282,652.26 891,535.05 129,847.034 | 5,003,400.08
18 1,174,187.31 282,652.26 891,535.05 115,934.85 5,119,334.93
19 1,174,187.31 282,652.26 891,535.05 103,513.26 5,222,848.19
20 1,174,187.31 282,652.26 891,535.05 92,422.55 5,315,270.74
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Figure 4.49: NPV analysis of installation UPFC at light loading condition
From the above Figure 4.49, the UPFC rating is capable of providing positive cash flows
after one year of service but funds accumulated after the end of years of service, is
$5,315,270.74.
Table 4.18: Economic Analysis of UPFC based on Payback period and NPV

Scenarios Payback period (in years) NPV (%)
1 2 7,090,485.19
2 15 5,315,270.74

From table 4.19 above the payback periods are 2 years for heavy load conditions and 1.5
years for light load conditions. Therefore, the installed UPFC provides good and very short
time recovery of installation cost and implies the UPFC installation is most efficient since
large amount of energy is lost due to instability of power system caused by low frequency

oscillation [44].
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Chapter Five
Conclusions and Recommendations

5.1 Conclusion

In this thesis, low-frequency oscillation damping using PSS and UPFC controller was
investigated. This thesis examined the performance of ALO to damp out LFO in the electric
network by optimally tuning UPFC and PSS parameters. ALO have been chosen by
comparing with conventional fixed gain model, PSO, GA and TLBO. The superiority of the
proposed ALO approach over GA, PSO and TLBO approach was confirmed through
presented simulation result of rotor angle deviation, rotor speed deviation, rotor angle, rotor
speed and terminal voltage. The improvement of maximum overshoot for TLBO, PSO, GA,
and ALO is 6.03%, 5.97%, 6.055% and 8.3%. In addition, a 38.9%, 52.54%, 70.7% and
80.5% settling time improvement was achieved for TLBO, PSO, GA and ALO algorithms
respectively. Furthermore, the time constant and controller gain of ALO is small as
compared with GA, PSO and TLBO which indicates that real time implementation of the
developed model in power system requires less time to attain steady state system and avoid
adverse interaction with active power generation and amplification of high frequency noise.
Consequently, the robustness, efficacy and convergence criterion of the proposed approach
has confirmed that the approach can be applied in real time to enhance power system stability
by damping out the unwanted LFOs. Also, robustness analysis was performed by varying
the loading conditions and system parameters. From the obtained results, ALO is the most
effective and robust as the rotor speed deviations and rotor angle deviation are relatively
small compared to other techniques. The effectiveness of the proposed PSS-UPFC controller
for damping low-frequency oscillation of a power system were demonstrated by Tana Beles
400KV line power system subjected to a disturbance. The eigenvalue analysis and time-
domain simulation result also shows that the effectiveness of PSS-UPFC system
performance analysis under different operating conditions and the properly sized controller
in damping low-frequency oscillations. Generally for PSS only the percentage overshoot is
42.2% and settling time is 63.7% but the proposed PSS equipped with UPFC for damping
of LFO had a percentage overshoot of 56.06% and settling time of 78.7% which shows that
the proposed ALO based PSS equipped with UPFC technique is the most effective for
damping LFO problem for Tana Beles 400kV electric network.
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5.2 Recommendation

There are some recommendation which are given for different companies to implement this
thesis work. It is strongly recommended that the northwest region of Ethiopian power system
should use UPFC to reduce low frequency oscillations and related problems to minimize
system instability. Using UPFC at Bahir Dar substation is important for damping out LFO
caused by the number of overloaded lines. Therefore, it is highly recommended that the
northwest region of EEP should use UPFC on Bahir Dar substation to make the system stable
and reliable. Additionally very little research has been done in the area of designing a control
system and operation of UPFC. The main difficulties in using UPFC is the complexity of its
controller. Therefore, researchers should do a lot for reducing the complexity of its controller

and recommend power companies to use.

5.3 Future Work
Suggestions for future work based on this thesis that would be included and given for future

researchers in the area are listed as follow:

® |n this thesis, low frequency oscillation damping for single machine infinite bus
system were done, but future researcher should do for multi-machine infinite bus

system network.

® For power system low frequency oscillation minimization controller like power
system stabilizer, ALO and UPFC based controller are done, but a future researcher
should do another techniques like ANN and FLC.
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Appendix A: Network currents
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Appendix B1: Design Parameters of UPFC

x1=0.20, deltal = 0.3588, utd =0.4916, utq =1.3109, itq =0.7022, itd =0.5685, Eq1 =1.4871,
EQ= 1.7088, Pe =1.20, Qe = -0.40, ud =0.6320, uq = 1.1972, u = 1.3538, delta = 0.4857,
IEd =1.5491, IEq =-1.5960, 1Bd =-0.4652, 1Bq = 0.5850, Eq01 =1.7088, Vb0 = 1.3538

Xt = 0.20, Xd1 = 0.310, Xq = 0.70, Xd =1.0300, deltad =0.4857, Vtd0 = 0.4916, Vg0 =
1.3109, Vt0 = 1.4000, VEtd = -0.1861, VEtq = -0.0463, vBtd = -0.1342, vBtq = -0.0724,
dvdc = -0.1458,a= 0.4590, K1 = 2.6124, K2 = 1.2393, K3= 0.4146, K4 = 0.8923,
K5 = -0.0328, K6 = 0.3672, K7 = 0.1448, K8 = -0.0496, K9 = 0.0208, Kpe = -0.9419,
KpdE = 0.1611, Kpb = -0.2411, KpdB = -0.0663, Kpd = -0.1997, Kqd = -0.2155, Kqde =
-0.1141, Kgb = -0.0305, KqdB = 0.0071, Kge =-0.0344, Kvge = 0.0693, Kvde = 0.1747,
Kvb= -0.0333, KvdB = -0.1369, Kvd = -0.0221, Kce = 0.6195, Kcde =0.3086, Kcb = -
0.4703, KcdB = 0.0028

A=
0 314.1593 0 0 0
-0.3266 -0.5000  -0.1549 0 0.0250
-0.0970 0 -0.0451 0.1087 0.0234
9.8308 0 -110.1564 -5.0000 6.6305
0.1448 0 -0.0496 0 -0.0208
0 0 0 0 0

0 0.1177  -0.0201 0.0301  0.0083
0 0.0037  0.0124 0.0033  -0.0008
300.0 20.7821 -52.4084 9.9904 41.0621
0 0.6195 0.3086 -0.4703  0.0028

Appendix C: Tana Beles transmission line data

Existing Generator data of Tana Beles

No. | Name Sn(MVA) | V(kV) P(MW) | Pmin | Pmax | Qmin Qmin
(MW) | (MW) | (MVAR) | (MVAR)

1 Beles G1 | 133 15 80 0 115 -130 130

2 Beles G2 | 133 15 100 0 115 -130 130

3 Beles G3 | 133 15 90 0 115 -130 130

4 Beles G4 | 133 15 100 0 115 -130 130

Load buses: Beles 400KV, P; = 20MW,Q, = 6.3Mvar
Bahirdar 230KV, P; = 65.53MW,Q,; = 30.76Mvar

Transmission line parameters in pu from Tana Beles 400kV to Bahir Dar
No | From bus To bus R(pu) X(pu) B(pu) KA Km
1 | Tana Beles 400 | Bahir Dar 400 | 0.000958 | 0.012159 | 0.37713 | 1341 | 65
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Transformer parameters

Voltage (kV) Rating (MVA) R(%) X (%) XIR ratio
400/230 133 0.176 12.045 68.44
400/15 133 0.215 135 62.79
Appendix D: Tana Beles Quarterly hourly station data report
MW MVAR Bus voltage Generator Frequency(Hz)
Voltage

Max 425.2 -115.8 420 15.07 50.15
Min 167.4 -85.9 409.9 14.92 49.42
Time | BUS END UNIT-1 UNIT-2 UNIT-3 UNIT-4
Hour | kV Hz MW |[MV | MW | MVA MW | MVA | MW | MV
S AR R R AR
1:00 |420.1 |50.11 | 100.5 | -56.6 | 98.2 | -46.8
2:00 | 418.8 | 50.04 | 106.2 | -52.6 | 105.9 | -44
3:00 | 419.9 |50.08 | 1045 |-56.4 | 103.8 | -47.5
4:00 | 420.9 |50.01 | 106.5 |-58.8 | 105.9 | -49.6
5:00 | 420.6 |49.41 | 107.1 |-58.1 | 105.6 | -49.2
6:00 | 420.4 | 49.97 | 106.5 | -58.1 | 106 -48.9
7:00 | 410.9 |50.03 | 105.1 | -34.7 | 110.3 | -24.7 |89.5 |-20 112.6 | -9.7
8:00 | 4104 |49.82 | 1025 |-20.8 | 1035 | -23.5 |1044 |-17.4 |100.8 |-19.2
9:00 |408.3 |49.37 | 1014 |-17.2 | 106.8 | -17.8 |100.4 |-13.2 [949 |-14.2
9:15 | 4094 |50.07 | 95.3 |-19.8 |94.7 |-22 9.4 |-16 941 |-17.5
9:30 | 409.3 |50 823 |-205|829 |-227 (817 |-171 |818 |-17.8
9:45 | 409.6 | 48.8 |82 -20.2 | 83.8 |-22.6 |83 -16.8 | 82 -17.8
10:00 | 409.7 | 50.0 |83 -215 835 |-238 |832 |-178 |811 |-19
10:15 | 409.1 |50.1 |818 |-229 812 |-248 |812 |-189 |811 |-19.8
10:30 | 410.8 | 50.1 [80.1 |[-239|79.3 |-26.6 |[80.2 |-208 (809 |-21.4
10:45 | 410.8 |50.1 |90.9 |-23.2 878 |-25.7 |873 |[-196 |851 |-20.5
11:00 | 410.2 | 49.97 | 97.3 |-21.1|96.7 |-23.8 |87 -183 |91 -19.2
11:15 | 409.8 | 50.0 |94.6 |-20.5|99 -23.3 | 927 |-16.8 |99.6 |-16
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11:30 | 408.1 | 499 |101.1 |-20.3 1048 |-148 |1016 |-148 |106.2 |-16.8

11:45 | 410.3 | 49.86 | 849 |-226 842 |-251 |851 |-195 |[87.2 |-20

12:00 | 409.7 | 50.04 | 96.5 |-20.8 | 98 -226 | 974 |-169 |98 -17.7

13:00 | 410.6 |50.10 | 103.5 |-21.5|1025 |-24.1 |102.3 |-18.1 | 109 -17.7

14:00 | 411.6 |50.2 | 105.1 |-21.5|104.8 |-23 81.7 |-205 |87 -21.4

15:00 | 409 4942 |102.8 | -20.5|100.1 |-21.4 |103.1 |-15.6 |102.3 |-16.9

16:00 | 410.7 | 50.08 | 97.1 |-22.7 | 959 |-24.7 |952 |-186 [99.2 |-19.3

17:00 | 410.2 | 49.98 | 985 |-21.2 958 |-23.7 |97 -17.2 | 959 |-18.9
MW MVAR Bus voltage Generator Voltage | Frequency(Hz)

Max 425.2 -115.8 420 15.07 50.15

Min 167.4 -85.9 409.9 14.92 49.37

Time | BUS END UNIT-1 UNIT-2 UNIT-3 UNIT-4

Hour | kV Hz MW |MV |MW | MVA MW MV | MW | MV

S AR R AR AR

1:00 [4175 |4945 |866 |-44 |808 |-33.1

2:00 |418 49.85 |87 -44.7 1 85.1 |-33.7

3:00 |418.2 |50.07 (814 |-45 |79.2 |-343

4:00 |418.8 |50.1 824 |-478|80.8 |-36.2

5:00 |419.2 |50.01 894 |-47.8|80.6 |-37.7

6:00 | 418 4942 1989 |-46.6|81.2 |-36.2

7:00 |409.3 [50.04 |965 |-21.8|96.2 |-10.7 |96.1 |-27.2|110.9 |-23.5

8:00 |409.4 (4986 |965 |-21.4|95 -10.8 | 95.8 |-27.2 | 1109 |-22.7

9:00 |409.2 |[49.71 |97 -21.2 1976 |-105 | 952 |-275| 1114 |-23.3

9:15 |409.2 |49.87 |97 -21.2 1976 |-101 |952 |-275| 1114 |-229

9:30 |409.7 |49.9 979 |-23 |919 |-126 |92.7 |-29.4 |111.4 |-248

9:45 |409.9 (4992 (922 |-23 |93 -12.2 1928 |-28.7 | 111.1 | -24.4

10:00 | 409.8 |49.63 |94.4 |-229 |97 -11.3 | 95.8 |-28.1|111.1 |-23.9

10:15 [ 409.9 |50.01 |90.6 |[-22.7|89.8 |-12.3 |919 |-285|110.9 |-24.1
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10:30 | 409.8 |49.91 |916 |-235|915 |-12.3 |89.1 |-29.3|110.9 |-24.7
10:45 | 410.1 |4945 924 |-241/|919 |-13.1 |94.2 |-29.8|111.1 |-285
11:00 | 410.2 |49.83 |974 |-239 |9 -129 965 |-29.4 952 |-26.7
11:15 | 410.2 |4991 |974 |-235|96.2 |-129 |96.8 [-30 |96.1 |-26.9
11:30 | 410.3 |49.94 |924 |-245|909 |-14.1 |90.7 |-30.9|110.9 |-26.3
11:45 | 4111 |50.09 |87.2 |-26 86.7 |-156 |86.7 |-32.2|1114 |-27.2
12:00 | 410.7 |49.71 |90.4 |-254{919 |-148 |924 |-31 |110.9 |-27
13:00 | 409.9 |49.46 |1025 |-23.2|95.7 |-126 |94.6 |[-29 |111.2 |-24.9
14:00 | 410 49.93 |89 -24.4 1855 |-13.4 |85.7 |-29.8|110.8 |-24.8
15:00 | 409.9 [49.94 |953 |-229|944 |-147 |95 -28.1 | 111.1 | -24.2
16:00 | 409.8 |49.96 |102.3 |-215]|102.2 |-144 |96.6 |-29.5|110.9 |-23.9
17:00 | 410.2 [49.92 |949 |-21.8|94.1 |-199 |915 [-29 |110.6 |-24.8
Station Data: on date 22/11/2013 E.C
MW MVAR Bus voltage | Generator Voltage | Frequency(Hz)
Max | 429.8 -109.6 420.9 15.22 50.20
Min 198.7 -72.7 408.3 14.83 49.77
On date 25/11/2013 E.C
MW MVAR Bus voltage | Generator Voltage Frequency(Hz)
Max | 409.4 -124.6 419.1 15.1 50.13
Min 165.9 -56.2 408.1 14.69 49.78
Appendix E: Interruption data
N | Unit | From To Total time | Active | Energy Reas
o | No. Date Time Date Time HRs power | loss MU | on
MW
1 [ Unit | 10/01/2 | 15:30:00 | 10/01/2 | 16:06:00 | 0:36:00 | 86 51.6 LFO
1 013 013
2 | Unit | 23/01/2 | 18:12:00 | 23/01/2 | 18:39:00 | 0:27:00 | 98 63.7 LFO
1 013 013
3 | Unit |17/02/2 | 10:39:00 | 17/02/2 | 11:01:00 | 0:22:00 | 100 | 36.67 CB
2 013 013 trip
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4 | Unit | 25/03/2 | 13:47:00 | 25/03/2 | 14:19:00 | 0:32:00 | 93 49.6 LFO
2 013 013

5 | Unit | 27/04/2 | 17:02:00 | 27/04/2 | 17:22:00 | 0:20:00 | 104 | 34.67 CB
1 013 013 open

6 | Unit | 20/05/2 | 15:13:00 | 20/05/2 | 15:38:00 | 0:35:00 | 92 53.67 LFO
3 013 013

7 | Unit | 02/06/2 | 9:37:00 | 02/06/2 | 20:10:00 | 0:33:00 |89 48.95 LFO
1 013 013

8 | Unit | 07/07/2 | 14:02:00 | 07/07/2 | 14:34:00 | 0:32:00 |91 48.53 LFO
2 013 013

9 | Unit | 15/08/2 | 12:22:00 | 15/08/2 | 12:40:00 | 0:18:00 | 106 31.8 N.A
2 013 013

1 [ Unit | 27/08/2 | 8:19:00 | 27/08/2 | 9:01:00 | 0:42:00 |83 58.1 LFO

01 013 013

1 | Unit | 22/09/2 | 15:23:00 | 22/09/2 | 15:50:00 | 0:27:00 | 102 | 45.9 N.A

13 013 013

1 | Unit | 12/10/2 | 9:27:00 | 12/10/2 | 9:55:00 | 0:28:00 |99 46.2 N.A

212 013 013

1 [ Unit | 02/11/2 | 8:32:00 | 02/11/2 | 9:33:00 | 0:31:00 |87 44.95 LFO

312 013 013

1 [ Unit | 13/01/2 | 17:32:00 | 13/01/2 | 18:10:00 | 0:38:00 | 86 54.47 LFO

411 014 014

1 | Unit | 27/01/2 | 13:11:00 | 27/01/2 | 13:50:00 | 0:39:00 | 93.3 | 60.65 LFO

511 014 014

1 | Unit | 30/01/2 | 7:13:00 | 30/01/2 | 7:48:00 | 0:35:00 |90 52.50 LFO

6|1 014 014
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Appendix F: MATLAB Script code for ALO

Script Code of Antlion optimization algorithm for optimal tuning of controller
clear all

clc

SearchAgents_no=40; % Number of search agents

Function_name="LFO"; % Name of the test function

Max_iteration=100; % Maximum number of iterations

% Load details of the selected benchmark function
[Ib,ub,dim,fobj]=Get_Functions_details(Function_name);
[Best_score,Best_pos,cg_curve]=ALO(SearchAgents_no,Max_iteration,Ib,ub,dim,fobj);
Answer_pos(:,1)=Best_pos;

Answer_cost(:,1)=Best_score;

%% constraint functions

K=Best_pos(1); T1=Best_pos(2); T2=Best_pos(3); T3=Best_pos(4); T4=Best_pos(5);
% A 133MVA, 50Hz Tana Beles HPP has the following system parameters:
f=50; M=8;S=133;H=3.14;Td01=9.2; %T'd0

Td011=0.1; Tq011=0.1; % T"d0 and T"q0

xd=1.03;xq=0.7; xd1=0.31; xd11=0.25; %x"d

xq11=0.25; xL=0.2; D=4;wb=2*pi*f; % in rad/sec

% Exciter type EXST1 data

KA=60;TA=0.02;

%Transformer Parameter in pu

xT=0.1; xE=0.1; xB=0.1;

%Transmission line data in pu

XtE=1,;

% Operating conditions

% Case 1: Nominal loading in pu

% P0=0.8; Q0=0.114; Ut=1; xBV=0.25;

% Case 2: Light loading in pu

% P0=0.2; Q0=0.01; Ut=0.6; xBV=0.25;

% Case 3: At Heavy loading in pu

PO =1.20; Q0 = 0.4; Ut=1.4; xBV=0.25;

% DC link parameter

Vdc=2; Cdc=1;

% controller input

Vdcrf=4;Kdcp = -5; Kdcl = 0;Kdp = -5;KdI = -60;Ks=1;Ts=0.05;j=sqrt(-1);
dw=1;wn = sqrt(wb/2*H);s=j*wn;

% UPFC Control input parameters parameter

mB=0.08; % modulation index of series converter

delta_B=78.21; % phase angle of series converter voltage

delta_E=85.35; % phase angle of shunt converter voltage

mE=0.4; % modulation index of shunt converter

% Sample times

Ts_ PWM = 5e-6; Ts_Control =50e-6; % Control systems sample

Ts _Power =Ts PWM,; % Default value

% Grid parameters
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Fnom = 50; % Nominal system frequency (Hz)

Vnom_grid = 400e3; % nominal voltage (L-L rms)

Psc_grid = 15000e6; % Short-circuit level (VA)

% Shunt Converter parameters

Pnom_dc_3L = 200e6; % Nominal DC link Power (VA)
Vnom_dc_3L =Vnom_grid/0.612;

% Nominal DC link voltage (V)

H_3L = 1/Fnom*2; % DC link stored energy constant(s) = 2 cycles
Clink_3L =Pnom_dc_3L*H_3L*2 /Vnom_dc_3L"2; % DC link capacitor (F)
Vc_Initial_3L =Vnom_dc_3L/2; % capacitor initial voltage (V)

% Transformer:

Pnom_3L =Pnom_dc_3L; % Transformer nominal power (VA)

Vnom_prim_3L = Vnom_grid; % Nominal primary voltage (V)

m_nom_3L =0.8; % Nominal modulation index

Vnom_sec_3L = 0.5*Vnom_dc_3L/sqrt(2)*sqrt(3)*m_nom_3L; % Nominal sec. voltage
V)

Lact = 0.15*((Vnom_sec_3L/1000)*1e3)"2/(Pnom_3L)/314.159;

% VDC controller

Kp_VDCreg_3L=3; Ki_VDCreg_3L=300; % Proportional gain and Integral gain
LimitU_VDCreg_3L=1.5; % Output (Idref) Upper limit (pu)
LimitL_VDCreg_3L=-1.5; % Output (Idref) Lower limit (pu)

% Current controller

Kp_Ireg_3L=0.2/2; % Proportional gain Kp_VDCreg_3L
Ki_lIreg 3L=15; % Integral gain
LimitU_lreg_3L=1.5; % Output (Vdg_conv) Upper limit (pu)

LimitL_lreg_3L=-1.5; % Output (Vdg_conv) Lower limit (pu)

%% Mathematical model of SMIB wuth UPFC

P=0.8; Vt=1; Vb=1,

% The reactance equation

XQE=Xg+XtE; XdE=xd1+xtE; XBB=xB+xBV; x1d=XE*(1+(XtE+Xxd1)*(XE+XT)/XE*XT);
x2d=xBB*x1d+xE*xdE; x3d=((XE*XdE/xT)-x1d)/x2d; x4d=(x1d-xE-(XE*xdE)/xT)/x2d;
X1g=XE*(1+(XtE+xq)*(XE+XT)/XE*XT); x20=xBB*x1g+XE*XqE; xBd=xBB+xdE;
xdt=xd1+xtE+xE; xqt=xg+xtE+xE; xBq=xBB+xqE; r1=0; x1=0.2;
deltal=asin(P0/(sqrt(P0"2+(Q0+Ut"2/x)"2))); utd=Ut*sin(deltal); utg=sqrt(Ut"2-utd"2);
itg=utd/xq; itd=(P0O-utd*utqg/xq)/utd,;

% Generator output power in terms of g-axis and d-axis components

Eql=utq+xdl*itd; EQ=Eql+(xqg-xd1)*itd; Pe= utd*itd+utg*itq;

Qe=utd*itg-utg*itd; % dynamic equations relevant to the reactive power deviations
ud=(x1+xq)*itg-r1*itd; ug=EQ-(x1+xq)*itd-r1*itq; u=sqrt(ud"2+uqg”"2); delta=atan(ud/uq);
%Dynamic d-g based equations of currents relevant to the reference system
IEd=xBB*Eq1/xdE-
mE*sin(delta_E)*Vdc*xBd/2*xdE+xdE*(Vb*cos(delta)+mB*sin(delta_B)*Vdc)/2*xdE;
IEg=mE*cos(delta_E)*Vdc*xBq/2*xqE-
XqE*(Vb*sin(delta)+mB*cos(delta_B)*Vdc/2)/xqE;
IBd=-xdt*(Vb*cos(delta)+mB*sin(delta_B)*Vdc/2)/xdE-
xdE*mE*sin(delta_E)*Vdc/2*xdE+XE*Eq1l/xdE;
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IBq=-mE*cos(delta_E)*Vdc*xqE/2*XqE-
xqt*(Vb*sin(delta)+mB*cos(delta_B)*Vdc/2)/XqE;

EqO01=EQ; Vb0=u; Xt=x1; Xd1=xd1l; Xqg=xq; Xd=xd; deltaO=delta; VtdO=utd; VtqO=utq;
Vit0=Ut;

% Non-linear dynamic form of UPFC

VEtd =-xE*IEg+Vdc*mE*cos(delta_E)/2; VEtq=xE*IEd+Vdc*mE*sin(delta_E)/2;

vBtd =-xB*IBqg+Vdc*mB*cos(delta_B)/2; vBtg=xB*IBd+Vdc*mB*sin(delta_B)/2;
dVdc=3*mE*(cos(delta_E)*IEd+sin(delta_E)*IEq)/4*Cdc+3*mB*(cos(delta_B)*IBd+sin(
delta_B)*IBq)/4*Cdc; % where dVdc is Vdc or dvdc/dt

a=r1"2+(x1+xd1)*(xg+x1);

% linearization constant function of the system coefficients
K1=EQ*u*(r1*sin(delta)+(x1+xd1)*cos(delta))/a+itg*u*((xq-xd1)*(x1+xq)*sin(delta)-
r1*(xg-xdl)*cos(delta))/a;

K2=r1*EQ/a+itg*(1+(x1+xq)*(xg-xdl)/a); K3=(1+(x1+xq)*(xd-xd1)/a)-1;
K4=u*(xd-xd1)*((x1+xq)*sin(delta)-rl1*cos(delta))/a;
K5=utd/Ut*xq*((r1*u*sin(delta)+(x1+xd1)*u*cos(delta))/a)+utq/Ut*xd1*(r1*u*cos(delta)
-(x1+xq)*u*sin(delta))/a; K6=utq*(1-xd1*(x1+xq)/a)/Ut+utd/Ut*xq*ri/a;

K7=3*(x2d* mE*cos(delta_E)+x4d*mB*cos(delta_B))*Vb*sin(delta)/(4*Cdc*xdE)-
3*(x1g*mE*sin(delta_E)+x2g*mB*sin(delta_B))*Vb*cos(delta)/(4*Cdc*xqE);
K8=3*(mE*cos(delta_E)*x1d+mB*sin(delta_B)*xBd)/(4*Cdc*xdE);
K9=-0.25*Cdc*(mB*sin(delta_B)*(mB*cos(delta_B)*xdt-
mE*cos(delta_E)*xdE)/(2*xdE)-mE*sin(delta_E)*(mE*cos(delta_E)*xBd-
mB*cos(delta_B)*xdt)/(2*xdE)+mB*cos(delta_B)*(mB*sin(delta_B)*xqt-
mE*sin(delta_E)*xqE)/(2*xqE)-mE*cos(delta_E)*(-
mB*sin(delta_B)*xqE+mE*sin(delta_E)*xBq)/(2*xqE));
Kpe=(utd-itg*xd1)*(xBd-xdE)*Vdc*sin(delta_E)/2*xdE+(xg*itd+utq)*(xBg-
XQqE)*Vdc*cos(delta_E)/2*XqE;
KpdE=(utd-itg*xd1)*(xBd-xdE)*Vdc*mE*cos(delta_E)/2*xdE+(xqg*itd+utq)*(-
XxBg+xgE)*Vdc*mE*sin(delta_E)/2*xqE;
Kpb=(utd-itg*xd1)*(xdt-xqE)*Vdc*sin(delta_B)/2*xdE+(xg*itd+utg)*(xqt-
XQqE)*Vdc*cos(delta_B)/2*xqE;
KpdB=(utd-itg*xd1)*(xdE+xdt)*Vdc*mB*cos(delta_B)/2*xdE+(xg*itd+utq)*(-
xqt+xgE)*Vdc*mB*sin(delta_B)/2*xqE;
Kpd=(utd-itg*xd1)*((xdt-xdE)*mB*sin(delta_B)/2*xdE+(xBd-
xdE)*mE*sin(delta_E))/2*xdE+(xg*itd+utq)*((xqt-xgE)*mB*cos(delta_B)/2*xgE+(xBg-
XqE)*mE*cos(delta_E)/2*xqE);

Kqgd=-(xd1-xd)*(xBd-xdE)*Vdc*sin(delta_E)/2*XqE;
Kgde=-(xd1-xd)*(xBd-xdE)*mE*Vdc*cos(delta_E)/2*xdE;
Kgb=-(xd1-xd)*(xdt-xdE)*Vdc*sin(delta_B)/2*xdE;
KqdB=-(xd1-xd)*(xdE-xdt)*mB*Vdc*cos(delta_B)/2*xdE;
Kge=-(xd1-xd)*((xBd-xdE)*mE*sin(delta_E)/2*xdE+(xdt-
xdE)*mB*sin(delta_B)/2*xdE);
Kvge=utd*(xBg-xqE)*Vdc*cos(delta_E)/2*Ut*xgE-utq*(xBd-
xdE)*Vdc*sin(delta_E)/2*Ut*xdE;
Kvde=utd*xg*(xqE-xBq)*mE*Vdc*sin(delta_E)/2*Ut*xgE-utq*xd1*(xBd-
xdE)*mE*Vdc*cos(delta_E)/2*Ut*xqE;
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Kvb=utd*xg*(xgt-xqE)*Vdc*cos(delta_E)/2*Ut*xqE-utq*xd1*(xdt-
XdE)*Vdc*sin(delta_E)/2*Ut*xdE;

KvdB=utd*xg*(xqE-
xqt)*mB*Vdc*sin(delta_E)/2*Ut*xgE+utg*mB*xd1*(xdE+xdt)*Vdc*cos(delta_E)/2*Ut*
xdE;

Kvd=utd*xg*(xBg-xgE)*mE*cos(delta_E)/2*Ut*xqE+(xqt-
XqE)*mB*cos(delta_B)/2*xqE-utg*mE*xd1*(xBd-
xdE)*sin(delta_E)/2*Ut*xdE+mB*(xdt-xqgE)*sin(delta_E)/2*xdE;
Kce=0.25*Cdc*Vdc*sin(delta_E)*(mE*cos(delta_E)*xBd-
mB*cos(delta_B)*xdE)/2*xdE+Vdc*cos(delta_E)*(mE*sin(delta_E)*xBq-
mB*sin(delta_B)*xqE)/2*xqE;

Kcde=0.25*mE*(cos(delta_E)*IEQ-
sin(delta_E)*IEd)/Cdc+0.25*(mE*Vdc*cos(delta_E)*(mE*cos(delta_E)*xBd-
mB*cos(delta_B)*xdE)/2*Cdc*xdE+mE*Vdc*sin(delta_E)*(mB*sin(delta_B)*xqE+mE*
sin(delta_E)*xBq)/2*Cdc*xqE);

Kcb=0.25*Cdc*Vdc*sin(delta_B)*(-
mE*cos(delta_E)*xdE+mB*cos(delta_B)*xdt)/2*xdE+Vdc*cos(delta_B)*(mB*sin(delta_
E)*xqt-mE*sin(delta_E)*xqE)/2*xqE;

KcdB=0.25*mB*(cos(delta_B)*IBg-
sin(delta_B)*1Bd)/Cdc+0.25*(mB*Vdc*cos(delta_B)*(mE*cos(delta_E)*xdE+mB*cos(de
Ita_B)*xdt)/2*Cdc*xdE+mB*Vdc*sin(delta_B)*(-
mB*sin(delta_E)*xqt+mE*sin(delta_E)*xqE)/2*Cdc*xqE);

% Constants of state space model of power system

A=[0wb 0 0 0;-K1/M -D/M -K2/M 0 -Kpd/M; -K4/Td01 0 -K3/Td01 1/Td01 -Kqd/Td01; -
KA*K5/TA 0 -KA*K6/TA -1/TA -KA*Kvd/TA; K7 0 K8 0 -K9J;

B=[0 000 0;0 -Kpe/M -KpdE/M -Kpb/M -KpdB/M;0 -Kqge/Td01 -Kqde/Td01 -Kgb/TdO01 -
KqdB/TdO1;KA/TA KA*Kvqge/TA -KA*Kvde/TA -KA*Kvb/TA -KA*KvdB/TA;0 Kce
Kcde Kcb KcedBJ;
delta_E=((Kdp+Kdl/s)*dw+(Kdcp+Kdcl/s)+(Vdcrf-Vdc))*(Ks/(1+s*Ts));
du=K*(1+s*T1)*(1+s*T3)*dw/((1+s*T2)*(1+s*T4)); % Input to damping controller
%% Results obtained

disp("The best optimal value of the objective function found by ALO : *);

disp(" K T1 T2 T3 T4%);

display([num2str(Best_pos)]);
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