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ABSTRACT

A transmission system is a network of inter-connected lines that makes it possible to transport
large amounts of electricity from a generation station to a substation. Power system transient
stability is a critical aspect in ensuring reliable and secure power system operation. FACTS
devices, such as STATCOM, have proven to be effective in enhancing power system transient
stability. These devices have the capability to control power flow in the network, resulting in
increased system load capacity, reduced flow in heavily loaded lines, lower system losses, and
improved system security. STATCOM controllers are integrated into existing approaches to ad-
dress these issues, but they are sized and placed incorrectly, which could result in a negligible
reduction in magnitude of voltage deviations and transmission network losses. Hence, the pur-
pose of this research is to minimize transmission network losses, transient instability and volt-
age magnitude variation in the transmission network by appropriately allocating the STATCOM
controller through the use of PSO. After optimization, the results indicated that bus 05 with the
injection of 39.93 MVAr of shunt reactive power with PSO had the best STATCOM controller
positions in the test system. At steady state, the network under consideration’s total active power
loss was 9.003 MW, while the STATCOM controller optimized using PSO was 8.4173 MW, cor-
respond to 6.5% total active power loss reduction. In accordance, the total reactive power loss
was 32.6309 MVAr and 30.2954 MVAr, respectively, correspond to 7.157% total reactive power
loss reduction. Further analysis is done on the impact of the compensation device STATCOM in
the areas of transient stability improvement, loss reduction, damped oscillation in power system,
and voltage profile support of a case study involving the incorporation of wind farm Adama 11
into IEEE 30-bus modified test systems using MATLAB/PSAT has been implemented. The results
are compared to the impact in the absence of STATCOM under faulty conditions. The overall
test systems with STATCOM placement have significantly improved transient stability, damped
the multiple-machine system oscillations, and shortened the transient period of the oscillations.

Keywords: FACTS, MATLAB/PSAT, PSO, STATCOM, Transient Stability

X1V



CHAPTER ONE

1 INTRODUCTION

1.1 Background

Power system is an electrical network comprising components designed for the generation, trans-
mission, and utilization of power. Modern power systems are intricate networks characterized by
multiple generation plants and load centers that are interconnected by power transmission lines
and form an integrated electrical system. The electric power system encompasses generators,
transmission and distribution facilities, and interconnected electrical loads. Due to the extensive
system size, various disturbances can occur, potentially leading to adverse effects such as black-
outs or the loss of synchronism in generators. Resolving transient stability issues is important
because it dictates the behavior of electrical system for several seconds following a power distur-
bance. With the escalating demand for energy, there exists a shortage of primary energy sources,
particularly fossil fuels, within the integrated power generation system. This shortage becomes
more pronounced as demand continues to rise without a corresponding increase in alternative
generation resources and transmission line capacity. These factors have put a strain on the power
system, pushing it beyond its originally intended capability (Khan et al., 2017). Here, power sys-
tem transient stability improvement is the main area of concern. Significant disturbances might
arise from transient stability problems when load centers are distant from the generation. These
disturbances not only pose risks to the security of the power supply but also make daily power
system operations challenging. The power system ability to maintain synchronism and steady
operation after a significant disturbance, like loss of generation via transmission lines or a fail-
ure, is known as transient stability. This holds true even in the face of substantial and sudden
variations in the power system environment, such as three phase (3 — ¢) faults or abrupt dam-
age to significant load or generation units. An overloaded power system may exhibit nonlinear
behavior, and the abnormal interaction among different power system units can result in various
modes of oscillations. If timely measures are not taken to dampen these oscillations, they can
disrupt power flow and potentially lead to the un-synchronization of generators, culminating in

either partial or total system shutdown.



FACTS devices provide a solution to mitigate these challenges without the limitations asso-
ciated with electromechanical equipment, such deterioration and slow response. Maintaining
transient stability is necessary to guaranteeing the secure and dependable functioning of power
systems. These devices have capability to improve network stability, encompassing both tran-
sient and small signal stability. They achieve this by regulating parameters like series and shunt
impedance, current, phase angle and voltage. Increased system load capacity, decreased system
losses, improved system security, and decreased flow in severely loaded lines are all outcomes
of controlling power flows in the network. This demonstrates effectiveness of FACTS devices
in optimizing power system performance while avoiding the drawbacks often linked to tradi-
tional electromechanical solutions (Latt, 2019). The utilization of FACTS devices allows for
an increase in both the maximum capacity of carrying power and flow of power in the trans-
mission lines (Siddula et al., 2020). A conceptualization of the power system would be an
extensive interconnected nonlinear system featuring numerous lightly damped electromechani-
cal oscillation modes. When dampening these modes diminishes or becomes negative, it poses
a significant constraint on the power system operation. Therefore, it is essential to describe
these oscillation modes, pinpoint stability bounds, and, in many cases, put safeguards in place
to prevent instability. As power industry shifts towards deregulation, there is a growing trend
of long-distance power transfers that surpass the addition of new transmission facilities. Con-
sequently, inter-area oscillations are becoming more lightly damped. Synchronous machines in
a steady power system will either return to their initial condition in the absence of a net power
change or attain a new condition while maintaining synchronism in the presence of a net change

in power; synchronism is abandoned if stability is compromised

One approach to improving power system transient stability involves utilizing advanced FACTS
controller devices, such as STATCOM optimized through optimization of particle swarms for
optimal sizing and allocation. STATCOM belongs to category of FACTS devices, offering the
ability to control power flow and enhance voltage stability. These devices function by supplying
the electrical grid with reactive power, aiding in regulation of voltage levels and overall system
stability. Particle Swarm Optimization serves as a method for sizing and siting advanced FACTS
devices, allowing them to adapt to changing operating conditions and enhance power system

performance. Employing optimization of particle swarms for the sizing and optimal allocation of



STATCOM facilitates fast and adaptive control of power flow and voltage stability within power
systems. This, in turn, helps prevent loss of synchronism and improves the overall reliability

and security of power systems.

1.2 Statement of the Problem

The wind promises a cleaner future, its energy pulses with the potential to power our lives
without the harmful emissions of fossil fuels. Grid integration has become an issue in recent
years with wind energy’s penetration increasing in a number of countries such as Ethiopia, which

could hinder the widespread adoption of wind energy systems.

Maintaining grid stability during transient events in wind farms is a major challenge. Transient
instability can lead to cascading outages that cause widespread power outages, impacting entire
communities and causing significant economic and social disruption. Grid instability can dam-
age equipment such as transformers and generators, resulting in the need for costly repairs and
replacements. Voltage and frequency fluctuations can affect the quality of energy delivered to

consumers, damage sensitive electronic equipment and disrupt industrial processes.

Wind energy is intermittent and stochastic by nature, making it difficult to predict and control its
contribution to grid stability. In addition to the challenges of transient stability, grid-connected
wind farms can also experience voltage sags and swells, which can further affect grid perfor-
mance and power quality. Voltage sags are Short-term voltage dips, often caused by faults or
sudden load changes, can disrupt sensitive equipment and processes. Voltage swells are Short-
term voltage surges, often caused by switching operations or load disconnections, can stress

electrical components and potentially damage equipment.

By addressing the challenges of transient stability and power quality through smart grid tech-
nologies such as STATCOMs and optimization algorithms such as PSO, we can realize the
full potential of wind energy while ensuring a resilient, reliable and sustainable energy future.
STATCOMs can quickly inject or use reactive power absorption to control voltage levels during
disturbances, reducing the severity and duration of voltage dips and surges. STATCOMSs can
provide continuous voltage support at the point of interconnection, increasing the resilience of

the grid to voltage fluctuations. The problem addressed in this thesis, conducting investigation



on the impact of integrating wind farm Adama II into the grid on transient stability.

1.3 Objective
1.3.1 General Objective

The general objective of this study is to enhance the transient stability of the power system by us-
ing STATCOM optimized through Particle Swarm Optimization (PSO) techniques, specifically
focusing on the IEEE 30-bus test system integrated into the Adama II Wind Farm.

1.3.2 Specific Objective

* Development of aggregated wind farm Adama II.

Formulation of PSO for optimal allocation and sizing of STATCOM.

* Development of test network in PSAT with STATCOM to maintain the transient stability.

Perform time-domain simulations (under baseline conditions, under three-phase fault con-

dition without and with STATCOM to show the improvement in system stability).

1.4 Significance of the Study

Transient stability is crucial for ensuring system security. This implies that the occurrence of
a fault should not result in the shutdown of a generating unit due to a loss of synchronism,
and it should not create the risk of a cascaded outage and system blackout. Enhancing tran-
sient stability, therefore, should be instantaneous, and FACTS devices can accomplish this task.
Using FACTS for transient instability prevention mechanisms is advantageous in minimizing
equipment failure due to disturbances in power systems, decreasing total interruption time, and
decreasing maintenance costs for power system equipment. The following describes the study’s

significance:

* To incorporate FACTS devices STATCOM into a multiple-machine power system network

S0 as to improve transient stability.

* To efficiently determine optimal allocation and size of STATCOM.



This accomplished by identifying most line loss and least robust bus in the combined study of
integrating wind farm Adama II into IEEE 30-bus modified test system. STATCOM positioned
near the weak bus and the line with the highest active power loss. Subsequently, transient sta-
bility enhancement analyzed for the integrated case study that connect wind farm Adama II into
IEEE 30-bus modified system of the synchronous generator. The importance of this research
lies in its capacity to advance our comprehension of how FACTS devices STATCOM can en-
hance power system transient stability. By incorporating these advanced control techniques into
a multiple-machine power network system, this research has potential to improve significantly
ability to maintain reliable and secure operation of power systems. Additionally, by using PSO
to optimally locate and size these devices can be achieved, further enhancing power system

performance.

1.5 Scope of the Study

The scope of the research involves evaluating efficiency of STATCOM based on PSO in a
multiple-machine network of power system for enhancing transient stability. This assessment
focused on the integrated study of connecting wind farm Adama II into IEEE 30-bus modified
test system model, utilizing the PSAT in MATLAB/simulink.

1.6 Limitation of the Study

Limitations of the study on transient stability enhancement using STATCOM based on PSO,
focusing on the IEEE 30-bus test system integrated with the Adama II wind farm, include the
reliance on simulation-based analysis, which may not fully capture the complexities and dy-
namics of real-world power systems. The study may also be limited by the simplifications and
assumptions made in the modeling of the power system, wind farm, and control algorithms,
potentially leading to discrepancies between simulation results and actual operating conditions.
Additionally, the scalability and applicability of the proposed methodology to larger and more
complex power systems remain to be fully evaluated. Furthermore, the study may lack empir-
ical validation through field experiments, which are crucial for verifying the effectiveness and

robustness of the proposed approach under practical conditions.



1.7 Thesis Organization
This thesis is organized into five chapters, each playing a significant role in presenting research:

Chapter 1: Introduction — This opening chapter sets the stage by providing a brief background
on the growing use of wind farms and the challenges it presents for power system stability. It
then clearly defines the problem of maintaining stability with wind farm integration. Following
this, the chapter outlines objective of the research, highlighting significance and scope of the

study and acknowledging any limitations.

Chapter 2: Literature Review — This chapter surveys key topics relevant to the research. It
explores recent trends in power system stability, defines and classifies different stability types,
and discusses the benefits of FACTS devices. Additionally, the chapter delves into power system
modeling techniques and wind turbine modeling approaches, highlighting their classification and

application in power systems.

Chapter 3: Materials and Methods — This chapter dives into mathematical modeling of
Adama II wind farm, including aggregation methods. It then details the development of Adama
IT wind farm model for integration with IEEE 30-bus modified test system. Finally, the chapter

explores utilization of PSO for optimizing location and size of a STATCOM device.

Chapter 4: Results and Discussion — This chapter analyzes the impact of wind energy in-
tegration on power system stability under pre-fault, fault, and fault with STATCOM scenarios.
PSAT software is used to simulate the system’s dynamic behavior with and without a PSO-
optimized STATCOM placement. The chapter discusses and compares the results, focusing on

improvements in loss reduction, voltage profile, and transient stability.

Chapter 5: Conclusion and Recommendations — This final chapter summarizes the key find-
ings of the research, highlighting impact of Adama II wind farm model integration with a grid
and STATCOM optimization on power system stability. It then offers recommendations for

future research directions to further explore this area.



CHAPTER TWO

2 LITERATURE REVIEW

2.1 Basic Theories and Overview

Power system stability is an essential aspect of electrical systems to ensure security and reliabil-
ity of power supply. By redistributing power in crowded lines—particularly when there is high
load—these devices can improve system stability. By improving power quality and impedance,
FACTS controllers contribute to voltage consistency. Many studies have investigated how these
devices can improve the shape of voltage profiles (voltage magnitude profiles), enhance the ca-
pability of the power system to handle power transfers (transfer stability), maintain safe voltage
levels throughout the system (secure voltage profile), and minimize energy wasted during trans-
mission (system losses). FACTS devices evolution has been closely tied to advancements in
power electronic components. High-power level devices have become accessible for convert-
ers operating at different voltage levels. According to (Hingorani & Gyugyi, 2000) FACTS
controllers can be categorized into four (4) main groups: series, shunt, series-series, and series-

shunt controllers. The devices can be broadly classified into several groups:

I. Power electronics devices connected with the transmission line in series to control flow of

power, including SSSC, TCPAR or TCPST, and TCSC.

II. Equipment installed at junctions in the power grid (shunt) to manage voltage levels, in-

cluding the STATCOM and SVC.

III. Devices that combine series and shunt functionalities, like the IPFC for series-series op-

eration and the UPFC for combined series-shunt control.



Table 2.1: Different FACTS controller comparison

Name Type Utilized Controller Control Application
SSSC Series GTO Power flow
TCSC Series Thyristor Power flow
TCPAR shunt-Series Thyristor Power flow
STATCOM Shunt GTO Voltage

SvVC Shunt Thyristor Voltage

UPFC Shunt-Series GTO Power flow and Voltage
IPFC Series-Series GTO Power flow and Voltage

The application of FACTS device, including STATCOM, has been widely studied and imple-
mented to enhance power stability. This literature review will explore various research works

that has been conducted on the utilization of STATCOM to enhance power system stability.

2.2 Utilization of FACTS devices Benefits

The advantages of incorporating FACTS devices into electrical transmission systems can be
outlined as follows: they increase the transmission lines loading capacity, prevent blackouts, en-
hance generation productivity, reduce reactive power circulation, improve stability limits, mini-
mize voltage flickers, damping oscillations, ensure stability, reliability, security, availability, and
economical operation. FACTS controllers, a family of electronic controllers, play a crucial role
in enhancing power system performance. Power systems, being nonlinear and subject to a broad
operating conditions, time-varying configurations, and parameters, benefit from the development
of FACTS to improve weak AC systems performance and increase capabilities of transmission
over long AC lines. All three power system states—steady state, transient, and post-transient
steady state—can be operated in with FACTS controller. They have capacity to control voltage
magnitude, active, and reactive power. The FACTS controller dynamic application encompasses
improve transient stability, damping oscillation (dynamic stability), and enhancement of voltage
stability. These controllers have the capability to control current, series and shunt impedance,

voltage, and phase angle. There are three types of FACTS devices as shown in Figure 2.1.
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Figure 2.1: FACTS devices classification

The most promising device among FACTS controllers utilized in this study to enhance transient
stability and dampen oscillations is the STATCOM. STATCOM is employed for controlling
power flow and improving voltage stability. These devices operate by supplying reactive power
into the power system, thereby regulating voltage and improving overall stability. STATCOM
play a significant role in regulating energy flow and power quality without compromising per-
formance expectations. Power quality has been negatively impacted by a number of devices,
including transformers, motors, computers, printers, communication devices, and household
machinery. Even though bus voltage magnitudes must be kept within specified limits, transport-
ing reactive power is difficult when the network is heavily loaded (Suliman, 2020). In addition,
STATCOM is used to adjust reactive power in transmission lines and loads, reduce harmonics in
line currents, improve load power factor, and compensate for voltage sag/swell. It is particularly

effective in mitigating bus voltage levels (Jamil et al., 2019).



2.2.1 Static Synchronous Compensator (STATCOM)

STATCOM, as a shunt-linked FACTS device, has the capability to absorb or produce reactive
power to control voltage at the point where power system is connected. By controlling reactive
power injection, STATCOM contributes to maintaining voltage stability and preventing voltage
collapse following significant disruptions, including malfunctions or a loss of power. Reactive
power can be generated or absorbed by it, and its output can be tuned to regulate particular power
characteristics. In an AC power system, STATCOM, a power electronic-based VSC, can operate
as a reactive power source or sink. A single-line STATCOM’s power circuit is depicted in Figure
2.2, where utility bus and VSC are linked via magnetic coupling. Reactive current injection
by a STATCOM maintains grid voltage. Conversely, the grid voltage drops when STATCOM
absorbs reactive current. STATCOM, belonging to the FACTS device family, is employed for
the enhancement of voltage profiles. Utilizing a VSC, STATCOM injects a variable-frequency
and variable-amplitude compensatory current at the bus. Capacitance is incorporated into the

DC link of this three-phase VSC.

AC SYSTEM
ILine ¢
Coupling
transformer
Tac
I
Voltage sourced
converter
Idc
Vdc
+ | -

DC energy storage

Figure 2.2: Basic STATCOM configuration
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As a solid-state switching converter, STATCOM can independently generate or absorb reactive
and real power that can be controlled at the output when supplied using the input terminal of an
energy storage device or energy source. An energy-storage capacitor or a battery may supply
the DC voltage. The three-phase voltages that make up the STATCOM output are all in phase
and connected to the matching AC voltage system via a tiny reactance, which can be supplied
by an interface reactor or by coupling transformer’s leakage inductance. Similar to perfect syn-
chronous machine, STATCOM functions as a fast-acting device that produces a series of three
sinusoidal voltages that are balanced in terms of amplitude, phase angle, and fundamental fre-
quency that may be adjusted. It is built on the VSC architecture and makes use of either IGBT
or GTO devices. Essentially, STATCOM is a VSC that converts input DC voltage to output AC

voltage for compensating reactive and active power.
Voltage-Current(V-I) and Voltage-Quantity(V-Q) Characteristics

The STATCOM is an alternating VSC behind a coupling reactance that has matched v—/7 and V —
Q properties depicted in Figures 2.3(a) and 2.3(b) respectively. These characteristics show that
even at very low (theoretically zero) voltage levels, approximately about 0.2 p.u., the STATCOM
can operate over its full current output range. Essentially, the maximum absorption or generation
of Var for STATCOM varies linearly with AC voltage, but it is possible to maintain the maximum

output current, either inductive or capacitive, regardless of the Ac voltage.

The STATCOM’s capability to provide maximum compensating current at reduced system volt-
age allows it to function dynamically across various applications. The highest current turn-off
capacity of the power semiconductors (e.g., GTO thyristors) employed determines the maxi-
mum possible transient over current in the capacitive region. Shunt compensation provided by a
STATCOM, rather than by an SVC, can increase transmittable power or decrease the STATCOM
rating below that of the SVC for the same stability margin. By drawing controlled actual power
at its DC terminal from an energy source, the STATCOM may supply the system with AC power.
It can also regulate how much energy is absorbed from AC system in order to keep the storage

device charged.
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Figure 2.3: V-I and V-Q STATCOM characteristics

2.3 Classification and Definition of Stability in Power System

Power system stability is the ability of a power system to recover from physical disturbance
and reach a state of operational equilibrium under particular initial operating conditions. This
means that most system variables remain constrained, protecting the entire system integrity.
Rotor angle stability, frequency stability, and voltage stability are the three main components
that make up power system stability classification, as shown in Figure 2.4 (Latt, 2019; Kundur

et al., 2004). There are several subcategories within power system stability. These include:
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Figure 2.4: Classification of power system stability (Kundur et al., 2004)

2.3.1 Rotor Angle Stability

Rotor angle stability is the capability of synchronous machines in a networked power system to
retain synchronism after a disruption. This stability based on the capability of system to retain
or restore balance between each synchronous machine mechanical and electromagnetic torques.
Potential instability manifests as escalating angular swings in certain generators, resulting in

their desynchronization from other generators (Kundur et al., 2004).

2.3.2 Voltage Stability

When a disturbance occurs from a certain starting operating condition, power system’s capacity
to retain stable voltages across each bus is referred to as voltage stability. This stability relies
on maintaining or restoring equilibrium between the power system’s load supply and demand.
Potential instability appears as a slow down or rise in voltage at specific buses. Voltage instability
can cause consequences such as area load loss, tripping of transmission lines, and activation of
protective systems causing a series of outages. These outages or operating situations exceeding
field current limitations might cause generators to lose synchronism. Rotor angle instability may
also be connected to a progressive decline in bus voltages. For instance, the loss of synchronism

between two machine groups approaching a 180° rotor angle difference causes a rapid voltage
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drop at intermediate points near the electrical center (Kundur et al., 2004). Protective systems
typically act to separate the two machine groups, allowing voltages to recover based on situations
following a separation. But if the system stays together, there will be frequent "pole slips"
between the machine groups, which will cause voltages close to the electrical center to fluctuate
quickly between high and low levels. However, loads are involved in persistent voltage decreases
associated with voltage instability, and these can happen even when there is no stability issues
in the rotor angle. Constraints on voltage stability are essential for preserving power system
stability. Three types of buses are typically found in a power system: generator bus (P-V bus),
load bus (P-Q bus), and slack bus (reference bus). The reference voltage is defined as standard
voltage at the slack bus, which is assumed to be 1.0 p.u. The difference between current bus
voltage and slack bus voltage can be used to compute deviations from this reference voltage at
other buses. Deviations indicate instability conditions at the corresponding bus (Kundur et al.,

2004).

2.3.3 Frequency Stability

Frequency stability is the power system’s capability to retain operating frequency following sig-
nificant disturbance that causes a significant imbalance between generation and load. This sta-
bility relies on maintaining or restoring balance between the generation and load on the system,
reducing unintentional load shedding. Prolonged frequency oscillations indicative of potential

instability might cause loads or generating units to trip.

2.4 Classification of Buses in Power System

The power systems buses are primarily categorized as follows:

2.4.1 Load Bus

This bus has specified active and reactive power, whereas voltage magnitude and phase angle
are needs to be calculated. The load bus voltage does not need to be specified because it can

fluctuate within acceptable range.
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2.4.2 Generator Bus

A voltage-controlled bus is another name for this. In this case, the voltage level and net active
power are known. Reactive power and phase angle must be calculated, where active power and
voltage magnitude are specified. These buses are sometimes referred to as voltage-controlled

buses or generator buses. At these buses, the reactive power value is subject to set limits.

2.4.3 Slack Bus

The given quantities in this case are phase angle and voltage magnitude. The purpose of slack
bus, which is usually a generator bus, is to supply extra active and reactive power to compensate
for network losses. This kind of bus is distinct in the power system. This bus is sometimes

referred to as the swing bus or the reference bus.

2.5 Wind Turbine Modeling

Wind energy is one of the most established and promising non-hydro renewable energy sources
available. All that a wind turbine is a machine that uses air kinetic energy to create electricity
by feeding it into a generator. An aerodynamic rotor is used by the wind turbine generator
to harness wind energy and transform it into electrical energy. In this generation system, the
wind serves as the main source of electricity. There are two categories of wind energy use:
onshore and offshore. The capability of offshore wind turbines has grown from 2 to 5 MW, while
the capability of onshore wind turbines has grown from 1.5 to 3 MW due to advancements in
technology. Wind turbines typically employed have a capacity of 5 to 6 MW. Offshore winds are
both more consistent and stronger, resulting in higher energy production compared to onshore
winds. The use of wind energy at sea requires a more complicated installation system, which is
why Not much study has been done in this field to date. The wind turbine axis may be horizontal
or vertical. The axis along which the wind turbine vertical axis blades rotate is perpendicular to
the ground, while the axis along which wind turbine horizontal axis blades rotate is parallel to

the ground.

The cut-in speed, rated speed, and cut-out speed are three speeds that define a wind power curve

(Singh & Santoso, 2011; Operator, 2013). The turbine operates at the cut-in speed initially,
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reaches its maximum power at the rated speed, and then shuts down at the cut-out speed to pre-
vent potential damage. Since wind farms can only provide a small amount more energy than
other grid sources, wind turbine generators are arranged in groups of one. All of the energy
produced is combined and supplied into the grid as a single energy source. Increased installed
wind power capacity is a result of rapid technological advancements in generators, mechanical
drive trains, blade equipment, aerodynamics, gearboxes, wind turbine design, and converter con-
trol. These advancements have enhanced wind turbine performance and allowed wind turbines

to produce more power.

2.5.1 Induction Machine Wind Turbines

The induction machine serves as the predominant power conversion device in commercial wind
turbines. These devices not only provide a reliable connection between turbine mechanical
system and grid, but also offer a more resilient and fail-safe solution. Manufacturers of wind
turbines have created cutting-edge technology in addition to induction generator systems to en-
hance efficiency and control (Georgilakis, 2008). Sometimes Occasionally, these technologies
have the ability to conceal the dynamic properties that are generally connected to rotating gear,
which compromises the effectiveness of wind turbines in terms of electrical and dynamic perfor-
mance. Figure 2.5 illustrates the four significant categories of generator technologies commonly
used in wind turbines. Widely used wind turbines in recent decades have primarily utilized wind

turbines belonging to one of the following configurations (Mastoi et al., 2023):

I. Type I WTG: A step-up transformer is used to link a constant—speed wind turbine with
a squirrel-cage generator directly to the grid. The hub, which is coupled to an induction
generator with a squirrel—cage rotor through a gearbox, is fed by the blades with station-
ary control (fixed pitch). Apart from having a direct connection to the mains, generator
also have shunt capacitors installed, which will automatically switch on to offset reactive
power. It is possible to disable the soft start mechanism once the generator has been turned
on in order to keep it from making contact with the mains. The asynchronous generator’s

torque-speed characteristics result in the turbine operating within a defined speed range.

II. Type I WTG: A wind turbine with an induction generator and wound rotor that has
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limited speed control. This induction generator with wrapped rotor enables the regulation
of the rotor current magnitude and pitch of the turbine blades to alter the speed through
the use of adjustable external rotor circuit resistors. The turbine’s speed range can be

increased by employing external resistors.

Type III WTG: A DFIG with a variable speed wind turbine with partial electronic conver-
sion of power. Wound rotor induction generator rotor circuit is linked to the grid terminals
via a four-quadrant converter. The converter greatly increases the turbine’s speed range
by actively controlling the rotor circuit current vectorially, even in dynamic conditions,
while taking into account the phase angle and magnitude. The primary mechanism for

controlling the turbine speed is to adjust the turbine blades’ pitch.

Type IV WTG: a wind turbine with variable speed and complete electronic power con-
version that works with induction or synchronous generators. The conversion of the full
rated power is made possible by power converters that lie between electrical grid and wind
turbine. Much of the behavior and features that are crucial for the energy system analy-
sis could be located in the area that is directly linked to the electrical grid since power

converter greatly decouples dynamics of the electrical generator from the grid.

Type V WTG: Variable-speed in which the generator’s speed is adjusted to the electrical
synchronous speed using a mechanical torque conversion located between high-speed gen-
erator and low-speed rotor shaft. The synchronous machine used by this kind of machine
is then immediately connected to the medium-voltage grid. It consists of a synchronous
generator coupled to a torque/speed converter and a standard variable speed WTG drive
train. The rotor shaft’s variable speed is changed into a constant output shaft speed by the
torque/speed converter. A synchronization switch can then be used to connect the tightly
related synchronous generator directly to the mains. This generator runs at a fixed speed
that matches the mains frequency. Any required speed which usually 6-pole or 4-pole and
voltage which usually medium voltage for higher capacities can be designed into the syn-
chronous generator. The AVR, synchronization system, and generator protection system
typical synchronous generator connected with grid, along with torque and speed control

of the speed/torque converter, are required for this approach.
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2.5.2 Doubly Fed Induction Generator

A DFIG can use a more advanced system to control the rotor current. Across four quadrants,
the converter uses voltage and current control loops to supply power to the rotor circuit. The
converter output current can be regulated almost instantaneously depending on the mains fre-
quency. Under controlled operating conditions, it is possible to achieve electromagnetic torque
by controlling the current in the rotor circuit in terms of both magnitude and phase. Output
reactive power to the stator terminals can also be limited by manipulating generators (Ledesma
& Usaola, 2005). Vector-controlled or field-oriented induction machines, known for their high
performance in industrial drive systems, offer similar advantages when applied to wind turbines.
Based on the speed of the generator, grid-side converter either feeds or absorbs power into the
grid. The generator runs at synchronous speed when it is operating at a grid frequency and
number of poles lower than the synchronous speed (Tavoosi et al., 2022). The machine-side
converter directs the output power to the rotor circuit during this synchronous speed period.

When the turbine runs faster than the synchronous speed, there is an opposing power flow.

The DFIG rotor is not internally short-circuited; instead, it includes a three-phase coil winding
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that is coupled to a power electronic drive through slip rings with variable frequency. The stator
is connected to the transformer’s low-voltage side. An IGBT control circuit controls the amount
of current drawn from the rotor, while the rotor itself receives active power via a connection
that converts DC/AC voltage sources that draws current from the grid. When the rotor speed
and a particular frequency are combined, the converter on the rotor side produces a synchronous
rotating the air gap field (Din et al., 2022). The generator’s rotor, which enters into a power
exchange with the grid, and stator, which supplies electricity into the grid, engage in an active
power exchange. Furthermore, to supply active power the stator provides reactive power to the

grid.

The following benefits have led to the double-fed induction generator (DFIG) being installed

more often recently:

* As opposed to an induction generator’s 0%—2% range, the generator’s slip range is signif-
icantly greater, ranging from 0%—-16%. An induction generator’s rotor frequency is also

unaffected by the grid frequency.

* It can be operated at variable wind speeds, approximately +=33% around synchronicity,

which enables the generation of power even at low wind speeds.
* Since inverter controls approximately 30% of the total power, its cost kept to a minimum.

e It has the ability to modify power factor by adjusting the amount of reactive power that

the grid delivers or absorbs.
* Its efficiency is higher than that of traditional induction generators.

The schematic diagram in Figure 2.6 illustrates a wind turbine fitted with a DFIG. The stator
and grid are directly connected. A back—to—back VSC and Slip rings are used to connect rotor
windings to the grid. Rotation speed can be adjusted with the help of a variable frequency
source that the VSC offers. Both the generator rotor’s rotation and the rotational impacts of the
AC current from the converter cause rotor windings’ magnetic field to rotate. This results in two
possible situations where the rotor rotating magnetic field occurs either in the opposite direction
or in the rotor’s direction of rotation. When the magnetic field of the rotor and generator’s

rotor are orientated in the same direction, super synchronous operation takes place. When the
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generator’s rotor is positioned opposite to magnetic field of the rotor, sub-synchronous operation
occurs. The magnetic flux density passing through the stator windings determines the induced
stator voltage level. Applying a voltage proportional to the frequency to the rotor winding will
keep a steady voltage on the stator. This indicates that the voltage to frequency V/f ratio is

maintained constant.

AC 50Hz Network

Stator Power

-
Step-Down
Transformer
PWM Inverter 1 PWM Inverter I
— (Machine Side) (Network Side)
Slip Ring DC

Windmill <| +

Figure 2.6: Schematic illustration of a wind turbine with DFIG (Tavoosi et al., 2022)

Rotor Power

2.5.3 Aggregation of Wind Farm

A large-scale wind generating plant can comprise several wind turbines, each with a capacity in
the megawatt range. A complex collector system connects these turbines to each other. Although
the impact of individual turbines on the wider electricity grid is limited, the wind turbines as a
whole can significantly affect the electricity grid in the event of severe disturbances, such as
adjacent faults. Although it is crucial to simulate a wind turbine as nearly as possible to the real
implementation, it is not feasible to model hundreds of turbines and branches that corresponding

with them. Thus, an equivalent representation that is simplified is employed.
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A wind turbine generator (WTG) is made up of many separate WTG coupled to a collector
system with a medium voltage at the transfer point, which is then connected to the transmission
grid. Modern wind turbines typically have low terminal voltage levels (575V or 690V) and rated
outputs between 1.5 MW and 5 MW per turbine. A step-up transformer, typically installed on a
base, connects each wind turbine to a collector system with a medium voltage, which typically
operates between 12 kV and 34.5 kV. The collector network comprises one or more feeders
that are interconnected in a collector network station. One or more station transformers are
located at the collector system station are utilized to attain voltage of the transmission grid. A
transfer line is necessary if the collector system station is far apart from the transfer point. Power
factor correction at the collector station may include the installation of continuously adjustable
devices such as STATCOM or SVS and mechanically switched capacitors. Reactive power
compensation can be implemented at the wind turbine generator (WTG) terminals to rectify the
power factor, depending on the kind of WTG. The amount and characteristics of power factor
correction will be influenced by the collector system design considerations and interconnection

requirements, which include factors such as voltage regulation and losses.

The total output of a wind farm can be illustrated using the diagram of a single turbine repre-
sentation (STR). Generally, a medium voltage level between 12 kV and 34.5 kV is linked to
collector system, with the wind turbines connected together in a string or a cluster via under-
ground cables. Wind turbines can be grouped together in one or more clusters. The generated
terminal voltage of each wind turbine is raised to the average voltage level of the collector sys-
tem by means of an electrical connection to its individual transformer. The medium voltage is
then raised to the transmission voltage by connecting the collector system with central substa-
tion transformer. A massive wind farm is made up of multiple separate turbines connected to
one another over a considerable region of land or water, as shown in Figure 2.7. For load flow
and transient stability studies, equating every wind turbine to a single machine—as shown in

Figure 2.8—is a useful way to reduce its size.
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2.5.4 General Assumptions for the Modeling of Wind Farms

The subsequent derivations are grounded on the equivalent circuit for apparent power loss, en-
compassing real and reactive power loss. These derivations consider the following assumptions

when establishing the equivalent circuit for the collector system (Jember et al., 2024).
1. All wind turbines inject current with identical magnitudes and angles.

2. The reactive power generated by line capacitive shunts assumes the bus voltage is at 1 p.u.

2.5.5 Steps for Aggregating Wind Farms

This thesis adopts the concept of single-unit equivalence to establish an equivalent aggregated
wind turbines model. In aggregated wind turbine generator model, the results of a single equiva-
lent wind turbine generators (W7,,) is representation of the combined output power of multiple

wind turbine generators, achieved through capacity weighting and proportional amplification.

Step 1: Wind Turbine Equivalents
If N; wind turbines number are reduced to a single wind turbine, the parameters
derived from the equivalent machine are megawatts (MW) of active power (Pegy)
, megavolt-amperes (MVAr) of reactive power (Q.4,) and megavolt-amperes

(MVA) of apparent power (S.z,) (Jember et al., 2024).

The parameters are specified in Equation (2.1):

Pqu =N; X PMWper unit
Qqu =N, X QMVAR per unit (2.1)

Squ = N; X Spva per unit

where, N; is the total number of wind turbines in wind farm’s.

Step 2: Pad Mount Transformer Equivalents
A loss formula is used to evaluate the equivalency of unit transformer linked to a
turbine. The system with three turbines and three unit transformers, as illustrated

in Figure 2.9 (a), can be used to determine the equivalent impedance of a pad
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mount transformer (Jember et al., 2024).
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Figure 2.9: (a) A system with three turbines, and (b) A representation with single turbine

Therefore, as shown in Figure 2.9 (a) each pad mount transformer’s voltage drop is;
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Using Equation (2.2) the individual pad mount transformer’s power losses become;
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Thus, the total power loss becomes;
Szrs = Sz1, + S71, + S77134 (2.4)

Rearranging terms and substituting values into Equation (2.4) from Equations (2.1) to (2.2).

2 2 2 2
Protal Py P P;
( {)/a ) Zr, = (7> Zy + (7> Zr, + (7) Zr, (2.5

n
Y PiZi,
Zr = m=1

S_ﬁ
(i)
m=1

Where, Z7, is unit transformers equivalent impedance in a group.

(2.6)

Step 3: Representation of the shunt parameters
The shunt parameters are the total of all the shunts in the power grid when ex-
amining the transmission line equivalent circuit diagram, as seen in Figure 2.10.
This is because, under typical circumstances, bus voltage is almost unity and
capacitors produce reactive power that is proportionate to the voltage squared

across them (Jember et al., 2024; Mesfin, 2017).

The total shunt capacity of a wind turbine can be computed using the following formula, which

is based on the aforementioned assumptions:

n
Btotal = ZBi (27)
i=1

R +jX
—_— B2 B2 ——

Figure 2.10: Representing the wind farm’s line capacitance
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Step 4: Collector System Equivalents Aims to replicate the large wind farm perfor-
mance concerning voltage drop and power losses. The injected current from each
turbine is taken to be the same, as per assumption number 1, with reference to the
strand with daisy chains and its equivalent circuit shown in Figure 2.11 (taking

into account that B/2 generator is considered to include the unit transformers).

Thus,
L=b=L=L=1I

Then, within the representation of equivalency, the total current is provided by

Ig=N, x 1

Z,

7, Z, 7y Ig
—1 —1 —1 —1
I | I I I
— —
11T lzT I T Iy T Is
1 2 3 4

Figure 2.11: A Daisy-chained string of wind turbines connected to an equivalent circuit.

Each impedance voltage drop can be readily determined from Figure 2.11

S P
A‘/Z1 21121 - V Zl - V Zl

St S PP
AVz, = (hi+1) 2 = (—1+ 2>Zz= (—1+—2) 72
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The line segment’s apparent power loss can then be computed as follows:

2
« Py Py Py
SZ]ZOSS:AVZ]I = (V) (V)Zl (71> Zy
2
PP Pz,
Z — | Z
) (73)2a=(7) 2
P P P, (2.9)
— Z
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2
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Z V4
Tyt V)<V+V+V+V)4 (V +

Szzloss = szzl*

<|:,u
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SZ4loss = AVZ4I*

SZ3loss = AVZ3I * (
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Hence, the overall loss is:

2 2 2 2
Py Py Py Py
Stotal loss = ( Vl) Z)+ (72) Zr + (Vg) Z3+ (74> Zy4 (2.10)
2 2 2 2 2
PZ4 PZl P22 PZ3 PZ4
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( v ) S ( v ) 1+ ( v >+ v 3+ v 4 (2.11)

Therefore, the general formula for the collector circuit impedance can be obtained from Equation

(2.11) by rearranging the terms.

L 2
Z (PZm> Zm
ZS _ m=1

n 2
()
m=1

Where, Zg denotes the impedance of equivalent collector, while Z,, represents each series impedance.

(2.12)

2.6 Techniques for Time Domain Simulation

Dynamic simulations are essential for evaluating how electric power systems react to large-
scale disruptions, offering essential insights for planning, designing, operating, and ensuring
the security of power networks. These simulations, commonly performed in the Time Domain
Simulation (TDS), involve resolving a substantial number of stiff, hybrid, nonlinear Differential-
Algebraic Equations (DAEs). These equations capture the system’s interactions, control strate-

gies, and physical dynamics. A whole transmission network consists of hundreds of thousands
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of these equations across different time intervals that are subject to discrete transitions forced by
limiters, switching devices, and other factors. Consequently, dynamic simulations pose compu-
tational challenges, are resource-intensive, and can strain computer capabilities. In this research,
the TDS tool in MATLAB® PSAT is employed, applying two integration methods— Trapezoidal
rule and forward Euler. The Jacobian matrices of the system are used in these methods to eval-

uate the algebraic and state variable directions at each dynamic phase.

PSAT fully supports disturbances, including faults and breaker operations. Function models deal
with perturbations in transient stability analysis. A time vector is constructed during the TDS
period in order to perform transient stability analysis both prior to and following fault events.
The network modifies its shunt admittances and recomputes the admittance matrix in response to
faults or fault clearances. Responses are computed by TDS and shown on PSAT’s main graphical
user interface. They are compared using the PSAT TDS tool to study their responses to power
oscillation before and after the FACTS device STATCOM model is included into the system in

this study.

2.7 Literature Review on Previous Works

The concept of FACTS was initially introduced by (Hingorani & Gyugyi, 2000), denoting with
electronic basis devices ability of controlling both reactive and active power flow in the power
grid. FACTS controllers, being power electronic devices, improve power system performance by
virtue of their injection modes and control characteristics (Sutterl & Muriithi3, 2015). FACTS
devices integration into power system stability has been a continuously intriguing research area,

as explored by (Nkan et al., 2021; Biswas et al., 2021).

In the work by (Rajderkar & Chandrakar, 2023), a design and implementation were undertaken
to coordinate a hybrid energy storage and fuzzy based UPFC. This coordination aimed to aug-
ment dynamic performance of the system under abnormal conditions and enhance performance.
When the voltage at the DC link is not enough to meet voltage needed by the converter, hy-
brid energy storage can be used during transients. In their investigation (Rani, 2020), Using
SVC, STATCOM, UPFC, and TCSC, to improve power system transient stability in a two-area

was investigated. At matching buses to control voltage and power flow, a PI controller method
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for UPFC was utilized, and its effectiveness was examined using MATLAB/Simulink for the
IEEE-9 bus bench mark network (Patil et al., 2023).

Another study by (Ramlochun et al., 2021) designed a wind turbine (WT) using a model of SCIG
and DFIG. These generators were used in the IEEE 9-Bus test system to assess transient stability
using a PSS and a DC1A excitation mechanism applied to synchronous machines. Additionally,
(Sharma et al., 2022) presented an approach to enhance voltage stability by minimizing voltage

deviation within the IEEE-14 bus test network, utilizing simplified voltage stability indices for

STATCOM and SVC.

Another study conducted by (Hong & Nguyen, 2018) investigated the effectiveness of STAT-
COM in enhancing power system stability with a rapid penetration of renewable energy sources.
The study employed a simulation of a power grid with significant green energy penetration and
analyzed the system’s performance under various scenarios. The results demonstrated that the

use of STATCOM improved system stability, reduced power losses, and enhanced power quality.

A Gravitational Search Algorithm (GSA)-based optimization technique was utilized by (Kumar,
2019) to determine the optimum location for FACTS controller within IEEE 30-bus test sys-
tems. The study assessed power transfer capacity of FACTS devices on individual generators,
considering both power system’s reactive and active loading. In a two-area system, (Hemeida
et al., 2020) investigated whether TCSC within auxiliary control could improve voltage profile
of the grid and performance of overall network. The suggested technique for improving voltage

profile and performance of network were shown by the simulation results.

In the work by (Oukennou et al., 2018), voltage profile is enhanced through the use of a PI
controller. Another study by (Mathur & Varma, 2002) identifies optimal locations for placing
STATCOM to improve the voltage profile. The utilization of SVC for enhancing the voltage
profile is discussed in (Hingorani & Gyugyi, 2000). Another highly adaptable and effective
FACTS devices, UPFC, has potential to improve power system stability and provide superior
power flow. In order to facilitate utilizing of the maximum power transmission capacity and
control natural power-sharing between two separate parallel transmission lines, TCSC (Siddula

et al., 2020; Mahapatra & Jha, 2014), as well as UPFC, are put in place inside the power system.
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2.8 Research Gaps

Despite advancements in transient stability enhancement of a power system using FACTS de-
vice based on Optimization techniques, several critical gaps remain. Optimization methods for
the precise placement and sizing of devices like STATCOM have not been employed, missing
opportunities for enhanced efficiency and performance. The integration of UPQC and fuzzy
controllers to shorten settling time and mitigate power fluctuations has been overlooked, and the
robustness of optimization techniques across various grid configurations remains underexplored.
Additionally, the complexities of modern power systems and the integration of renewable energy
with advanced control techniques have not been adequately addressed. To fill these gaps, Par-
ticle Swarm Optimization (PSO) for the optimal placement and sizing of STATCOM devices

proposed to enhance transient stability and reduce power losses.

2.9 Summary

Most of the related works in this research study use different Meta-Heuristic optimization tech-
niques to address problems in transmission lines, by controlling voltage, current, power flow,
power quality, transient and dynamic, reactive power, loss reduction. However, these reviews
often overlook the optimum sizing and placement of FACTS devices that are in series and shunt,
which contribute to congestion, line losses, voltage fluctuations, and operating costs in transmis-
sion lines. These limitations encourage this study to use shunt FACTS devices, utilizing STAT-
COM with PSO to choose the optimum location and size for STATCOM within the dynamic
modified 30-Bus IEEE Standard Test Transmission Network. It was found that STATCOM has
some advantages in terms of reactive power injection, response time, and implementation cost,
as mentioned earlier. Therefore, STATCOM is the main FACTS device used in this research
work and has been extensively discussed and thoroughly reviewed. In addition, most available
articles did not find application of particle swarm optimization for optimizing STATCOM de-
vices to reduce power dissipation and minimize bus voltage profile deviation, hence this work.
Achieving the above objectives by implementing an optimally placed STATCOM device using
independent optimization algorithms involving PSO formed the starting point for the conclu-

sions drawn from the review of literature in this chapter.
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CHAPTER THREE

3 MATERIALS AND METHODS

3.1 Methodology

Methodology of this study begins with problem identification and an extensive review of relevant
literature, including books, articles, and web pages. The primary issue addressed is the occur-
rence of blackouts, sudden load changes, oscillations, loss of synchronism, and system faults
in the power grid of Ethiopia, resulting in frequent power system breakdowns and momentary
instability. The need to automate power system transient stability control through the integra-
tion of FACTS device STATCOM serves as the driving force behind this research. The aim is to
enhance transient stability by determining optimal locations, sizes, and compensation properties
of these FACTS device. The combined interconnection of a dynamic IEEE 30-bus modified
system and wind farm Adama II is the main subject of the study, chosen for their multi-machine
network characteristics that can be generalized to other networks. The investigation begins with
a literature survey on transient stability enhancement in power systems, gathering insights to
address the identified problems. MATLAB/PSAT is utilized for analysis and control power sys-
tem. Power flow analysis, optimal power flow, continuation power flow, small signal stability
analysis, and time domain simulation are among the features that PSAT provides. Graphical
user interfaces (GUI) and a Simulink—based library make the operations easier to use and offer
a convenient tool for network design. The TDS tool in the MATLAB®/ PSAT is utilized to per-
form dynamic transient stability improvement simulations. Simulations are conducted with and
without FACTS devices. Flow chart of the methods are shown in Figure 3.1 for accomplishment
of this thesis. PSAT is selected due to its robustness and TDS tool’s ability to efficiently examine

different transient stability parameters.

3.2 Case Study Test System Selections

The wind farm’s high-voltage terminal side of Adama II, equipped with 230 kV overhead trans-

mission lines, is connected to the Koka substation, an integral part of the Ethiopian National
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Figure 3.1: Flow chart of the methods

Grid. The Koka substation further links to the eastern and central parts of the Ethiopian Na-
tional Grid’s transmission line system. However, due to the challenges associated with collecting
detailed parameters and specifications for various generation stations and substations (such as
Koka, Melka Wakena, and Awash II and III power plants), a comprehensive modeling represen-
tation of the entire Ethiopian transmission network in the MATLAB® PSAT software toolbox
version is unavailable. This limitation is attributed to cost, time constraints, and the unavailabil-

ity of certain data.

The combined interconnection of dynamic IEEE 30-bus modified system within wind farm
Adama II is used for this study in order to address these gaps. The IEEE 30-bus modified bench
mark system serves as a multiple-machine network that can be considered as a representative
basis and can be generalized to the broader Ethiopian transmission network and other networks.
In this configuration, the wind farm is integrated into large load of the IEEE 30-bus modified
system, comprising 30 buses, 6 synchronous machines, synchronous generator at bus 1 and 2,

as well as reactive power support synchronous capacitors at buses 5, 8, 11, and 13, 21 loads, 2
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shunt capacitors, 7 tap-changing transformers and 41 transmission lines. Bus number 03 in this

system has a substantial load compared to other bus numbers.

The wind farm itself is made up of 102 turbines arranged into eight clusters, one with eleven
turbines and the other seven with thirteen turbines, all grouped together. Depending on each
unit’s location and distance from the 33 kV collector bus, several overhead and underground ca-
bles with different capacities and lengths are used for the connectivity. Out of the six generators
in the system, two generators supply active power, while the remaining four, operating as syn-
chronous compensators, are solely utilized for reactive power generation. Generator 1 acts as the
slack generator, and each generator’s AVR controls the voltages. As per the IEEE model-I stan-
dard, the machine has a Type-II AVR. The AVRs are essential in reducing electro-mechanical

oscillations and improve transient stability.

3.3 Data Collection

The data necessary for this thesis encompasses all parameters of power system IEEE-30 mod-
ified bench mark system, generator, transmission line, transformer, and wind farm Adama II.
Appendices A.2 to A.9 give comprehensive data for IEEE-30 bus modified bench mark system
connected with wind farm Adama II used for this study. The topological scheme of this system
is illustrated in Figure 3.4. All necessary data for the thesis study have been collected. The
static data of wind farm Adama II connected with IEEE-30 bus modified bench mark system is
outlined in Appendices A.2 and A.3, while the dynamic data is presented in Appendices A.5 to
A.9. The common data for the wind farm Adama II integrated into IEEE-30 bus modified test

system includes:
a. Base Power: 100 MVA.
b. Base Frequency: 50 Hz.

c. Base Voltages: 132 kV for buses 1-8 and 28, 33 kV for buses 10, 12, 14-27 and 29-30, 11
kV for bus 11 and 13, and 1 KV for bus 9.

Device nominal ratings match system base unless otherwise noted. Parameters concerning de-

vice nominal ratings are expressed in terms of per unit P.U.
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3.4 Data Analysis

Depending on the collected data, study characteristics of IEEE 30 bus modified bench mark
system interlinked into wind farm Adama II power system is carried out. The system’s char-
acteristics are analyzed and interpreted according to international standards under different cir-
cumstances. Drawing from existing literature, potential causes of transient stability issues are
identified, and suggestions for improving these problems are implemented. The power grid stud-
ied in this thesis serves as a basis study in combination, involving the interconnection of a large
wind farm with IEEE 30-bus modified bench mark system and examine utilization of FACTS
device STATCOM to mitigate system stability issues. The test system has a total reactive load
of 100.95 MVAr and a total real load of 283.4 MW. The base MVA of IEEE-30 bus test network
is 100 MVA in all configurations. In the test system, total real and reactive power generation
1s 300.1 MW and 133.93 MVAr, respectively. The losses in the test system are calculated to be
17.56 MW and 32.98 MVAr. Bus 1 acts as the reference angle and slack bus for power flow
analysis. Voltage security limitations of V,,,, = 1.20 P.u. and V,;;;, = 0.8 P.u. are implemented
in optimal power flow analysis. The collected data from original and secondary sources are

manipulated and converted to MATLAB/PSAT compatible formats for further analysis.

3.5 Adama II Wind Farm Model

Adama II wind farm is located in the central of our country, approximately 90 km far from
capital city, Addis Ababa, to the east and 3 km far from Adama city to the north west, with
an elevation ranging from 1741 to 2173 meters. The wind park is centrally positioned at
8°34'18"N,39°12'10"E, experiencing wind speed on average in the range of 8 to 9 m/s. The
wind farm employs DFIG type. The total installed capacity of the wind farm power is 153 MW
with each turbines producing 1.5 MW power each, with each of the 102 wind turbines gener-
ating 690V as the rated voltage. Each wind turbine is connected to unit transformer in order
to increase the voltage (690V) at the generator’s terminal to a medium voltage level of 33 kV.
These 102 turbines are organized into eight (8) clusters denoted as clusters A to H, with one
cluster comprising eleven (11) turbines and the remaining seven (7) clusters having thirteen (13)

turbines each. They are arranged in groups, and each cluster is linked to the main substation
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by a 33 kV overhead line. The interconnection involves 33kV overhead transmission lines and
underground cables with varying lengths and capacities based on unit locations and distances to
collector bus of 33 kV. The 102 wind turbines are aggregated into a single representation using
aggregation process, creating a wind power plant, which is then verified using load flow analysis.
The two transformers in the main substation have a voltage level of 33/230 kV and a capacity
of 90 MVA each. The structure of wind farm Adama II is represented in Figure 3.2. The Koka
substation is connected to the high—voltage terminal side of the wind farm by a single 230 kV
overhead transmission line. The wind power plant has interconnected with a compatible IEEE

30—bus modified system, allowing its 102 wind turbines to be represented as a single turbine.

\\ Power Grid
N\
Koka Point of Common
230KV Coupling (PCC)
High Voltage Adama II
Busbar 230KV

Step-up Step-up
transformer transformer

WT-1 /J? — WT-1 Eﬁ WT-1 Eﬁ WT-1 /? —
WT-10 /J’? — WT-12 Eﬁ WT-12 Eﬁ WT-12 —
WT-11 — WT-13 Eﬁ WT-13 Eﬁ WT-13 —

GROUP-A GROUP-B GROUP-C ~ ===or-- GROUP-H

Figure 3.2: The structure of the Adama II wind farm
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Table 3.1: Data input for power flow modeling of wind farm Adama II (Source: Adama II WF)

Parameter or symbol

| Values with Unit

A. Generator data for a wind turbine

Apparent power (S;)

1.60 MVA

Maxi (Min) reactive power (Quax(Omin))

0.90 (-0.80) MVAr

Source impedance (Zsyrce)

0.00 +] 0.80 p.u.

Maxi (Min) active power (Pyax(Bnin))

1.50(0.00) MW

Base apparent power (M base) 1.60 MVA
B. Transformer data for a Wind turbine

Apparent power (S;) 1.60 MVA

Transformer voltage ratio (Unp/Uns) 0.690/33.0 KV/KV
Transformer impedance (Z;,) 0.00120 +j 0.00570 p.u.
Base apparent power (M base) 1.60 MVA

C. Transformer data for a substation

Apparent power (S;) 90.0 MVA

33.0/230.0 KV/KV
0.003610+j0.12995 p.u.
0.00050 - j 0.001490 p.u.
100MVA

Transformer voltage ratio (Unp/Uns)
Transformer impedance (Z;,)
Transformer admittance (Y;,)

Base apparent power (M base)

The following are the useful steps for aggregating wind farm Adama II:

Step 1: Wind Turbine Equivalent
The large wind farm Adama II consists 102 DFIGs, with each unit supplying active power of 1.5

MW. Consequently, as per Equation (2.1):

Pegn = 102 X 1.5SMW = 153MW

Step 2: Pad Mount Transformer Equivalent
The mathematical expressions for resistance and reactance component in single transformers
can be expressed as:

Zrs = Rrs+Xrs

Where,
AV, x V}
Rpg=——"1 3.1
TS 100S,, (3.1)
AV, x V2
Xpg= —21 "1 3.2
TS 100S,, (3.2)
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Where, AV,: Rated voltage drop at resistance (%)=1.3%.
AV,: Rated voltage drop at reactance (%)=+/Z2. — AV?.
V1: Primary voltage of the transformer (0.69 KV).

Str: Apparent power of the transformer (1.6 MVA).

Z2.: Transformer short circuit impedance (%)=6.5%

AV, = \/Z2 —AV2 = /6.52—1.32 = 6.37%

Therefore, substituting the values into Equation (3.1) and (3.2):

Thus,

Ry, = 0.003870Q
Xr, = 0.01870Q
Zr,1 = 0.003870+ j0.01870Q

Group one (1) of Cluster A’s Unit Transformer Modeling
The micro setup of the wind farm illustrates how the four unit transformers in Group A of Cluster

A are connected in parallel. Therefore, by applying Equation (2.6), we obtain:

7l _ P12ZTS1 +P22ZTS2 +P32ZTS3 +P4%ZTS4
s (Pi+ P+ Py +P1)?

Where, Py, P>, P3, and P4 represent the rated output power for each individual wind turbine, and
Zro1 = Z1o = Z13 = Z1y4 18 the leakage reactance of a transformer. Therefore, the equation will

be simplified to

1 1
ZTS — 4:5‘
This mean that,
V4
1 Tg1
Zr =N (3.3)

Where N; represents the total turbines number in a group. Given that group (1) comprises (4)
wind turbines, we can substitute the value of the transformer leakage reactance into the Equation

(3.3).

0.003870 + j0.01870
Zh = ( :J )& — 0.0009680 + j0.004680Q
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In per units,

1.6

Zr =
s (0.69)2

(0.000968 + j0.00468) = 0.00325 + j0.0157p.u

Group two (2) of Cluster A’s Unit Transformer Modeling
Cluster A’s Group 2 is consists of seven parallel-operating unit transformers. Similarly, Equation

(3.3) can be used to determine the equivalent impedance.

0.003870 + j0.01870
7 =\ — ) — 0.00055290 + j0.0026702

In per units,

1.6

(0.69)2 (0.0005529 + j0.00267) = 0.001858 + j0.008978 p.u

2
ZTS_

Accordingly, using Equation (2.6), the resulting equivalent impedance of the pad-mounted trans-

former in Cluster A, represented as Zza, calculated as follows:

n
2
mX—:l Pgmzyné
ZrA ="

Where, n represents the number of groups in Cluster A.

s

251 4 p2 g2
ZrA — PoaZy, + PoZi
g (P1+P2)?

Where, P;l and P;z indicate the total amount of power that was transferred to Groups 1 and 2,
accordingly.
P =Pl +P5+P;+P;

Pl =P;+P;+P;+ P+ Py +Ply+Pj

But,PA=P=---=P =15MW
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Therefore,

P = (4x1.5)%=(6)"MW

P% = (7x1.5)*=(10.5)>MW

4 (6)°(0.003250 + j0.01570) + (10.50)*(0.0018580 + j0.0089780)
s (6.0+10.50)2

Zr,A = 0.0011820 + j0.0057120p.u

Step 3: Shunt Impedance Equivalent
The equivalence shunt admittance is determined by applying Equation (2.7).

1. Shunt admittance of Group 1 in Cluster A

By =4 x 8.84us = 35.36us
2. Shunt admittance of Group 2 in Cluster A

By =7 x8.84us = 61.88Us

n
Bt()tal - ZBi
i=1

Step 4: Collector Circuit Equivalent
Modeling of Group (1) Collector Circuit
Group (1) consists (4) wind turbines; therefore, equivalency can be computed by utilizing Equa-

tion (2.12).

P27+ PZy + P}Z3 + P} Zy4

ZC, =
sl (PL+ P+ P;+Py)?

The impedance of the branch between wind turbines W1g14 —W Tg15, WTg1s —WTgi6, W1gi6 —
WTg17, and WTg17 —WTgcce 1s represented by Zy, Z5, Z3, and Zy, respectively, as shown in the

micro—siting of the wind farm. The branch flows are shown by P;, P, P3, and P;. Equivalency
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can then be computed by changing the branch impedance and power flow quantities.

1.52R| +3%R, +4.5?R; + 6°Ry
(1.54+3+4.5+6)?
1.52 x 0.01 + 32 x 0.0082 +4.5% x 0.009 + 62 x 0.006
(1.54+3+4+6)?

Re(ZCq1) =

Re(ZCq1) =

Re(ZCq1) =0.04191p.u

1.52X; +3°X, +4.52X3 + 62X,
(1.54+3+4.5+6)?
1.5% % 0.0067 432 x 0.0051 4 4.5% x 0.055 + 6% x 0.003
(1.54+3+4+6)?

Im(ZCyy) =

Im(ZCyy) =

Im(ZCq1) = 0.005701p.u

Thus,
ZCq1 =0.041910 + j0.005701 p.u

Modeling of Group (2) Collector Circuit

Group (2) consists (7) wind turbines, hence we can compute the equivalency using Equation

(2.12).
PZs+ P3Zs+ P2Z7 + P} Zg + P2Zo + P2 Z10 + P2 Z1,

(Pl +P,+P3+Py+Ps +P6+P7)2

As shown in the micro—siting of the wind farm, the impedance of the branch between wind

turbines WTg18-WTgccg, WTGi18-WTgio, Wigi19-WTga0, WTG21-WTg22, WTG22-WTg23, and

WTG23-W T4, respectively, are represented by Zs, Zg, Z7, Zg, Zg, and Z;1. The branch flows are

represented by Pj, P>, Pz, Py, P5, Ps and P;. Equivalency can then be computed by replacing the

given branch impedance and power flow quantities.

1.52Rs +3%R¢ +4.5°R7 + 6%Rg + 7.52Rg + 9%*R1o + 10.5%Ry;
(1.54+3+45+6+7.5+9+10.5)2

Re(ZCyp) =

1.52 x 0.015 + (32 +6%) x 0.008 + (4.5% +9% + 10.5%) x 0.007 +7.5% x 0.0018

Re(ZCy) =
e(ZCy) (1.5+3+44+6+7.5+9+10.5)2

Re(ZCg) =0.00163p.u



1.5%X5 4 32X +4.5%X7 + 6°Xg +7.5° X9 + 92X 10 + 10.5°X1;
(1.5+3+45+6+7.5+9+10.5)?
1.5%2 x 0.007 432 x 0.028 + (4.5 + 62 + 7.5 +92 +10.5%) x 0.005
(1.54+3+4+6+7.54+9+10.5)?

Im(Zng) =

Im(ZCg) =

Im(ZCyq>) = 0.001087p.u

Thus,
ZCyp =0.001630+ j0.001080p.u

The impedance of Groups One and Two must be reduced in order to depict the cluster using

a single turbine setup. Consequently, the Cluster A collector circuit can be made simpler as

follows:
Zor szlzcgl +Pg222cg2
(Pgl -+ PgQ)z
g 62(0.04191 + j0.005701) + 10.5%(0.00163 + j0.00108)
A (6+10.5)2
Zca = 0.0062 + j0.00119p.u
Single Turbine Representation of
Cluster A
J{
( ]

Point of

Pg=16.5 MW ZpgA=0.0012+j0.0057 Z2=0.0062+j0.0012 Interconnection
Substation Transformer
| (Main Transformer)

Wind Turbine Unit Transformer Collector Circuit i Z ‘/\
to Koka Substation
:Q: —>  /Main Grid/

of Cluster B,C, D, E,F,GandH. ) -Z----2:-:-:

Single Turbine Circuit Representation { IR

Figure 3.3: Cluster A represented with a single turbine in the Adama II WPP

The equivalent unit transformer and collector circuit impedances for the remaining clusters,

which are modeled using a single turbine system, have been displayed in Tables 3.2 and 3.3.
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Table 3.2: An overview of the unit transformer’s equivalent impedance for each cluster

Equivalent Transformer
Cluster | NO. of Transformer | Total Power (MW) Impedance of each cluster

Req (pu) Xeq (p0)
A Eleven (11) 16.50 0.00120 0.00570
B Thirteen (13) 19.50 0.0010 0.00480
C Thirteen (13) 19.50 0.0010 0.00480
D Thirteen (13) 19.50 0.0010 0.00480
E Thirteen (13) 19.50 0.0010 0.00480
F Thirteen (13) 19.50 0.0010 0.00480
G Thirteen (13) 19.50 0.0010 0.00480
H Thirteen (13) 19.50 0.0010 0.00480

In general, the STR parameters for the Adama II wind farm were established based on a base
voltage of Vp = 33 kV and apparent power at base of Sp = 100 MVA. consequently, the equiva-
lent impedance of the unit transformer was computed using Equation (2.12), by inserting values
sourced from Table 3.2.

Z1, = 0.0001270 + j0.00061560p.u

Table 3.3: An overview of each cluster’s equivalent impedances across all collector circuits

Impedance of Collector
Cluster | Length (km) | Total Power (MW) Rey () X., (pu)
A 1.40 16.50 0.00620 0.00120
B 3.570 19.50 0.10690 0.01450
C 0.150 19.50 0.00450 0.00060
D 5.0 19.50 0.14980 0.02040
E 5.610 19.50 0.16810 0.02280
F 5.0 19.50 0.14980 0.02040
G 5.450 19.50 0.16330 0.02220
H 5.0 19.50 0.14980 0.02040

Then, the equivalent impedance of the collector circuit has been computed by substituting the

values from Table 3.3 into Equation (2.12).

Zcc = 0.000748 + j0.000125p.u
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3.5.1 Anintegrated model of wind farm Adama II with IEEE 30 bus modified test systems

This thesis work includes a case study of Adama II wind farm, which has representation of single
turbine made up of 102 wind turbines and is incorporated into IEEE 30-bus modified system.
The analysis is focuses on enhance transient stability, improve voltage profile, and reduce loss.
Dynamic TDS has been utilized to validate the effects of STATCOM controller in the case study.
Buses 5, 8, 11, and 13’s synchronous condensers, along with the generators at Buses 1 and 2,

are all represented using sub-transient models with AVRs.

To induce transient instability, a fault is introduced between Bus 1 and 30. Specifically, a tran-
sient three-phase fault is introduced at Bus 08, accompanied by sudden load changes. The
quantity of power flow over the network without a wind farm linked the best place to connect
a wind farm, the bus with the highest voltage drop; a comparison analysis of high voltage drop
revealed that bus number 30 had the highest voltage drop from Table 4.2. The interconnection
of a wind farm disturbed the test system with a total reactive load of 395.36 MVAr and a total
real load of 151.44 MW. The total active and reactive power generation is 432.6 MW and 258.45
MVAr, and real and reactive losses are 137.206 MW and 107.01 M VA, respectively. In this in-
tegrated test system, the aggregated Adama II wind turbine is linked to bus number 30 of IEEE
30—bus modified system. The fault bus is selected at random since faults in the system can
happen wherever. The transient instability analysis considers both the faulted buses and gener-
ation units. The single-line diagram of wind farm Adama II interconnected with IEEE 30—bus
modified system is presented in Figure 3.4. This diagram shows that all generators maintaining
a steady mechanical input power and steady excitation, while constant impedance are consid-
ered for loads. The IEEE-30 bus system modeled in MATLAB/PSAT with a base voltage of 132
kV and a base MVA of 100. Six state variables included in the system: rotor angle and speed,

transient voltage along the d-axis and g-axis, sub-transient voltage along the d-axis and g-axis.

The test system that is being proposed incorporates two different kinds of generators: grid side
synchronous generators and a representation of single turbine DFIG from wind farm Adama
II. Under typical operating circumstances, synchronous generators do not operate with its full
capacity to allow for system power reserve. Synchronous generators react quickly to disruptions

in the system due to the presence of AVRs, while wind turbines, with their complex control
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systems, are more challenging to make responsive in a similar manner. Therefore, additional
equipment such as FACTS devices is necessary to ensure stability during and after disturbances.
While individual wind turbines have a minimal effect on the larger power system network, the
collective effect of wind turbines can be significant during significant disruptions, like adjacent
faults. The 102 wind turbines reduced into representation of a single equivalent in order to

perform simulations.

|ADAMA Il WIND FARM INTEGRATED TO MODIFIED IEEE 30 BUS TEST SYSTEM UNDER BASE CASE CONDITION |

Bus &

Bus 21 o

T
Bus 18 Bus 19
Bus 14

Figure 3.4: Dynamic IEEE 30-bus modified test systems with integration of wind farm Adama
I in MATLAB/PSAT

ADAMA Il WIND FARM
102X1.5 MW

3.6 Load Flow Analysis

Load flow studies play a crucial role in planning of power system, economic operation, ex-

pansion, and enhancement of existing systems, as well as in scheduling and power exchange
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among electric utilities. These studies are also essential for conducting various analyses, includ-
ing stability analysis of voltage, transient, contingency and state estimation. Consequently, load
flow analysis serves as fundamental computational tool for determining power system operat-
ing conditions. The key information obtained from load flow analysis includes each bus phase
angle and voltage magnitude, each line reactive and active power loss, and injection of both
reactive and active power at each bus. For each bus, two of the four variables—active power,
reactive power, voltage magnitude, and phase angle—are given, and the remaining two are cal-
culated. The bus kinds determine the specified quantity. The most popular techniques for load
flow analysis are the Gauss-Seidel, Newton-Raphson, and Fast Decoupled Load Flow methods.
The Newton-Raphson approach is especially recommended for larger systems because of its

accuracy, dependability, and versatility.

3.7 Particle Swarm Optimization

In 1995, Drs. James Kennedy and Russell Eberhart introduced PSO, an algorithmic approach
inspired by nature (Okelola et al., 2021). PSO is a population—based meta—heuristic algorithm
that are modeled by natural phenomena, such as fish schools and bird flocking (Sirjani et al.,
2012). PSO algorithm is utilized to solve problems with constraints and has proven to be one
of the most effective meta—heuristic algorithm, especially in power systems. The utilization of
PSO for allocating and sizing STATCOM will implement within dynamic IEEE 30— bus test
system interlinked with wind farm Adama II. This choice was made due to the precision and
quick convergence of PSO compared to other techniques. PSO is considered more effective than
Genetic Algorithms (GA) and exhibits a balanced approach to improving both local and global
exploration capabilities (Sadati et al., 2006; Fogel, 2006). In many cases, PSO is considered
as a clear, user-friendly, and computationally effective method. PSO was first created to han-
dle constrained nonlinear optimization issues involving both discrete variable and continuous
variable. It was first intended to solve continuous nonlinear optimization problems (Eajal & El-
Hawary, 2010; Liang et al., 2013). The fundamental concept of PSO algorithm is to randomly
create a population, or swarm. This swarm comprises individuals called particles, with each
particle representing a remedy for issue at hand. Each particle traverses a random velocity in

a dimensional search space. Throughout the generations, particles adjust their positions based
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on own and their neighborhood experiences. The algorithm aims to balance exploitation and
exploration by integrating local and global search methods, velocity update and position of each

particle accordingly. As explained by (Okelola et al., 2021), PSO algorithms operate as follows:

a. The attributes of each individual particle i are as follows: a current position in the search

space X;, an individual optimum position in the search space Y;, and a current velocity V.

b. According to the objective function F, assuming a minimization goal, the individual opti-
mum position ¥; denotes the place in the search space where particle i shows the smallest

€ITor.

c. Among all the Y;, the location with the lowest error is referred to as the global optimum

position Y.

The PSO is defined by (Majumdar et al., 2009) with Equations (3.4) and (3.5), updating the

individual (personal) and global optimum modifications expressed as follows:

vioif F(Y < FXT)

1

Yil-l—l _ (34)
XTif Py > F(XT)

Y (1) = min{F (Y)|F(¥ (1))} (3.5)

Y e {Y},Y,... .Y} i€f{l,2,...,8}

Equations (3.6) and (3.7) are used to modify the current velocity and the next position:
‘71.7’]-“ = 0 x V;';+Cy x rand; ;[Y}; = X[ ]|+ Ca x rand5 [V} ; — X} ] (3.6)
1 v 141

Xth=xl+v't (3.7)

Smaller inertia weights can help with local searches, but larger inertia weights can aid with
global searches. Equation (3.8) gives the inertial weight (@) that governs the PSO convergence

behavior according to:

®Max _ wmin
_ ,max :
0=0n""— (—iteratmax X iterat (3.8)
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max
t

where: iterat is the current iteration number, itera is the maximum iteration number, ™"

and @™ are the minimum and maximum values of weighting factors, respectively.

3.7.1 PSO Parameters

The fundamental and crucial parameters of PSO algorithm are briefly outlined and explained

accordingly:
a) Particle Velocity

The particle velocity in the PSO algorithm plays a significant role in finding the movement of
particles within the search space. The velocity is updated in each iteration based on the current
velocity of the particles, its local optimum or optimum position, and global optimum or the
entire swarm optimum position. Regarding the bounds, Vinax and Vi, are typically set based
on a percentage of the variable’s dynamic range on each axis. The choice of this percentage is
a tuning parameter and may vary depending on the specific problem and characteristics of the
optimization. A common range is 12-25% of the variable’s dynamic range. This restriction
helps balance exploitation and exploration phases of the algorithm, preventing particles from

moving too fast or too slow in the search space.
b) Random Numbers

Random values in the range [0, 1] used in the PSO algorithm. These random values, denoted as
rand’; and rand},, are crucial for introducing stochastic behavior in the algorithm. These random
values introduce a level of randomness into the movement of particles, allowing for investigation
of the search space. The stochastic nature helps to the algorithm from becoming trapped in one’s

own local best, improving its ability to find global optima in the solution space.
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¢) Weighting Coefficients

The coefficients of weighting, represented by these parameters, govern the stochastic acceler-
ation terms in the PSO algorithm. These coefficients play a crucial role in determining the
unexpected movement towards or past target regions. High values result in a more pronounced
impact, while low values allow particles to cover longer distances before experiencing a pullback
effect. As the iteration numbers increases, these parameters can be set within the range of 1 to
2. Typically, for their conventional values, C| and C; are set as constants equal to 2, regulating

the rate of relative influence in their respective applications.
d) Inertia Weight

A well-chosen inertia weight (@) is essential for achieving a balanced mix of global and local
searches in the PSO algorithm. Typically, the initial inertia weight is set to a high value and is
then gradually reduced during the optimization process. The adjustment of the inertia weight
(w) 1s generally guided by Equation (3.8), where values between 0.2 and 0.9 are considered

acceptable.
e) Termination Criterion

After the initial phase, the assessment steps undergo multiple iterations and subjected to ob-
jective function tolerances before reaching a stopping criterion. The termination condition is
defined by either completing a predetermined maximum number of iterations or achieving a

specified level of accuracy in the solution.

3.7.2 PSO Implementation Procedures

The population of the PSO algorithm is consists of n particles, each of which represents a pos-
sible outcome. As a result, every optimized parameter in the problem space corresponds to a
certain dimension. Figure 3.5 shows the procedure by which the applicable PSO was imple-
mented to address the optimization problem, and procedures of the PSO technique steps are

explained accordingly.

Step 1: (Initialization) involves inputting system parameters and Establish proper PSO

parameter values, construct control variables within allowable bounds, and enter
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Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

Step 12:

Step 13:

data for buses and transmission lines.

Involves initiating a feasible solution randomly, ensuring it adheres to the defined

practical constraints. Set the iteration counter to 0.
The particle population and its velocity should be randomly generated.

Utilize the Newton Raphson method for each particle to compute transmission

losses, load flow, and voltage performance index.

Use the evaluation function to determine each particle’s estimated value. Utiliz-

ing Equation (3.17), determine each particle’s objective function.

Determine each particle’s individual optima (Pp, ) and global optima (G, ) by
taking into account their objective function. Compare the projected value of each

particle with its Pbest.
(Update weight) Use Equation (3.8) to change the inertia weight W.

(Update velocity), As per Equation (3.6), calculate the velocity (V) of each par-

ticle and update it in the event that its limit is exceeded.

(Update position), Equation (3.7) can be used to modify the position of each
particle.
For every particle, P,.;; = P indicates that the individual optima of the current

fitness (P) is superior to the individual optima of the previous fitness.

The current value is modified to P, when the estimation of each particle value
surpasses the previous Pp.;. The value is changed to Gp,.,; when the optimum

Ppey: 18 superior to Gpeg.

(Updating iteration), While (termination is not met) do, iteration counter = iter-

ation + 1.

The particle that produces the most recent Gy, 1s the optimal value. Concerning
voltage magnitudes and power losses within given limitations, the Gy, particle

minimizes values through coordination of optimum values for control variables.
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Enter the STATCOM, bus, and line data.

v
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Enter the STATCOM, bus, and line data.

Compute the analysis of NR load flow.

v

Compute the objective function of every particle

Iterat = iterat+1 ¢

A Find the Pbet and Gbest for all particle

v

Update the velocity and position of each particle

YES
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Save optimal location and size STATCOM as Gbest

y

[ Stop ]

Figure 3.5: Flow chart of particle swarm optimization algorithm
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3.8 Optimal Allocation and Size of STATCOM

The thesis successfully fulfilled the overall criteria for reducing power loss, enhancing the volt-
age profile, and ensuring transient stability through the application of particle swarm optimiza-
tion algorithms. The objective is to determine the most efficient STATCOM size and candidate
buses are identified for the optimal placement of STATCOM by employing PSO with the latest
system configuration. While voltage stability indices offer a useful approach, their effectiveness
can be limited by variations in network configurations and unexpected events like load changes
or tripped lines. These fluctuations can lead to sub optimal solutions when identifying the weak-
est buses for STATCOM placement. To address these limitations, meta—heuristic optimization
techniques come into play, employing algorithms in order to determine the best location, num-
ber, and size of STATCOM depending on specified constraints and objectives. Various optimiza-
tion methods, including conventional approaches like linear, sequential quadratic, and nonlinear
programming, along with meta—heuristic methods, have been implemented in order to deter-
mine the best placement and size of reactive power compensation devices. In this study, PSO
technique is employed due to its greater flexibility, rapid convergence, low computational bur-
den, easy implementation, and robustness compared to conventional methods, making it more

suitable for exploring complex and uncertain areas.

3.9 Problem Formulation

The primary goal of this research is to optimize the fitness function, aiming to minimize trans-
mission loss within the network and voltage deviations at various buses. This thesis involves
the pursuit of two minimization objective functions to determine the optimal size and placement
of STATCOM for enhancing transient stability and reducing power loss. Consequently, voltage

deviation index and active power loss serve as the designated objective functions.

3.9.1 Power Loss Minimization

The redistribution of reactive power in a network is mainly influenced by transmission losses.
Therefore, the minimization of transmission losses leads to adjustments in the active power

generated by the slack bus. The mathematical expression for calculating losses in a network is
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provided as:

Active power losses,

n
FiI =Min)) Pig =Min Y R,
t=1
Nb Nb

= Zl Zl[Vlz —f—ij —2VV; COS(OCiOCj)]Y,'j COSﬁ,‘j (3.9)
==

m
= Z G, (V12 —+ Vj2 — 2ViVj cos Bij)
Py

where, F| represents real power loss, n number of lines, /; line current, R; line resistance, G;

transmission line conductance ™"

, Nb transmission lines total number or buses, V; and ¢; mag-
nitude of voltage and angle at bus i, V; and «; voltage magnitude and angle at bus j, and Y;; and

Bij line admittance magnitude and angle and 6;; the power angle.

3.9.2 Voltage Deviation Minimization

Maintaining load bus voltages in a power system within designated deviation limits of +5%
from the nominal value is preferred. Maintaining voltage deviations within the range of +5%
is essential to prevent voltage collapses during faulty conditions. Unacceptable service quality
may result from excessively low voltages, leading to voltage instability issues. Typically, the
voltages at related buses may decrease under 0.95 per unit when load requirements increase,
requiring additional voltage support at those particular buses. The strategic placement of FACTS
devices on suitable buses and lines can effectively minimize voltage deviations and enhance
voltage stability. Thus, Connecting FACTS controllers to optimal locations becomes crucial to
enhance the system’s voltage profile and prevent voltage collapse. This voltage deviation can be

computed as:

Nb Nb )
Fy=Min Y |Virer = Vi| =Min} (1-V;) (3.10)
=1 =1

tth

Where, F, voltage deviation, V; voltage magnitude of " bus, Nb transmission lines total number

or buses and V;,, r nominal voltage of bus t. This study considers an acceptable bus voltage range

within the 0.90 to 1.10 per unit (p.u.) range.
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3.9.3 Power System Constraints

Transformer taps, shunt reactors, bus voltages, generator units real power, and transformer taps
are the control variables for the optimal power flow. The optimization problem described above
is subject to various constraints, includes reactive power generation limits, voltage, load flow,
and STATCOM controller constraint. These can be classified into inequality and equality con-
straints. The equalities involve fundamental load flow equations, ensuring a balance of reactive
or active power. In contrast, the inequalities encompass reactive power, bus voltage, and decision
variables, each adhering to their respective limits. The generator’s bus voltage magnitude, tap
setting transformer, and STATCOM controller VAR output are the control variables that need to

be optimized. These parameters values are shown in Table 3.4.

Table 3.4: Control Variables Boundaries

S/N Control Variable Boundaries
1 Voltage of Generator (Vg;) (0.950 — 1.050) p.u.
2 Settings for Transformer Tap (7)) (09—1.1) p.u
3 Static Compensator’s MVAR (Qsr¢) (0.0 —100.0) MVAR

Equality Constraints The load flow equation, which requires active and reactive power net
injection at each bus to be zero, imposes the limits in the load flow, which define power system

grid physical state.

Nb
Pg—Ppy =P, (V,8) = Y ViVi (Giycos 8 + By sin 8yy.)
k=1
o 3.11)
Q6 —0Opr =0 (V,0) = Z V;Vi (Gyi cos &y + By sin &y,
k=1

Inequality Constraints The physical equipments are constrained by inequality limitations to
a certain extent, highlighting the utility power system’s security. All of the inequality constraints
needed for the implementation of OPF will be set forth in this section. The system’s operational
bounds are determined by the inequality constraints, which also include limitations on the appar-

ent power of transmission lines and transformers, reactive power injections, voltages at generator
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and load bus voltages, transformer tap settings (tap ratio (T)), and FACTS parameters. These

constraints can be expressed through the following equations:

Active power at bus t.
PIn < Pg, < PEY - te{1,2,...,NG}
Reactive power at each PV bus.

Qrin < QG < QP te{1,2,...,NPV}
o s Er e (3.12)
Magnitude of voltage at each PQ bus.

ymin <y, <ymas s re{1,2,...,Nbus}
Tap setting of transformers.

min max
T < T < T}

The condition specified is 0.9 < T, < 1.0and 0.8 <V; < 1.2.
Where (Equations (3.11) and (3.12))

V; the voltage magnitude at bus t,

V) stands for the magnitude of voltage at bus k,

Nj, is the total number of buses,

Qa:, Ps: the reactive and real power generated at bus number t,
Opr, Pp; reactive and real power demand at bus number t, and

Oy the angle of the line connecting t and k in terms of bus admittance.

Transformer Tap Setting Constraints Constraint on transformer tap settings dictate the al-
lowable range for adjusting the taps of transformer. When it comes to auto transformers, the
minimum and maximum tap setting should be zero and one respectively, denoted by 0 <r < 1.
Likewise, in the case of tapping on the secondary side of a two—winding transformer, the lim-
itation is expressed as 0 < ¢t < n, where n is transformation ratio. The voltage stability index

(VSI) values should fall within the range of O to 1.

0<VSL <1 (3.13)
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The following describes the limitations for power flow limits on each transmission line:

Sy < S (3.14)

The weighting factor serves the purpose of converting multi-objective functions into single-

objective functions. Therefore, considering equations 3.6, 3.7 and 3.8,

MinF = o F1 + o (3.15)

2
Where, Y o, =w;+w, =1
=1
The inequality requirements are handled using a static square penalty function. Consequently,

the fitness function, or enhanced objective function, which is expressed as follows:

objective function (fitness function) = MinF + penalty function,

(3.16)
Penalty function = p| f(Qg:) + pof (Vi) + p3f(VSL) + paf(S;)
Where, p1, p2, p3, p4 are Penalty factors
objective function (fitness function) = w; F| + @, F> + Penalty function (3.17)

The system reaches convergence when the difference between its functional value in successive

iterations becomes very small (or it reaches a set limit on the number of iterations).

Table 3.5: Particle swarm optimization algorithm parameters and constraint of the decision
variables of the objective function

Particle Number (No.p) for PSO 50
Maximum Iteration 100
PSO algorithm Inertia Weight (@) WOpin 0.2
parameters WOpax 0.9
Personal best (P,,;) value (cy) 1.5

Global best (Gp,y;) value (¢3) 2

Decision variable of Bus Number Size of STATCOM
Objective function (Location) (MVAr)
Boundary Lower bound (Lb) | 2 0.0
Upper bound (Ub) | 30 100.0
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CHAPTER FOUR

4 RESULTS AND DISCUSSIONS

4.1 Integration of STATCOM Controller into IEEE 30-Bus System

The simulation analysis was performed using MATLAB 2023a on an Intel(R) Core(TM) i7-
8700U CPU @ 3.20 GHz, 3.19 GHz, 8.00 GB RAM DESKTOP-E9GUIJH computer. By ap-
plying input parameters of particle swarm optimization algorithms and constraints of decision
variables as shown in Table 3.5. The weighting factors are @; = 0.6 and @, = 0.4 for the multi-

objective function.

The main goals of this study are bus voltage profile deviation and minimization of power loss;
as a results line losses, voltage magnitude, and line flows that directly relate to these goals were
noticed and documented. The data used to model the system is presented in Appendices A.1 and
A.2. Two test cases were taken into consideration for the performance assessment of the PSO

algorithm regarding best allocation and sizing for the STATCOM controller.

Test case I (Base case): The Base scenario represents load flow of test system without the

device, indicating current state of the network.

Test case II (STATCOM —placed PSO): This test case resembles test case one, with the dis-
tinction that PSO employed in order to determine the best location and size of the STATCOM.
Utilizing PSO algorithm for optimal configuration of the STATCOM enhances the device’s per-

formance.

Simulation Results

Newton—Raphson power flow analysis used in each scenario to calculate the bus voltages and
examine load flow. For comparison study, plots of the voltage magnitudes, line flows, and total
losses were made in each scenario. The following sections explain results obtained for the two
distinct case studies as described. The demonstrations adhered to the goals of lowering reactive

and active power losses as well as bus voltage deviation.
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4.1.1 Bus Voltage Profiles

The voltage level profiles for the load flow solutions of the test system for two test scenarios are
shown in Figure 4.1. The voltage values at bus 5 and 7 for the test case I are 0.9215 and 0.9386
p-u. respectively, from the graphical representation. These values below the lower voltage limit
due to insufficient compensation of reactive power, indicating that these locations are suitable
for STATCOM placement by analytical method. One STATCOM controllers were installed by
using PSO at bus five (5) with 39.93 MVar reactive power injection to maintain the voltages
within its limit. Upon incorporating STATCOM controller voltage values at buses 5 and 7,
were improved to 0.9719 and 0.9615 p.u., as opposed to their base values of 0.9215 and 0.9386
p-u. when STATCOM controllers weren’t used by the system, corresponding to 5.2% and 2.4%

improvement respectively.

The network voltage profile was enhanced by the integration of STATCOM controllers, with

voltage magnitudes at most buses falling within permissible limit of £5%.

Voltage profile of the system
T
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Figure 4.1: Bus voltage profile for each of the two test scenarios
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The integration of PSO-positioned STATCOM ensures that there are no further violations of
specified limits of bus voltage at any of the buses. Applying this method further enhances
the overall network voltage profile. Figure 4.1 shows a comparison of two test cases’ voltage
profiles. When STATCOM was properly integrated with the artificial intelligence technique
known as PSO, bus voltage enhancement greatly improved. The inference suggests that while
STATCOM has the capability to enhance bus voltage, achieving optimal performance requires
careful optimization. All terminal voltages in test case two fall within the permissible limits of

0.95 to 1.05 p.u., leading to an improved performance and a more stable operation of network.

4.1.2 Active Power Loss Minimization

The total active power loss without STATCOM controller was 9.003 MW, which decreased
to 8.4173 MW when the STATCOM was placed by using PSO. The integration of the PSO
algorithm with the STATCOM resulted in a decrease of 0.5857 MW. PSO integration of the
STATCOM device resulted in a 6.5% reduction in active power loss. Branch five (5) experiences
high power losses due to its peak loading conditions, with a real load (PLs) of 94.2 MW and a
reactive load (QLs) of 19 MVAr, as documented in Appendix A.2.

3 Active Power losses (MW)
[ I [

I I
I Without STATCOMs
I STATCOMs + PSO

2.5

N

Real Power loss (MW)
in

—

0.5

0 5 10 15 20 25 30 35 40
Line

Figure 4.2: Minimization of active power loss in both scenarios
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10 Total active power losses (MW)

Active Power Losses (MW)

Initial losses STATCOMs + PSO

Figure 4.3: Total active power loss minimization in both scenarios

The minimization of losses was accomplished by redistributing line flows on the network, fa-
cilitated by the STATCOM device, which supplied reactive power. Figure 4.2 illustrates the
comparison of the STATCOM device’s effectiveness in reducing active power loss using op-
timally placed methods for better comprehension. It is clear that when the STATCOM was
installed using the PSO technique, the network’s loss was minimized. The total power loss re-
duction is depicted in Figure 4.3, providing a clearer understanding performance of the optimum

integration of STATCOM inside a test network.

4.1.3 Minimization of Reactive Power Loss

The total reactive power loss which was 32.6309 MVAr without STATCOM was reduced to
30.2954 MVAr when STATCOM was incorporated using PSO. When PSO was utilized to site
the device, an achievement of 2.3355 MVAr—or a 7.157% total reduction—was seen. It is
important to highlight that positioning the FACTS device appropriately is necessary to achieve
the intended outcomes. For better presentation, the comparison of the PSO methods utilized in
STATCOM placement shown in Figure 4.4. Figure 4.5 shows the total reactive loss decrease
after and before STATCOM placement using PSO. This allows for a more visual representa-

tion and understanding of the overall advantages of utilizing the optimization technique in the
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FACTS location. The system’s reactive loss has been greatly reduced as a result. It is impossible
to overstate the PSO’s performance because it reduced costs while simultaneously improving
voltage profile and minimizing active and reactive power loss. For better understand, Figure 4.4
compares the methods utilized in STATCOM placement by PSO graphically. Figure 4.5 shows
the total decrease in reactive losses before STATCOM and after optimally placed STATCOM.

12 Reactive Power losses (MW)
I I I

[ [
I Without STATCOMs
[ STATCOM:s + PSO

Reactive Power loss (MVAR)

5 10 15 20 25 30 35 40
Line

Figure 4.4: Reduction of reactive power loss in the two scenarios

35 Total reactive power losses (MVAR)
I I
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it [ ] N
n (=] V]
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Reactive Power Losses (MVAR)
=
I

Initial losses STATCOMs + PSO

Figure 4.5: Reduction of total reactive power loss in both scenarios
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The PSO technique was used to insert the single STATCOM devices into the test network in an
optimal manner, resulting in a total reactive power injection of 39.93 MVAr. Reducing costs is
one of the algorithm’s primary achievements. Table 4.1 provides an summary of the total power

loss reduction that can be achieved by incorporating a STATCOM device.

Table 4.1: Results of the test network’s total active and reactive power losses

Overall Power Loss Base case (Steady State) PSO placed STATCOM
P (MW) 9.003 8.4173

Q (MVAR) 32.6309 30.2954

STATCOM bus (MVAr) — 5(39.93)

4.2 Enhancement of Transient Stability Using Case Study Analysis

The first step in transient stability analysis usually entails using steady-state power flow analysis
to evaluate the system’s static stability and make sure it can function in a stable state. Analysis of
transient stability focus on how the system behaves in the face of large disruptions, such faults.
In particular, the study looks at the case of a fault at the grid-connected wind farm’s output bus.
The analysis examines how the wind farms linked to the grid affects power system safe operation
by assessing the system’s level of recovery following the disturbance. As for transient stability

of power system, there are three primary oscillations to consider:

1. Inter-machine mode: In this mode, the rotors of several synchronous machines in the sys-
tem oscillate with one another. It is mostly affected by the machines’ inertia and the electrical
strength of the transmission lines that link them, and its frequency is normally between one and

three hertz.

2. Local Mode: Oscillations between a particular machine and its adjacent loads or generators
are a feature of this mode. It is primarily influenced by the local control systems of the machine
and the impedance of the surrounding network, and it operates at a greater frequency than the

inter-machine mode (2-5 Hz).

3. Torsional Mode: This mode is characterized by oscillations between a machine’s turbine and

shaft system. Out of the three modes, it has the maximum frequency (10-30 Hz) and is affected
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by the spinning masses’ inertia and the shaft’s torsional stiffness.

The main task of the simulation study is to simulate the test systems and apply traditional power
flow (PF) methodologies for analysis. A MATLAB toolbox called PSAT is intended for the
power system analysis, modeling and control. PSAT can perform a number of tasks, such as
simulation in the time domain, stability study of small signals, analyzing optimal power flow,

continuation power flow, and conventional power flow.

* Power Flow Analysis: This looks into the system’s power flow and steady-state voltage

under various operation scenarios.

* Continuation Power Flow Analysis: This method tracks the power flow solution as sys-

tem parameters change to evaluate voltage stability.

* Analyzing Optimal Power Flow: minimizes expenses or losses while adhering to system

limitations by operating the power system as efficiently as possible.

* Stability Study of Small Signals: This assesses how well the system recovers from minor

disruptions to synchronism.

* Simulation in the Time Domain: This mimics how the system would react in real time

to a variety of disruptions, like as failures, load variations, and generator trips.

Using MATLAB/PSAT software to mimic IEEE 30 bus modified test system, the study inves-
tigated how wind farm Adama II integrated with it. The use of voltage stability indices alone
to identify potential or vulnerable buses may not provide the best results due to variances in
topology of networks, settings, and load changes contingencies, generator, or line failures. By
assisting in the selection of the most appropriate number, location, and size of STATCOM taking
into account given objectives and constraints, meta—heuristic optimization approaches provide
an answer to these limits. With this configuration, the efficacy of the FACTS device STATCOM
with PSO for the ideal positioning and sizing of STATCOM models created in this thesis was
assessed. The IEEE 30-bus system with the Adama II wind farm will be investigated under three

conditions.
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Test system scenarios for case studies

In order to ensure the performance of the power system under a range of transient scenarios,
such as a three-phase (3 — ¢) Fault and abrupt load fluctuations, an analysis was carried out. The
system operates under normal conditions without any faults or additional control devices. A fault
is simulated on bus number 8 was cleared in 1.25 seconds after it occurred at 1.00 seconds under
fault condition. The same fault on bus number 8 will occur, but with a STATCOM installed on
bus number 5 (as determined by PSO analysis) to regulate the voltage and improve stability for

the fault with STATCOM condition.

4.2.1 Scenario 1: Base Case Condition

The integration of wind farm Adama II with an IEEE 30—bus modified system is analyzed
conventionally using the Newton—Raphson power flow approach using MATLAB/PSAT. An
analysis and evaluation of the bus with the lowest magnitude of voltage profile and lines with
the largest active power losses are crucial in analytical approaches for determining the best
locations for FACTS devices. These characteristics aid in locating crucial points in the power
system where FACTS devices can improve system stability and performance most effectively.
The single-line diagram of wind farm Adama II interconnected with IEEE 30—bus modified

system under base condition is presented in Figure 4.6.
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Figure 4.6: IEEE 30—bus dynamic test systems with Wind farm Adama II under base case
condition

In order to assess how FACTS devices affect the system’s power dissipation, transient stability,
and voltage deviation, it is essential to ascertain corresponding values of these parameters in the
most favorable circumstances. Under base case conditions, a Newton—Raphson load flow for
uncompensated wind farm Adama II integrated with IEEE 30-bus modified test system reveals
that the line from bus #1 to #2 has the largest line loss, which is recorded as 0.05474 p.u.
Furthermore, bus No. 26 exhibits the weakest bus voltage under heavy load conditions. This
bus voltage was measured at 1.02004 p.u, according to the power flow results displayed in Table
4.2. PSAT software was used to run the power flow calculations, and the outcomes are displayed

below:

64



Table 4.2: Results of Power Flow for IEEE 30 bus system for base case condition in PSAT

A\ Phase P gen Q gen P load Q load

Bus [p.u.] [rad] [p.u.] [p.u.] [p.u.] [p.u.]
Bus 1 1.06000 0.00000 3.5203 —0.35115 | 0.00000 0.00000
Bus 10 1.04936 —0.27242 | 0.00000 0.00000 0.05800 —0.18922
Bus 11 1.08200 —0.24481 | 0.00000 0.14390 0.00000 0.00000
Bus 12 1.06196 —0.25999 | 0.00000 0.00000 0.11200 0.07500
Bus 13 1.07100 —0.25999 | 0.00000 0.06914 0.00000 0.00000
Bus 14 1.04711 —0.27535 | 0.00000 0.00000 0.06200 0.01600
Bus 15 1.04247 —0.27684 | 0.00000 0.00000 0.08200 0.02500
Bus 16 1.04903 —0.26977 | 0.00000 0.00000 0.03500 0.01800
Bus 17 1.04428 —0.27534 | 0.00000 0.00000 0.09000 0.05800
Bus 18 1.03281 —0.28730 | 0.00000 0.00000 0.03200 0.00900
Bus 19 1.03021 —0.29021 | 0.00000 0.00000 0.09500 0.03400
Bus 2 1.04500 —0.09292 | 0.40000 0.45404 0.21700 0.12700
Bus 20 1.03422 —0.28675 | 0.00000 0.00000 0.02200 0.00700
Bus 21 1.03705 —0.28010 | 0.00000 0.00000 0.17500 0.11200
Bus 22 1.03760 —0.27986 | 0.00000 0.00000 0.00000 0.00000
Bus 23 1.03188 —0.28344 | 0.00000 0.00000 0.03200 0.01600
Bus 24 1.02613 —0.28628 | 0.00000 0.00000 0.08700 0.02172
Bus 25 1.02185 —0.27864 | 0.00000 0.00000 0.00000 0.00000
Bus 26 1.00425 —0.28590 | 0.00000 0.00000 0.03500 0.02300
Bus 27 1.02769 —0.26942 | 0.00000 0.00000 0.00000 0.00000
Bus 28 1.01085 —0.20254 | 0.00000 0.00000 0.00000 0.00000
Bus 29 1.00795 —0.29070 | 0.00000 0.00000 0.02400 0.00900
Bus 3 1.04500 —0.13703 | 0.00000 0.45862 0.02400 0.01200
Bus 30 0.99653 —0.30596 | 0.00000 0.00000 0.10600 0.01900
Bus 4 1.02499 —0.16330 | 0.00000 0.00000 0.07600 0.01600
Bus 5 1.01000 —0.24499 | 0.00000 0.33141 0.94200 0.19000
Bus 6 1.01544 —0.19202 | 0.00000 0.00000 0.00000 0.00000
Bus 7 1.00547 —0.22293 | 0.00000 0.00000 0.22800 0.10900
Bus 8 1.01000 —0.20354 | 0.00000 0.22600 0.30000 0.30000
Bus 9 1.05434 —0.24481 | 0.00000 0.00000 0.00000 0.00000
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Figure 4.7: Magnitude of voltage profile for base case condition of IEEE 30 bus in PSAT

The incorporation of wind farm Adama II into IEEE—30 bus modified test system guarantees
that, even with different phase angles, the voltage values stay within the required limits. Bus
01, the slack bus, keeps the voltage at 1.06 pu at a zero degrees angle. Bus number twenty six
(26) 1s the most sensitive, as evidenced by Table 4.2 and Figure 4.7 analysis, since bus number
twenty six’s voltage drops to its lowest point at any reactive load. Thus, this bus is determined
analytically to be the best place to place STATCOM devices in order to increase transient sta-
bility. In this simulation, we employed PSO to find the best location for a STATCOM. With a
size of 39.9316 MVAR reactive power, bus number 5 was determined to be the optimum size
and location for the STATCOM based on PSO analysis. The effectiveness of this placement was
then evaluated through analysis of the simulation results. The results of the line flow for the
IEEE 30 bus system installed into the Adama II wind farm are displayed in Table 4.3 for the

base case scenario in PSAT.
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Table 4.3: Results of Line Flow for IEEE 30 bus system for base case condition in PSAT

P flow Q flow P loss Q loss
From bus | To bus Line
[p.u] [p.u] [p.u] [p.u]

Bus 2 Bus 1 1.00000 —1.66509 | 0.33766 0.05111 0.09457
Bus 6 Bus 8 2.00000 0.29518 0.04415 0.00104 —0.00558
Bus 12 Bus 14 3.00000 0.07849 0.02440 0.00074 0.00153
Bus 12 Bus 15 4.00000 0.17831 0.06941 0.00215 0.00423
Bus 16 Bus 12 5.00000 —0.07111 | —0.03418 | 0.00053 0.00112
Bus 1 Bus 3 6.00000 0.89265 —0.10806 | 0.03235 0.07302
Bus 14 Bus 15 7.00000 0.01575 0.00687 0.00006 0.00005
Bus 17 Bus 16 8.00000 —0.03604 | —0.01590 | 0.00007 0.00027
Bus 18 Bus 15 9.00000 —0.05949 | —0.01621 | 0.00038 0.00078
Bus 19 Bus 18 10.00000 | —0.02744 | —0.00711 | 0.00005 0.00010
Bus 20 Bus 19 11.00000 | 0.06773 0.02723 0.00017 0.00034
Bus 10 Bus 20 12.00000 | 0.09054 0.03603 0.00081 0.00180
Bus 17 Bus 10 13.00000 | —0.05396 | —0.04210 | 0.00014 0.00036
Bus 10 Bus 21 14.00000 | 0.15779 0.09958 0.00110 0.00237
Bus 10 Bus 22 15.00000 | 0.07614 0.04566 0.00052 0.00107
Bus 22 Bus 21 16.00000 | 0.01831 0.01480 0.00001 0.00001
Bus 2 Bus 4 17.00000 | 0.43164 —0.02611 | 0.00973 —0.00978
Bus 23 Bus 15 18.00000 | —0.04967 | —0.02938 | 0.00031 0.00063
Bus 24 Bus 22 19.00000 | —0.05686 | —0.02908 | 0.00045 0.00069
Bus 24 Bus 23 20.00000 | —0.01761 | —0.01325 | 0.00006 0.00012
Bus 24 Bus 25 21.00000 | —0.01253 | 0.02061 0.00010 0.00018
Bus 25 Bus 26 22.00000 | 0.03544 0.02366 0.00044 0.00066
Bus 27 Bus 25 23.00000 | 0.04832 0.00369 0.00024 0.00046
Bus 27 Bus 29 24.00000 | 0.06189 0.01667 0.00085 0.00162
Bus 27 Bus 30 25.00000 | 0.07091 0.01660 0.00161 0.00303
Bus 30 Bus 29 26.00000 | —0.03670 | —0.00542 | 0.00033 0.00063
Bus 4 Bus 3 27.00000 | —0.82697 | —0.24773 | 0.00934 0.01781
Bus 6 Bus 28 28.00000 | 0.18757 0.01909 0.00059 —0.01126
Bus 2 Bus 5 29.00000 | 0.81843 0.02824 0.02906 0.07796
Bus 2 Bus 6 30.00000 | 0.59802 —0.01275 | 0.01903 0.01804
Bus 8 Bus 28 31.00000 | —0.00586 | —0.02427 | 0.00000 —0.04369
Bus 4 Bus 6 32.00000 | 0.73244 0.03164 0.00609 0.01182

Continued on next page
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Table 4.3 — continued from previous page

P flow Q flow P loss Q loss
From bus | To bus Line

[p.u.] [p.u.] [p.u.] [p.u.]
Bus 5 Bus 7 33.00000 | —0.15264 | 0.09168 0.00152 —0.01688
Bus 7 Bus 6 34.00000 | —0.38216 | —0.00043 | 0.00386 —0.00551
Bus 6 Bus 9 35.00000 | 0.27771 —0.07281 | 0.00000 0.01590
Bus 6 Bus 10 36.00000 | 0.15886 0.00368 0.00000 0.01278
Bus 9 Bus 11 37.00000 | —0.00000 | —0.14022 | 0.00000 0.00368
Bus 9 Bus 10 38.00000 | 0.27771 0.05150 —0.00000 | 0.00789
Bus 4 Bus 12 39.00000 | 0.44045 0.18377 0.00000 0.04821
Bus 13 Bus 12 40.00000 | 0.00000 0.06914 0.00000 0.00058
Bus 28 Bus 27 41.00000 | 0.18111 0.04977 0.00000 0.01281

4.2.2 Scenario 2: Under fault condition without STATCOM devices

A dynamic model of the IEEE 30—bus system is built using PSAT toolkit to simulate a system
upset. The scenario involves a sudden load rise and a three phase (3 — ¢) fault applied at bus
number 8. The single-line diagram of wind farm Adama II interconnected with IEEE 30-bus
modified system with fault incorporated is presented in Figure 4.8. The fault is initiated at
1.00 seconds and cleared after 0.25 seconds, intentionally causing a disturbance in the system.
Three-phase faults, in which all three conductive phases of a power grid unintentionally touch
each other, are serious events caused by infrastructure problems, earthing problems, or external
influences. These faults lead to drastic current peaks, voltage instability, and potential equipment
damage. However, their effects can be mitigated by protective relays, earthing systems, and a
general system design that emphasizes redundancy and resilience. In addition FACTS devices,
like STATCOM and UPFCs, can act as mitigation tools by injecting current to counter the fault
current and by regulating voltage, ultimately improving the system’s resilience to these events.
It’s important to note that this simulation deliberately excludes STATCOM devices for mitigation

purposes.
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Figure 4.8: Dynamic IEEE 30-bus modified test systems with integration of wind farm Adama
IT in MATLAB/PSAT under faulty condition

4.2.3 Scenario 3: Under Faulty Conditions With PSO-Determined STATCOM Placement

Transient Stability Enhancement (TSE) simulations were performed using TDS tool within the
MATLAB® PSAT toolbox. Initially, simulations were run under normal conditions and during
a fault without any FACTS devices present. Subsequently, simulations were repeated with PSO-
placed STATCOM included, and the results were compared. The single-line diagram of wind
farm Adama II interconnected with IEEE 30-bus modified system with fault and PSO-positioned
STATCOM incorporated is presented in Figure 4.9. While numerous TSE variables were ex-
plored, this work focuses on analyzing generator power, rotor speed, and rotor angle during
the simulations. These simulations assessed the effectiveness of the PSO-optimized STATCOM

placement in mitigating the disturbances caused by a three phase (3 — ¢) fault (applied at 1.00
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seconds and cleared at 1.25 seconds) and a sudden load change.

‘ADAMA I WIND FARM INTEGRATED TO MODIFIED IEEE 30 BUS TEST SYSTEM UNDER FAULTY CONDITION WITH STATCOM
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Figure 4.9: IEEE 30—bus modified dynamic test systems interlinked with wind farm Adama II
under faulty with PSO—placed STATCOM

Rotor Angle and Speed Responses of the Generator 1

The Figures (4.10 to 4.21) illustrate how a generator’s performance changes under different
conditions. The green curve represents prefault condition, the red curve shows response during
a faulty conditions without additional devices, and the blue curve depicts response during a

faulty with STATCOM condition.

Simulating a fault at bus eight (8), with a sudden load increase in the dynamic model with PSO-
placed STATCOM at bus number five (5) with a size of 39.93 MVAr as shown by the blue curve
in Figure 4.10, reveals a significant reduction in rotor angle oscillations around the 40-second

mark. This damping effect from the STATCOM FACTS devices is also observed in rotor speed
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as shown by the blue curve in Figure 4.11, significantly reducing its oscillations at around 40
seconds.
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Figure 4.10: Rotor angle responses of the generator 1
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Figure 4.11: Rotor speed responses of the generator 1
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Rotor Angle and Speed Responses of the Generator 2

Simulating a fault at bus eight (8) with a sudden load change in the dynamic model with
PSO—placed STATCOM as shown by the blue curve in Figure 4.12, reveals a significant re-
duction in rotor angle oscillations around the 50-second mark. This damping effect from the
STATCOM FACTS devices is also observed in rotor speed as shown by the blue curve in Figure
4.13, significantly reducing its oscillations at around 50 seconds.
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Figure 4.12: Rotor angle responses of the generator 2
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Figure 4.13: Rotor speed responses of the generator 2
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Rotor Angle and Speed Responses of the Generator 3

Simulating a fault at bus eight (8) along with a sudden load change in the dynamic model with

PSO—placed STATCOM as shown by the blue curve in Figure 4.14, reveals a significant re-

duction in rotor angle oscillations around the 35—second mark. This damping effect from the

STATCOM FACTS devices is also observed in rotor speed as shown by the blue curve in Figure

4.15, significantly reducing its oscillations at around 35 seconds.

Rotor Angle Responses of the Generator Three (3)
T T T T

1 T T i T T
——3&. ., Prefault Condition
Syn 3
sk 55}“3 Faulty Condition |
: _(5‘; . Faulty With STATCOM
Syn 3
=
= 0r ]
=
=
= -0.5- = —
-
)
=
g :
-1.5 |
_2 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
time (s)
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Figure 4.15: Rotor speed responses of the generator 3
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Real and Reactive Power Responses of the Generator 1

Simulating the dynamic model with a fault applied at bus eight (8), a sudden load increase, and
STATCOM placement determined by PSO shown by the blue curve in Figure 4.16, revealed
that the STATCOM devices significantly damped the oscillations in the real power response.
This damping effect was most prominent at approximately 60 seconds. When optimally placed
and sized STATCOM are included in the model with a fault at bus eight (8) and a sudden load
increase, the reactive power response stabilizes significantly faster as shown by the blue curve
in Figure 4.17, reaching a steady state around 40 seconds. The STATCOM may not return
reactive power and rotor angle to normal operating conditions immediately after a fault due to
system dynamics and control strategies that prioritize stability and safety over rapid restoration
to pre-fault levels. Grid conditions and protective mechanisms also influence the STATCOM’s

response, ensuring it adjusts gradually to maintain grid stability and equipment protection.
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Figure 4.16: Real power responses of the generator 1
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Figure 4.17: Reactive power responses of the generator 1

Real and Reactive Power Responses of the Generator 2

Simulating dynamic model with a fault applied at bus eight (8), a sudden load increase, and
STATCOM placement determined by PSO as shown by the blue curve in Figure 4.18, revealed
that the STATCOM FACTS devices significantly damped the oscillations in the real power re-
sponse. This damping effect was most prominent at approximately 60 seconds. When optimally
placed and sized STATCOM are included in the model with a fault at bus eight (8) and a sudden
load increase, the reactive power response stabilizes significantly faster as shown by the blue
curve in Figure 4.19, reaching a steady state around 30 seconds. The real power settles at a

steady —state value of 0.4 p.u, which is the same as initial value.
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Figure 4.18: Real power responses of the generator 2
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Figure 4.19: Reactive power responses of the generator 2

Real and Reactive Power Response of the Generator 3

Simulating dynamic model with a fault applied at bus eight (8), a sudden load increase, and
STATCOM placement determined by PSO as shown by the blue curve in Figure 4.20, revealed
that the STATCOM FACTS devices significantly damped the oscillations in the real power re-
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sponse. This damping effect was most prominent at approximately 30 seconds. When optimally
placed and sized STATCOM are included in the model with a fault at bus eight (8) and a sudden
load increase, the reactive power response stabilizes significantly faster as shown by the blue

curve in Figure 4.21, reaching a steady state around 30 seconds.
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Figure 4.21: Reactive power responses of the generator 3
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CHAPTER FIVE

S CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The dynamic wind farm Adama II that represented as single turbine made up of 102 wind tur-
bines coupled into IEEE 30-bus modified test network selected in this thesis. This thesis showed
and examined STATCOM device location and size optimization. PSO utilized in order to deter-
mine the optimum location and size of STATCOM. The results showed that reduced power loss
and improved voltage profile achieved with a PSO optimized STATCOM device were compared

with the normal operating condition presented previously.

The overall voltage profile of the grid has been shown to have improved much more once PSO
was implemented. In addition, the loss of active power was reduced by 0.5857 MW when
STATCOM was allocated by PSO. This indicates after the STATCOM device was optimized
with PSO, the active power was decreased by 6.50%. Similarly, the reactive power was re-
duced by 2.3355 MVAr, which corresponds to a total reduction of 7.157% when the STATCOM
was optimally allocated. PSO enabled improved voltage profile and better loss minimization,

resulting in minimum cost.

Time domain simulations were performed for wind farm Adama II connected into IEEE 30-bus
modified network using MATLAB/PSAT under base case conditions, under faulted conditions,
and under faulted conditions with PSO-placed STATCOM devices. The dynamic wind farm
Adama II interlinked into IEEE 30-bus modified test network with PSO-placed STATCOM leads
to a significant damping of grid oscillations and improvement in transient stability. STATCOM
were most effective for damping the oscillations and improving transient stability of multiple-

machine system with the most reduced settling time between 30 and 60 seconds.
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5.2 RECOMMENDATIONS

The thesis work presented in this intends to expand research investigations into the dynamic
analysis of power systems employing FACTS devices and makes a contribution to the field of
study on power system stability in the near future. This work serves as a basis for suggestions
about the creation of new work initiatives. In order to achieve transient stability with other
FACTS devices, future study should incorporate models of renewable energy generators, such
as solar arrays. The comparative performance of independent and integrated models of other
FACTS devices needs to be investigated. The ability of an optimized STATCOM device to min-
imize bus voltage deviation and reduce grid losses showed how competent and naturally capable
this controller is at influencing the grid parameters to meet the desired system objectives in a
steady-state environment. Future research comparing the effectiveness of other FACTS con-
trollers and STATCOM controllers under various fault scenarios have to be taken into account.
Various techniques of optimization for optimum sizing and locating of STATCOM controllers,
such as the tabu search algorithm, cuckoo search algorithm, ant colony, genetic algorithm and
others, should be investigated in the power transmission system, analyzed, and contrasted with

this finding works.

5.3 FUTURE WORKS

Future work in the area of improving transient stability using STATCOM based on PSO, partic-
ularly in the context of the IEEE 30-bus test system integrated into the Adama II wind farm, in-
cludes the need to evaluate the robustness of the control strategy to uncertainties associated with
renewable energy sources and grid disturbances. Optimal allocation strategies for STATCOMs
within the grid, taking into account the grid topology and renewable energy characteristics, need
to be further investigated, as well as the development of dynamic models for wind farms to
accurately capture their transient behavior. In addition, exploring adaptive control strategies,
coordinating with other FACTS devices and addressing cyber-security concerns are essential for
practical deployment and ensuring grid resilience. Field validation studies are necessary to eval-

uate the scalability and effectiveness of the proposed methodology in real-world applications.
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APPENDICES

A.1 IEEE 30-Bus System Single Line Diagram
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A.2 1EEE 30-Bus Test System Bus Data

Bus Type | Vm Theta | PG; QG; PL; QL; QGpin | QGpax
No

P.U rad MW MVAR | MW MVAR | MVAR | MVAR
1 1 1.06 0 0 0 0 0 0 0
2 2 1.043 |0 40 50.0 21.7 12.7 -40 50
3 3 1.0 0 0 0 24 1.2 0 0
4 3 1.0 0 0 0 7.6 1.6 0 0
5 2 1.01 0 0 37.0 94.2 19.0 -40 40
6 3 1.0 0 0 0 0.0 0.0 0 0
7 3 1.0 0 0 0 22.8 10.9 0 0
8 2 1.01 0 0 37.3 30.0 30.0 -10 40
9 3 1.0 0 0 0 0.0 0.0 0 0
10 3 1.0 0 0 0 5.8 2.0 0 0
11 2 1.082 | 0 0 16.2 0.0 0.0 -6 24
12 3 1.0 0 0 0 11.2 7.5 0 0
13 2 1.071 | O 0 10.6 0.0 0.0 -6 24
14 3 1.0 0 0 0 6.2 1.6 0 0
15 3 1.0 0 0 0 8.2 2.5 0 0
16 3 1.0 0 0 0 3.5 1.8 0 0
17 3 1.0 0 0 0 9.0 5.8 0 0
18 3 1.0 0 0 0 32 0.9 0 0
19 3 1.0 0 0 0 9.5 34 0 0
20 3 1.0 0 0 0 2.2 0.7 0 0
21 3 1.0 0 0 0 17.5 11.2 0 0
22 3 1.0 0 0 0 0.0 0.0 0 0
23 3 1.0 0 0 0 3.2 1.6 0 0
24 3 1.0 0 0 0 8.7 6.7 0 0
25 3 1.0 0 0 0 0.0 0.0 0 0
26 3 1.0 0 0 0 3.5 2.3 0 0
27 3 1.0 0 0 0 0.0 0.0 0 0
28 3 1.0 0 0 0 0.0 0.0 0 0
29 3 1.0 0 0 0 24 0.9 0 0
30 3 1.0 0 0 0 10.6 1.9 0 0
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A.3 1EEE 30-Bus System Line Data

Line No From Bus | To Bus R [P.U] X [P.U] By, [P.U] Tap Set.
1 1 2 0.0192 0.0575 0.0264 1

2 1 3 0.0452 0.1652 0.0204 1

3 2 4 0.0570 0.1737 0.0184 1

4 3 4 0.0132 0.0379 0.0042 1

5 2 5 0.0472 0.1983 0.0209 1

6 2 6 0.0581 0.1763 0.0187 1

7 4 6 0.0119 0.0414 0.0045 1

8 5 7 0.0460 0.1160 0.0102 1

9 6 7 0.0267 0.0820 0.0085 1

10 6 8 0.0120 0.0420 0.0045 1

11 6 9 0.0 0.2080 0.0 1.0155
12 6 10 0.0 0.5560 0.0 0.9629
13 9 11 0.0 0.2080 0.0 1

14 9 10 0.0 0.1100 0.0 1

15 4 12 0.0 0.2560 0.0 1.0129
16 12 13 0.0 0.1400 0.0 1

17 12 14 0.1231 0.2559 0.0 1

18 12 15 0.0662 0.1304 0.0 1

19 12 16 0.0945 0.1987 0.0 1

20 14 15 0.2210 0.1997 0.0 1

21 16 17 0.0824 0.1923 0.0 1

22 15 18 0.1073 0.2185 0.0 1

23 18 19 0.0639 0.1292 0.0 1

24 19 20 0.0340 0.0680 0.0 1

25 10 20 0.09360 0.2090 0.0 1

26 10 17 0.0324 0.0845 0.0 1

27 10 21 0.0348 0.0749 0.0 1

28 10 22 0.0727 0.1499 0.0 1

29 21 23 0.0116 0.0236 0.0 1

30 15 23 0.1000 0.2020 0.0 1

31 22 24 0.1150 0.1790 0.0 1

32 23 24 0.1320 0.2700 0.0 1

33 24 25 0.1885 0.3292 0.0 1

Continued on next page
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Line No From Bus | To Bus R [P.U] X [P.U] B, [P.U] Tap Set.
34 25 26 0.2544 0.3800 0.0 1

35 25 27 0.1093 0.2087 0.0 1

36 28 27 0.0000 0.3960 0.0 0.9581
37 27 29 0.2198 0.4153 0.0 1

38 27 30 0.3202 0.6027 0.0 1

39 29 30 0.2399 0.4533 0.0 1

40 8 28 0.0636 0.2000 0.0214 1

41 6 28 0.0169 0.0599 0.065 1

A.4 Double-fed induction generator data with variable speed wind tur-

bine data
Rated power (MVA) 153
Rated voltage (KV) 690
Rated frequency (Hz) 50
Stator Resistance R, and Reactance X, (p.u) [0.01 0.10]
Rotor Resistance R, and Reactance X, (p.u) [0.01 0.08]
Magnetization Reactance X, (p.u) 3
Inertia constants H,, (KWs/KVA) 3
Gain in pitch control K, (p.u) 10
Time constant 7}, (8) 3
Gain in voltage control K,, (p.u) 10
Time constant for power control 7, (s) 0.01
Number of poles P 4
Gear box ratio [1/89]
Blade Length [75.00 3]
Praxs Pnin (p-u) [1.00 0.00]
Qmax» Qmin (Pu) [0-7 ‘0-7]
The number of wind turbines in the park 102
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A.5 Static Synchronous Compensator (STATCOM) Data

Rated Power (MVA) 100.0
Rated Voltage (kV) 13.80
Rated Frequency (Hz) 50.0
Gain kr 50.0
Current control time constant 7, (p.u/p.us) 0.10
Max. Current (p.u) 0.50
Min. Current (p.u) —0.5
A. 6 IEEE 30-Bus Modified Test System Compensator Data
Compensator Comp. | Comp. | Comp. | Comp. | Comp.
1 2 3 4 5
Power ratings (MVA) 100.0 100.0 100.0 100.0 100.0
Voltage ratings (kV) 132.0 132.0 132.0 33.0 33.0
Magnitude of voltage (p.u) 1.043 1.01 1.01 1.082 1.071
Maximum reactive power (Qyqx(p-u)) | 0.5 0.4 0.4 0.24 0.24
Minimum reactive power (Qpin(p.u)) | -0.4 -0.4 -0.1 -0.06 -0.06
Maximum Voltage (V. (p-u)) 1.2 1.2 1.2 1.2 1.2
Minimum Voltage (V,in(p.u)) 0.8 0.8 0.8 0.8 0.8
Loss Participation
Coefficients ! ! ! ! !

A.7 Turbine Governor Data for the IEEE 30-Bus Modified Test System

Type BPA-GG | BPA-GG
Bus Number 1(31) 2(32)
Power rating (MVA) 270.0 51.20
Voltage rating (kV) 18.0 13.80
Maximum power output of the turbine P, (p.u) 0.85180 1.0350
Stabilization or droop of the turbine in steady state R (p.u) 0.01850 | 0.15230
Governor delay (control time constant) 77 (s) 0.10 0.20
Time constant of hydro reset 75 (s) 0.0 0.0
Time constant of servo T3 (s) 0.2590 0.30
Time constant of Steam valve bowl T} (s) 0.10 0.09
Time constant of steam reheat 75 (s) 10.0 0.0
Output shaft ahead the reheater F 0.272 1.000
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A. 8 Synchronous Machine Data for the IEEE 30-Bus Modified Test Sys-

tem
GENERATOR G1 G2 G3 G4
Bus Number 1 2 5,8 11,13
Power rating (MVA) 270 51.2 40 25
Voltage rating (kV) 18 13.8 13.8 13.8
Power factor rating 0.85 0.8 0.0 0.0
Inertia constant H (s) 4.130 5.078 1.520 1.200
Damping coefficient D 2.000 2.000 0.000 0.000
Armature resistance r,(p.u) 0.0016 0.000 0.000 0.0025
d.xis synchronous reactance x;(p.u) 1.700 1.270 2.373 1.769
Gaxis Synchronous reactance x,(p.u) 1.620 1.240 1.172 0.855
dgyis transient reactance x&(p.u) 0.256 0.209 0.343 0.304
Gaxis transient reactance x;(p.u) 0.245 0.850 1.172 0.5795
d,is Subtransient reactance xg(p.u) 0.185 0.116 0.231 0.2035
Gaxis Subtransient reactance x;’ (p-w) 0.185 0.116 0.231 0.2035
Leakage reactance x;(p.u) 0.155 0.108 0.132 0.1045
dgyis transient OC time constant Té ,(8) 4.800 6.600 11.600 8.000
Gaxis transient OC time constant Tq’o(s) 0.004 0.004 0.159 0.008
dgyis subtransient OC time constant 7))/ (s) | 0.004 0.004 0.058 0.0525
Gaxis Subtransient OC time constant T,]’f)(s) 0.004 0.004 0.201 0.0151

A.9 Automatic Voltage Regulator Data for IEEE 30-Bus Modified Test

System
Type IEEET1 | IEEET1 | IEEET1 | IEEET1
Bus Number 1 2 58 11,13
Power rating (MVA) 270 51.2 40 25
Voltage rating (kV) 18 13.8 13.8 13.8
Filter time constant for regulator input 7} (s) 0.001 0.001 0.001 0.001
Gain for regulators K, (p.u) 30 400 400 400
Time constant for regulators (s) 0.400 0.050 0.050 0.050
Maximum output of the regulator VR,,,,(p.u) 4.590 0.613 6.630 4.407
Minimum output of the regulator VR,,;,(p.u) -4.590 -0.613 -6.630 -4.407
Self-excitation exciter K, (p.u) -0.02 -0.0769 | -0.170 -0.170
Time constant of exciter 7, (s) 0.560 1.370 0.950 0.950
Circuit gain stabilizing regulator Ky (p.u) 0.050 0.040 0.040 0.040
Circuit time constant of regulator stabilizing Ty | 1.300 1.000 1.000 1.000
Field voltage value,1 in p.u. E1 2.5875 3.0975 6.375 4.2375
Field voltage value,2 in p.u. E2 3.450 4.130 8.500 5.650
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A.10 Results of Power Flow for IEEE 30 bus system for faulty condition

in PSAT
Bus A\ Phase P gen Q gen P load Q load
[p.u.] [rad] [p.u.] [p.u.] [p.u.] [p.u.]

Bus 1 1.06000 0.00000 3.5203 —0.35115 | 0.00000 0.00000
Bus 10 1.04936 —0.27242 | 0.00000 0.00000 0.05800 —0.18922
Bus 11 1.08200 —0.24481 | 0.00000 0.14390 0.00000 0.00000
Bus 12 1.06196 —0.25999 | 0.00000 0.00000 0.11200 0.07500
Bus 13 1.07100 —0.25999 | 0.00000 0.06914 0.00000 0.00000
Bus 14 1.04711 —0.27535 | 0.00000 0.00000 0.06200 0.01600
Bus 15 1.04247 —0.27684 | 0.00000 0.00000 0.08200 0.02500
Bus 16 1.04903 —0.26977 | 0.00000 0.00000 0.03500 0.01800
Bus 17 1.04428 —0.27534 | 0.00000 0.00000 0.09000 0.05800
Bus 18 1.03281 —0.28730 | 0.00000 0.00000 0.03200 0.00900
Bus 19 1.03021 —0.29021 | 0.00000 0.00000 0.09500 0.03400
Bus 2 1.04500 —0.09292 | 0.40000 0.45404 0.21700 0.12700
Bus 20 1.03422 —0.28675 | 0.00000 0.00000 0.02200 0.00700
Bus 21 1.03705 —0.28010 | 0.00000 0.00000 0.17500 0.11200
Bus 22 1.03760 —0.27986 | 0.00000 0.00000 0.00000 0.00000
Bus 23 1.03188 —0.28344 | 0.00000 0.00000 0.03200 0.01600
Bus 24 1.02613 —0.28628 | 0.00000 0.00000 0.08700 0.02172
Bus 25 1.02185 —0.27864 | 0.00000 0.00000 0.00000 0.00000
Bus 26 1.00425 —0.28590 | 0.00000 0.00000 0.03500 0.02300
Bus 27 1.02769 —0.26942 | 0.00000 0.00000 0.00000 0.00000
Bus 28 1.01085 —0.20254 | 0.00000 0.00000 0.00000 0.00000
Bus 29 1.00795 —0.29070 | 0.00000 0.00000 0.02400 0.00900
Bus 3 1.04500 —0.13703 | 0.00000 0.45862 0.02400 0.01200
Bus 30 0.99653 —0.30596 | 0.00000 0.00000 0.10600 0.01900
Bus 4 1.02499 —0.16330 | 0.00000 0.00000 0.07600 0.01600
Bus 5 1.01000 —0.24499 | 0.00000 0.33141 0.94200 0.19000
Bus 6 1.01544 —0.19202 | 0.00000 0.00000 0.00000 0.00000
Bus 7 1.00547 —0.22293 | 0.00000 0.00000 0.22800 0.10900
Bus 8 1.01000 —0.20354 | 0.00000 0.22600 0.30000 0.30000
Bus 9 1.05434 —0.24481 | 0.00000 0.00000 0.00000 0.00000
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A.11 Results of Power Flow for IEEE 30 bus system for faulty with PSO-
placed STATCOM in PSAT
Bus A\ Phase P gen Q gen P load Q load
[p.u.] [rad] [p.u.] [p.u.] [p.u.] [p.u.]

Bus 1 1.06000 0.00000 3.5203 —0.57826 | 0.00000 0.00000
Bus 10 1.02760 —0.39716 | 0.00000 0.00000 0.08120 —0.17263
Bus 11 1.08200 —0.35763 | 0.00000 0.21089 0.00000 0.00000
Bus 12 1.04881 —0.37982 | 0.00000 0.00000 0.15680 0.10500
Bus 13 1.07100 —0.37982 | 0.00000 0.16977 0.00000 0.00000
Bus 14 1.02706 —0.40191 | 0.00000 0.00000 0.08680 0.02240
Bus 15 1.02004 —0.40379 | 0.00000 0.00000 0.11480 0.03500
Bus 16 1.02895 —0.39356 | 0.00000 0.00000 0.04900 0.02520
Bus 17 1.02087 —0.40155 | 0.00000 0.00000 0.12600 0.08120
Bus 18 1.00522 —0.41911 | 0.00000 0.00000 0.04480 0.01260
Bus 19 1.00097 —0.42337 | 0.00000 0.00000 0.13300 0.04760
Bus 2 1.04500 —0.14318 | 0.40000 0.86692 0.30380 0.17780
Bus 20 1.00649 —0.41824 | 0.00000 0.00000 0.03080 0.00980
Bus 21 1.01004 —0.40813 | 0.00000 0.00000 0.24500 0.15680
Bus 22 1.01087 —0.40767 | 0.00000 0.00000 0.00000 0.00000
Bus 23 1.00425 —0.41275 | 0.00000 0.00000 0.04480 0.02240
Bus 24 0.99523 —0.41595 | 0.00000 0.00000 0.12180 0.05121
Bus 25 0.99663 —0.40495 | 0.00000 0.00000 0.00000 0.00000
Bus 26 0.97857 —0.41259 | 0.00000 0.00000 0.03500 0.02300
Bus 27 1.00621 —0.39336 | 0.00000 0.00000 0.00000 0.00000
Bus 28 1.00291 —0.29799 | 0.00000 0.00000 0.00000 0.00000
Bus 29 0.97725 —0.42474 | 0.00000 0.00000 0.03360 0.01260
Bus 3 1.04500 —0.20193 | 0.00000 0.69044 0.03360 0.01680
Bus 30 0.96053 —0.44760 | 0.00000 0.00000 0.14840 0.02660
Bus 4 1.01893 —0.24094 | 0.00000 0.00000 0.10640 0.02240
Bus 5 1.01000 —0.36191 | 0.00000 0.64223 1.31880 0.26600
Bus 6 1.00881 —0.28310 | 0.00000 0.00000 0.00000 0.00000
Bus 7 0.99775 —0.32828 | 0.00000 0.00000 0.31920 0.15260
Bus 8 1.01000 —0.30188 | 0.00000 0.58250 0.42000 0.42000
Bus 9 1.04146 —0.35763 | 0.00000 0.00000 0.00000 0.00000
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A.12 Results of Line Flow for IEEE 30 bus system for Faulty condition

in PSAT
P flow Q flow P loss Q loss
From bus | To bus Line
[p.u.] [p.u.] [p.u.] [p.u.]

Bus 2 Bus 1 1.00000 —1.66509 | 0.33766 0.05111 0.09457
Bus 6 Bus 8 2.00000 0.29518 0.04415 0.00104 —0.00558
Bus 12 Bus 14 3.00000 0.07849 0.02440 0.00074 0.00153
Bus 12 Bus 15 4.00000 0.17831 0.06941 0.00215 0.00423
Bus 16 Bus 12 5.00000 —0.07111 | —0.03418 | 0.00053 0.00112
Bus 1 Bus 3 6.00000 0.89265 —0.10806 | 0.03235 0.07302
Bus 14 Bus 15 7.00000 0.01575 0.00687 0.00006 0.00005
Bus 17 Bus 16 8.00000 —0.03604 | —0.01590 | 0.00007 0.00027
Bus 18 Bus 15 9.00000 —0.05949 | —0.01621 | 0.00038 0.00078
Bus 19 Bus 18 10.00000 | —0.02744 | —0.00711 | 0.00005 0.00010
Bus 20 Bus 19 11.00000 | 0.06773 0.02723 0.00017 0.00034
Bus 10 Bus 20 12.00000 | 0.09054 0.03603 0.00081 0.00180
Bus 17 Bus 10 13.00000 | —0.05396 | —0.04210 | 0.00014 0.00036
Bus 10 Bus 21 14.00000 | 0.15779 0.09958 0.00110 0.00237
Bus 10 Bus 22 15.00000 | 0.07614 0.04566 0.00052 0.00107
Bus 22 Bus 21 16.00000 | 0.01831 0.01480 0.00001 0.00001
Bus 2 Bus 4 17.00000 | 0.43164 —0.02611 | 0.00973 —0.00978
Bus 23 Bus 15 18.00000 | —0.04967 | —0.02938 | 0.00031 0.00063
Bus 24 Bus 22 19.00000 | —0.05686 | —0.02908 | 0.00045 0.00069
Bus 24 Bus 23 20.00000 | —0.01761 | —0.01325 | 0.00006 0.00012
Bus 24 Bus 25 21.00000 | —0.01253 | 0.02061 0.00010 0.00018
Bus 25 Bus 26 22.00000 | 0.03544 0.02366 0.00044 0.00066
Bus 27 Bus 25 23.00000 | 0.04832 0.00369 0.00024 0.00046
Bus 27 Bus 29 24.00000 | 0.06189 0.01667 0.00085 0.00162
Bus 27 Bus 30 25.00000 | 0.07091 0.01660 0.00161 0.00303
Bus 30 Bus 29 26.00000 | —0.03670 | —0.00542 | 0.00033 0.00063
Bus 4 Bus 3 27.00000 | —0.82697 | —0.24773 | 0.00934 0.01781
Bus 6 Bus 28 28.00000 | 0.18757 0.01909 0.00059 —0.01126
Bus 2 Bus 5 29.00000 | 0.81843 0.02824 0.02906 0.07796
Bus 2 Bus 6 30.00000 | 0.59802 —0.01275 | 0.01903 0.01804

Continued on next page
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P flow Q flow P loss Q loss
From bus | To bus Line

[p.u.] [p.u.] [p.u.] [p.u.]
Bus 8 Bus 28 31.00000 | —0.00586 | —0.02427 | 0.00000 —0.04369
Bus 4 Bus 6 32.00000 | 0.73244 0.03164 0.00609 0.01182
Bus 5 Bus 7 33.00000 | —0.15264 | 0.09168 0.00152 —0.01688
Bus 7 Bus 6 34.00000 | —0.38216 | —0.00043 | 0.00386 —0.00551
Bus 6 Bus 9 35.00000 | 0.27771 —0.07281 | 0.00000 0.01590
Bus 6 Bus 10 36.00000 | 0.15886 0.00368 0.00000 0.01278
Bus 9 Bus 11 37.00000 | 0.00000 —0.14022 | 0.00000 0.00368
Bus 9 Bus 10 38.00000 | 0.27771 0.05150 —0.00000 | 0.00789
Bus 4 Bus 12 39.00000 | 0.44045 0.18377 0.00000 0.04821
Bus 13 Bus 12 40.00000 | 0.00000 0.06914 0.00000 0.00058
Bus 28 Bus 27 41.00000 | 0.18111 0.04977 0.00000 0.01281

A.13 Results of Line Flow for IEEE 30 bus system for Faulty With PSO-

placed STATCOM in PSAT

P flow Q flow P loss Q loss
From bus | To bus Line

[p.u.] [p.u.] [p.u.] [p.u.]
Bus 1 Bus 2 1.00000 2.61532 —0.42932 | 0.11961 0.29971
Bus 8 Bus 6 2.00000 —0.41247 | 0.14609 0.00227 —0.00123
Bus 14 Bus 12 3.00000 —0.10921 | —0.03372 | 0.00152 0.00317
Bus 15 Bus 12 4.00000 —0.24627 | —0.09767 | 0.00447 0.00880
Bus 12 Bus 16 5.00000 0.10175 0.05696 0.00117 0.00246
Bus 3 Bus 1 6.00000 —1.24064 | 0.35853 0.06971 0.20958
Bus 15 Bus 14 7.00000 —0.02228 | —0.01120 | 0.00013 0.00012
Bus 16 Bus 17 8.00000 0.05158 0.02930 0.00017 0.00064
Bus 15 Bus 18 9.00000 0.08549 0.02773 0.00083 0.00170
Bus 18 Bus 19 10.00000 | 0.03985 0.01344 0.00011 0.00023
Bus 19 Bus 20 11.00000 | —0.09326 | —0.03439 | 0.00034 0.00067
Bus 20 Bus 10 12.00000 | —0.12439 | —0.04486 | 0.00162 0.00361

Continued on next page
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Continued from previous page

P flow Q flow P loss Q loss
From bus | To bus Line
[p.u.] [p.u.] [p.u.] [p.u.]

Bus 10 Bus 17 13.00000 | 0.07485 0.05321 0.00026 0.00067
Bus 21 Bus 10 14.00000 | —0.21512 | —0.13596 | 0.00221 0.00475
Bus 22 Bus 10 15.00000 | —0.10310 | —0.06240 | 0.00103 0.00213
Bus 21 Bus 22 16.00000 | —0.02988 | —0.02084 | 0.00002 0.00003
Bus 4 Bus 2 17.00000 | —0.57683 | 0.04655 0.01850 0.01719
Bus 15 Bus 23 18.00000 | 0.06826 0.04614 0.00065 0.00132
Bus 22 Bus 24 19.00000 | 0.07320 0.04153 0.00080 0.00124
Bus 23 Bus 24 20.00000 | 0.02281 0.02242 0.00013 0.00027
Bus 25 Bus 24 21.00000 | 0.02688 —0.01095 | 0.00016 0.00028
Bus 26 Bus 25 22.00000 | —0.03500 | —0.02300 | 0.00047 0.00070
Bus 25 Bus 27 23.00000 | —0.06234 | —0.01275 | 0.00045 0.00085
Bus 29 Bus 27 24.00000 | —0.08571 | —0.02161 | 0.00180 0.00340
Bus 30 Bus 27 25.00000 | —0.09699 | —0.01892 | 0.00339 0.00638
Bus 29 Bus 30 26.00000 | 0.05211 0.00901 0.00070 0.00133
Bus 3 Bus 4 27.00000 | 1.20704 0.31511 0.01885 0.04516
Bus 28 Bus 8 28.00000 | 0.00762 —0.05946 | 0.00009 —0.04306
Bus 28 Bus 6 29.00000 | —0.25830 | —0.03061 | 0.00113 —0.00915
Bus 5 Bus 2 30.00000 | —1.10463 | 0.19016 0.05853 0.20175
Bus 6 Bus 2 31.00000 | —0.79647 | 0.09482 0.03696 0.07269
Bus 6 Bus 4 32.00000 | —1.02622 | 0.06583 0.01237 0.03379
Bus 7 Bus 5 33.00000 | 0.21798 —0.19702 | 0.00381 —0.01095
Bus 6 Bus 7 34.00000 | 0.54500 —0.03753 | 0.00781 0.00689
Bus 9 Bus 6 35.00000 | —0.38453 | 0.06417 0.00000 0.02915
Bus 10 Bus 6 36.00000 | —0.21899 | —0.01242 | 0.00000 0.02533
Bus 11 Bus 9 37.00000 | 0.00000 0.21089 0.00000 0.00790
Bus 10 Bus 9 38.00000 | —0.38453 | —0.12187 | 0.00000 0.01695
Bus 12 Bus 4 39.00000 | —0.62002 | —0.13906 | 0.00000 0.09397
Bus 12 Bus 13 40.00000 | 0.00000 —0.16626 | 0.00000 0.00352
Bus 27 Bus 28 41.00000 | —0.25068 | —0.06390 | 0.00000 0.02618

94



A.14 Branch impedance of cluster A and distance between each tower

Branch Distance | R X C Z
SN From To (Km) (pw/Km) | (pu/Km) | (uF/Km) | (pu/Km)
1 S 14 S 15 0.45 0.01 0.0067 0.270 0.012
2 S 15 S 16 0.29 0.0082 0.0051 0.270 0.008
3 S 16 S 17 0.33 0.009 0.055 0.270 0.009
4 S 17 CCGl1 0.10 0.006 0.003 0.270 0.003
5 S 18 CCGl1 1.40 0.015 0.007 0.270 0.038
6 S 19 S 18 0.30 0.008 0.028 0.270 0.008
7 S 19 S 20 0.23 0.008 0.005 0.440 0.006
8 S 20 S 21 0.24 0.007 0.005 0.270 0.006
9 S 21 S22 1.09 0.007 0.005 0.270 0.029
10 S22 S 23 0.23 0.007 0.005 0.270 0.006
11 S23 S 24 0.20 0.0018 0.005 0.440 0.005

A.15 MATLAB Code for Particle Swarm Optimization Algorithm

A4 MATLAB CODE FOR MAIN PSO ALGORITHMS
clc;

clear;

params;

define_constants;

1)

nBus = mpc.bus(end,

/4 Runs power flow to get intitial power losses and voltage

proftile

iniResults = runpf (mpc, mpoption('verbose', 0, 'pf.alg', 'NR'
, 'out.all', 0));

iniLoss = sum(real(get_losses(iniResults)));

fprintf (" x1 | x2 | y1 | y2 | Losses(MW) | VDI | FO\n");

/4 Setup PSO parameters

nvars = nStatcom * 2; J Num of Vartiables (2 * num STATCOMs)

4 nStatcom = 1; [ Assuming 1 STATCOMs

1b = [2 0]; / Location: 2-30, Injection: 0-100
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ub = [30 100]; /7 Location: 2-30, Injection: 0-100

/ PSO Settings

options = optimoptions('particleswarm', 'PlotFcn', @
pswplotbestf);

obj_func = @(x)objectives(x, mpc, iniLoss, lossWeight,
voltageWeight, PD, QD, VM);

rng default / For reproducibility

[x, fval, exitflag, output] = particleswarm(obj_func, nvars,
1b, ub, options);

x(1:nStatcom) = round(x(l:nStatcom)); /7 Apply integer
condttion for location

4 Place the STATCOMs with optimal locations and reactive

power imnjections

for i = 1:nStatcom
bus = x(i);
qInjection = -x(nStatcom + i); / Note the mnegative sign for

reactive power injection

4 Inject reactive power from STATCOM

mpc . bus (bus, QD) = mpc.bus(bus, QD) - glnjection;

end

/4 Runs power flow after optimal STATCOM placement

results = runpf (mpc, mpoption('verbose', 0, 'pf.alg', 'PQSUM'
, 'out.all', 0));

busLossesAfter = real(get_losses(results));

busLossesBefore = real(get_losses(iniResults));

J Display TesSuUllts *kkxxkkkkkkk kKK kKK KKK KKK I KKK KKK KKK KKK KKK KN

disp("Optimal results found : ");
disp ('Bus No Q Injection (MVar)');
display ([x(1:nStatcom) ', x(nStatcom + 1:nvars)'l):
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fprintf ("\n Losses before STATCOM placement (MW): /f",
iniloss);

fprintf ("\n Losses after STATCOM placement (MW): /f", sum(
real (get_losses (results))));

U PLOL TeSULLS *Fkkkkkk Kk k kKK KKKK KKK KKK KKK KK KKK KKK KKK KKK

figure (2);

plot (iniResults.bus(:,VM), 'red');

hold on;

plot (results.bus(:,VM), 'blue');

hold off;

title('Voltage profile of the system');

xlabel ('Bus') ;

ylabel ('voltage [p.ul') ;

legend('Initial voltage profile','STATCOMs + PS0');

U PLOt TeSULLS *k*kkk kKKK FKFRKKKKRF KKK KRR KKK A KA KA KKK A

figure (3);

losses=[sum(real (get_losses(iniResults))); sum(real(
get_losses(results)))];

bar (losses) ;

legends=categorical ({'Initial losses', 'STATCOMs + PSO0'});
legends = reordercats(legends ,{'Initial losses', 'STATCOMs +
PSO'}) ;

bar (legends ,losses) ;

ylabel ('Active Power Losses (MW)');

title('Total active power losses (MW)');

U PLOL TeSULLS KKk k kKK KKKKKKKKKKK KKK KKK KKK KKK KKK KKK KKK KK

figure (4);

losses=[sum(imag(get_losses(iniResults))) ,sum(imag(get_losses
(results)))];

legends=categorical ({'Initial losses', "STATCOMs + PSO0'});
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legends = reordercats(legends ,{'Initial losses', 'STATCOMs +
PSO'});

bar (legends,losses, 'g');

ylabel ('Reactive Power Losses (MVAR) ');

title('Total reactive power losses (MVAR)');

S PLOT TESULLS HFH*k kKKK KKKK KKK I KKK KKK KKK KKK IR K IR KR KA KRN

figure (5)

iniLoss= real(get_losses(iniResults));

loss = real(get_losses(results));

losses=[iniloss, loss];

bar (losses) ;

title('Active Power losses (MW)');

xlabel ('Line') ;

grid on;

ylabel ('Real Power loss (MW)') ;

legend ("Without STATCOMs", "STATCOMs + PS0");

J PLOTL TeSULLS **X Kk Kk KKF KKK KKK KKK KKK KKK IR IR KF KR KKK R KKK A

figure (6)

iniLoss= imag(get_losses(iniResults));

loss = imag(get_losses(results));

losses=[iniloss, loss];

bar (losses);

title ('Reactive Power losses (MW)');

xlabel ('Line') ;

ylabel ('Reactive Power loss (MVAR)') ;

grid on;

legend ("Without STATCOMs", "STATCOMs + PS0");

A K MATLAB CODE FOR OBJECTIVE FUNCTION

function y = objectives(x, mpc, iniLoss, lossWeight,
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voltageWeight , PD, QD, VM)
nStatcom = numel(x) / 2; / Number of STATCONs
4 Apply integer condition for STATCOM placement
x(1:nStatcom) = round(x(1l:nStatcom));
4 Place STATCOMs with optimal locations and reactive power

injections

for i = 1:nStatcom
bus = x(i);
qInjection = x(nStatcom + i);

4 Inject reactive power from STATCOM

mpc . bus (bus, QD) = mpc.bus(bus, QD) - gInjection;

end

A Run power flow with STATCOMs

results = runpf (mpc, mpoption('verbose', 0, 'pf.alg', 'NR',
out.all', 0));

/4 Objective Function

4 Calculate mean squared error of wvoltage magnitudes

vmag = results.bus(:, VM); / Voltage magnitude of all bars
vmag = vmag - 1; / Calculate error for all bars

vmag = vmag.*vmag; / Square the error

vobjective = sum(vmag) / numel (vmag); / Obtain mean squared

error (Voltage Deviation Index)
4 Calculate active power losses
loss = sum(real(get_losses(results)));
lobjective = loss / iniloss; / Ratio of losses with STATCOM/

Losses without STATCOM (Losses indezx)

y = lossWeight * lobjective + voltageWeight * vobjective;
fprintf ("/f /", z);
fprintf ("/Jf [|", lobjective * <niloss * 1000);
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fprintf ("Jf /", wobjective);
fprintf ("/f\n", y);

end

A % MATLAB CODE TO SET THE PSO PARAMETERS WANT TO OPTIMIZE.
nStatcom=1; / Num of Statcom to be placed in the system
mpc=loadcase('case30');/ matpower 'case 30' file for power

flow

statcomMax(Q

statcomMinQ 0; /4 Minimum reactive power of STATCOM (MVar)
swarmSize=500; / WNum of particles in the swarm; 'SwarmSize'
A0bjective Function Parameters

lossWeight=0.6; / Loss weight

100; 7/ Mazimum reactive power of STATCOM (MVar)

voltageWeight=0.4; / Voltage weight (Sum of weight must be 1)
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