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Abstract

Growth in power consumptions and populations forced the Power system Network (PSN) to
operate closer to its operating limit(s) owing to economic and operational factors. Again loss
of a heavy generator/ load/ faults in a PSN causes heavy power flows through the transmission
lines results in outages of the transmission lines. Therefore creates overloading of nearby lines,
voltage deviations, a significant change in phase angles, increased system loss, etc., which may
lead to a partial or complete breakdown of the PSN. Thus, it is required to restore the line as
early as possible to avoid the line flow limit violation of other lines of a PSN. To reduce these
problems the methods of rescheduling of power flow with Series Power Flow Controller
(SPFC) and Unified Power Flow Controller (UPFC) are proposed in this work. Mathematical
modeling of modified Load Flow (LF) analysis using SPFC and UPFC devices for reducing the
Total Real Power Loss (TRPL) and Standing Phase Angle (SPA) difference across the two
buses are proposed here. Initially, the Power Loss Sensitivity Factor (PLSF) represented by the
change in TRPL to the Change in Power Flow (CPF) for all the lines of a PSN are determined
to identify the suitable location of SPFC devices. Then the lines having significant values of
PLSF are considered for the introduction of SPFC devices to reduce TRPL. Utilizing the PLSF
and their relation to the change in TRPL, the necessary optimal values of CPF for the selected
lines are obtained using the Particle Swarm Optimization (PSO) technique. Incorporating the
optimal values of CPF for the lines considered to introduce SPFC devices, LF analysis with
SPFC is performed to estimate the state variables of SPFC devices. The SPFC devices at the
selected transmission lines can reduce the TRPL to 2.5151 p.u. from 3.0851 p.u. also improve
the bus voltage profile of the IEEE 118 bus system. Again, to show the economic benefit of
installing SPFC at the selected buses of the PSN cost-benefit analysis (CBA) based on the
installation cost (IC) of SPFC and the cost-savings due to reduction of TRPL is done.

Again, to reduce SPA across the two buses, the sensitivity relation between change in
SPA across two buses of a transmission line, and the CPF through the line having UPFC
devices have been formulated. Then the sensitivity relations are used to reschedule the power
flow through the line having UPFC device to reduce SPA across the line to be re-connected.
Simulations were carried out on IEEE 118 bus system to examine the applicability of the

proposed methods for the reduction of TRPL, and SPA across the two buses.
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Introduction

1.1 Overview of Power system

The physical structure of a traditional power system network (PSN) mainly consists of
generation, transmission, and distribution systems. Figure 1.1 shows the schematic diagram of
a PSN. The bulk amount of power generated mainly using thermal power plants. Recently the
contribution of renewable energy generation is also having much impact on today’s energy
generation. The generation voltage is first to step up into a high voltage for transmission and
then step down to a lower voltage for distribution and utilization. Initially, the power industry
was Vertically Integrated Utility (VTU) where, the same company owns all aspects of
generation, transmission, and distribution of electricity to the consumers. It also holds a
monopoly on making, controlling, and selling electricity for which it could not provide an
efficient performance as competitive firms. Thus, for creating competition among the power
sectors, VTUs unbundled their generation, transmission, and distribution sectors which would
naturally create competition within each sector. In the competitive electricity market,
generation companies (GENCOs), load-serving entities (LSEs) or distribution companies
(DISCOs), and traders are major market players, as shown in Figure 1.2. GENCOs, DISCOs,
and large consumer trade electricity directly in the competitive wholesale market, small
consumers purchase electricity through DISCOs who operate the distribution network and
serve the customers within its territory. It improves the economic efficiency in the operation

of the interconnected generation and transmission systems by cost savings.
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EERATALA
Power Flow i
Generation Transmission Distribution Load
Fig. 1.1 Traditional power system
GENCO GENCO GENCO GENCO

COMPETITIVE ELECTRICITY MARKET

DISCO DISCO DISCO DISCO
CONSUMER CONSUMER CONSUMER

Fig.1.2 Model of modern electricity market [1]

1.2 Challenges of Modern Power System

In the past, transmission systems were composed of a low degree of interconnection, and it
was much simple to share the loads among the available generating units. Load on the power
system is not constant; it varies from time to time based on consumer demands. Due to the
tremendous growth in power consumption and population, a large amount of power needs to
be transmitted through the transmission network thus; the existing network has to operate
closer to its operating limit(s) owing to economic and operational factors. Therefore
generation, as well as transmission network, has to be expanded to meet the load requirement.

The increase in load size and operational complexity brought about by widespread
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interconnection of transmission systems, some encompassing continental distances,
introduced difficulties into the operation and control of PSN. Many challenges have to face by
PSN during transmission of power due to various abnormal conditions such as equipment
failure, loss of heavy generators, heavy loads, over voltage, or faults on a PSN. Thus, it
becomes necessary for many electrical utilities to operate their systems closer to the system
operating capacity. It was impractical to determine appropriate operating strategies based only
on observation and the experience of the operator. When it comes to an interconnected PSN,
the random nature of power demands creates complexity in the operation and control of the
power system. If demand on the power system suddenly increases to a very high value it will
draw a heavy current from the supply, causes an increase in power loss and overloading of the
transmission lines. Due to the increase in power loss in transmission line temperature of the
line conductors increases, for which the sag of the conductor increases. This increase in
temperature sometimes may lead to thermal limit violation of the conductor. As the thermal
limit of the line is the maximum current that can safely transfer through the line thus, there
may be an outage of the transmission lines. Again disturbances/faults in PNS bring the system
into an emergency condition. Large disturbances in a PSN cause heavy power flow through
the transmission lines may lead to outages of the transmission lines, which results in
overloading of nearby lines, voltage deviations, a significant change in bus voltage angles,
increase in system loss, etc. These may result in a partial or complete blackout of the system if
adequate measures are not taken. Thus, it is required to restore the line as early as possible to
avoid the line flow limit violation of other lines of a PSN. Abnormal conditions like loss of
heavy generators or loads or faults on a PSN causes heavy power flow through the
transmission lines, results in a significant change in phase angle difference across the two
buses, may affect the stability of a power system if the system is not restored within a shortest
possible time.

The power transfer through a conventional AC transmission system is restricted due to
several factors such as short circuit current limit, thermal limits, transient stability limit,
voltage limit, etc. These limits define the maximum electric power which can be safely
transferred from one side of the transmission line network to the other without causing any
damage to the electrical equipment and the transmission lines. These limits arise mainly due
to the lack of fast response control equipment. Increased power transfer without overloading

the transmission lines is possible by bringing changes in the power system layout. However,
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this is not feasible, so another way of achieving maximum power transfer capability without
any changes in the power system layout is done using variable impedance devices like
capacitors and inductors. Using these variable impedance devices a part of the energy is stored
as reactive power and returned to the source rather than transferring the whole energy or
power from the source to the load thus, the actual amount of the power transferred to the load
or the active power is always less than the apparent power or the net power. For ideal power
transmission, the active power should be equal to the apparent power, in other words, the
power factor (the ratio of active power to apparent power) should be unity. Here, the role of
the Flexible AC Transmission System (FACTS) comes. Using FACTS devices it is possible to
control and transfer more power without changing the power system layout and keeping the
line flow within their respective limits. FACTS devices are used in the power system to
enhance line power transfer capacity and increase the controllability of the transmission

networks.

1.3 Overview of Flexible AC Transmission Systems (FACTYS)

The concept of FACTS technology was first mentioned in Electric Power Research Institute
(EPRI) journal in 1986 to control power transmission through the lines and utilize the
maximum capacity of the existing transmission lines without compromising the system
reliability. The concept of FACTS was first introduced at a luncheon speech during the IEEE
PES Summer meeting in July 1987 and a luncheon speech at the 1988 American Power
Conference [2]. FACTS is an alternating current transmission system incorporating power
electronic based and other static controllers to enhance controllability and increase power
transfer capability [3]. Since the FACTS controllers are electronically operated devices, thus
the response and execution time of the FACTS devices are fast. FACTS controllers are used
in a power system to increase the flexibility of the PSN by enhancing the controllability and
power transfer capability of the transmission lines without overloading the transmission lines.
It also provides a facility for enhancing the load security of the transmission system, ability to
power transfer, prevents cascading outages, and reduces power system oscillations. The power
transfer capacity of the line increased by changing various network parameters like circuit
current, voltage, impedance, phase angle, etc. Use of different types of FACTS devices in a
PSN can increase the voltage during voltage sag, reduce voltage during a light load condition,

reduce line reactance, reduce the phase angle difference across the two buses, etc.
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1.3.1 Basic types of FACTS Controllers

According to the type of connection, FACTS controllers are classified into four

categories shown in Figure 1.3 [3].
a) Series Controllers

Series controller consists of capacitors or reactors which introduce voltage in series with
the line. They are variable impedance devices. The main task of series controllers is to reduce
the inductivity of the transmission line and supply or consume variable reactive power.
Thyristor controlled series capacitor (TCSC), Thyristor switched series capacitor (TSSC), and

Static Synchronous Series Compensator (SSSC), etc. are examples of series controllers.
b) Shunt Controllers:

Shunt controllers consist of variable impedance devices like capacitors or reactors and
introduce current in series with the line. The injected current is in phase with the line voltage.
Static Synchronous Compensator (STATCOM), Thyristor Switched Reactor (TSR), Thyristor
Switched Capacitor (TSC), Static VAR Compensator (SVC), etc. are the examples of shunt

controllers.

c) Shunt-Series Controllers: These controllers consist of a combination of shunt and
series controllers. Unified Power Flow Controller (UPFC), Thyristor controlled Phase Angle

Regulators are examples of shunt-series Controllers.

d) Series-Series Controllers: These controllers consist of a combination of series-series
controllers providing series compensation and the transfer of real power along the line. An

example is Interline Power Flow Controller (IPFC).
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FACTS controllers

Series
controllers

Shunt
controllers

Shunt- Series
controllers

Series- Series
controllers

Fig. 1.3 Classification of FACTS controllers

1.3.2 Applications of FACTS Technology

FACTS technology has impacts on all operations of power systems like [3]:

mismatch.

storage system: converting energy (DC to AC, AC to DC, DC to DC, etc.)

transmission system: increase power transfer capability of the line.

distribution system: protect by rapid interruption of circuit current.

generation system: damp the power system oscillations created due to power

There are various applications of FACTS devices in transmission systems including,

better control of voltage magnitude, phase angle, and line reactance.

better control of both active and reactive powers.

power quality improvement and power conditioning.

reduce reserve margin as it can transfer powers between controlled areas.

secure power transmission without overloading the lines and improve stability.

limit the effects of faults or other abnormal conditions to avoid cascading outages.

Power system operation and control are limited by the wearing of the mechanically controlled

switches because line loading varies continuously due to frequent variations of load demand,

line outages, generation schedules, etc. The use of mechanical switches for controlling series

capacitors results in subsynchronous resonance. FACTS technology replaces the mechanically

controlled switches and provides flexibility in power system operation and control. It does not

consist of a single power electronic device, but the number of power electronic devices along

with their controllers constitutes a FACTS device. FACTS controllers can provide control of

different parameters of power transmission based on the requirement of the power systems.
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Since 1980 several research works going on designing controllers of FACTS technology to

meet the various objectives in power systems.

1.4 Literature Review

A large number of researchers and scientists are working on FACTS technology since late
1980. Many research works have been done on various applications of FACTS devices in the
operation and planning of a power system. Some of the areas in a power system where
FACTS technologies implemented for the improvement of power system performances are
listed below:

e improving various electrical parameters of a PSN (voltage, current, impedance, etc.).

e enhancing power system stability.

e optimizing power system parameters.

« finding the optimal location, numbers, and effective FACTS devices.

e improving dynamic performances of a power system.

The benefits of FACTS devices are mainly dependent on the location, type, numbers, and
the size of the devices. Again the optimal siting of FACTS devices for meeting some
objectives in a power system depends on their capacity, type, numbers, and network operating
conditions. Several research works are done to find the suitable locations of various FACTS
devices in a PSN for improving the power system conditions. Here two categories of optimal

placement of FACTS devices are listed based on the literature available:
1.4.1 Heuristic search optimization algorithm

Using the heuristic search methods the optimum number and location of FACTS devices
in a PSN are determined. Among the methods used for the placements of FACTS devices,
Genetic Algorithm (GA), Simulated Annealing (SA), Tabu Search (TS), Particle Swarm
Optimization (PSO), Evolutionary Algorithm (EA), Bacterial Swarming Algorithm (BSA),
Bees Algorithm (BA), etc. are popularly used [4-20]. Use of GA for finding the optimal
locations of FACTS devices are presented in [4-8]. The authors of [4-5] proposed
simultaneous use of multi types of FACTS devices for improving the operating conditions of
a PSN. It was found that the use multi types of FACTS devices shows efficient performance

than the individual combination [4-5]. Again loadability of the lines cannot be increased
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beyond a certain limit with the use of increasing numbers of FACTS devices for both single
and multi-type of FACTS devices [5]. S. R. Najafi et al. propose a method using GA and
continuous power flow for determining the maximum numbers of SVCs required to increase
the loadability of the line beyond which loadability of the lines cannot be increased further,
this may lead to voltage collapse [6]. G. I. Rashed et al. describes a method for maximizing
the power system loadability using multiple numbers of TCSC devices using GA and PSO,
the PSO technique shows faster response than GA [7]. M. Saravanan et al. used PSO for
finding the optimal location of SVC, TCSC, and UPFC to maximize loadability with a
minimum installation cost of FACTS devices [8]. PSO optimization tool is used to determine
the optimal locations and parameters of UPFC devices to maximize the loadability of the
transmission line. Loadability of the system can be improved by increasing the number of
UPFC devices upto a certain limit beyond which loadability cannot be increased further as
mentioned by S. T. J. Christa and P. Venkatesh [9]. The authors use the UPFC device to
control the voltage, active and reactive powers of a PSN and found that the location and
parameters of the FACTS device play an important role to enhance the steady-state
performance of a power system [10].

S. Gerbex et al. uses five different types of FACTS devices (TCSC, TCVR, TCPSC,
SVC, and UPFC) to enhance power system security. The optimal location was determined
using three heuristic optimization techniques where TS and GA show faster convergence than
SA [11]. E. Ghahremani. et al. proposed the optimal placement of SATCOM devices for
minimizing transmission losses and maximizing power transmission using GA [12]. Finding
optimal locations of FACTS devices in PSN are done using EA [13-16], BSA [17], group
search optimizer with multiple producers (GSOMP) [18], Harmony Search Algorithm (HSA)
[19], and BA [20]. The swarm-based probabilistic search technique PSO was introduced by
Eberhart and Kennedy in 1995. PSO is used to determine optimal values of control variables
to minimize the power system loss are presented in [21-24]. Due to the implicit parallelism
property, PSO has less probability to stuck in the local optimum [21]. PSO has quick
convergence towards the optimum solution and may have slow convergence when it reaches
the minimum solution. R.C. Eberhart et al. [22] have shown that the PSO algorithm is superior
to other optimization techniques for its robust nature and efficient computation for finding
optimal control parameters. Dynamic PSO shows efficient performance to reduce real power

loss in a power system using reactive power control [24]. The authors of [25] show that a
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hybrid algorithm like GA-PSO can effectively determine optimal sizing and location of
distributed generators for minimizing power losses in a PSN.
Thus from the above discussion, it is clear that

e determining optimal numbers of FACTS devices is necessary for increasing the line
loadability of a PSN.

« locations of FACTS devices in a PSN play a significant role to enhance the power
system performances.

e PSO technique is superior among other optimization techniques, and also it is

computationally efficient for power system optimizations.
1.4.2 Analytical method

The authors of [26] and [27] analyzed the load flow Jacobian matrix singularity to
determine the location of FACTS devices in a PSN and found that the weak branches/ nodes
are the optimal locations of active and reactive power sources. To find the optimum locations
of FACTS devices in a PSN to meet some specific objectives using a sensitivity-based method
are presented in [28-31]. S. N. Singh et al. mentioned that the negative values of Performance
Index (PI) with respect to TCSC parameters are the potential locations of TCSC devices.
Also, the absolute value of high PI with respect to TCSC parameters is the potential location
of TCPAR devices for congestion management [28]. The authors of [29] present a method to
find the best optimal location of the FACTS device for reducing production cost and device
cost. The authors of [30] use the sensitivity of system loading for the placements of UPFC
devices to enhance the power system loadability. K. S. Verma et al. proposed a sensitivity of
power loss and power flow with respect to control parameters of UPFC to find the best
location of UPFC device for uncongested line and for alleviating congestion in the
transmission line [31]. Optimal allocation of FACTS devices is determined by considering the
cost of installation of different types of FACTS devices presented in [32-34]. It is found that
the proper choice and allocation of FACTS devices are necessary to minimize the cost of

planning and operation of a power system.

From the above discussion, it is understood that the
e proper choice of type and allocation of FACTS devices are necessary to meet some
specific objectives in a power system.

« sensitivity based methods are effective in finding the optimal location of FACTS
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devices in a PSN.
1.4.3 FACTS Devices for Improvement of Power system Performances

Applications of FACTS devices in power flow control, maintain bus voltage magnitude
being presented in [35-38]. J. Douglas et al. proposes the insertion of FACTS in proper
location has a significant impact on the reduction of system loss, the cost of the UPFC device
is much higher than other FACTS devices but has the highest power transfer capability [35].
Performance comparison of UPFC, TCSC, and Phase Shifting Transformer is proposed in [36,
37, 40, and 43] based on the improvement of reliability and utilizing maximum power transfer
capability of the transmission line. B.Roy et al. show that the UPFC is most efficient than
TCSC in reliability improvement. They also mentioned that TCSC can provide fast control of
active power flow through lines but for peak load operation use of TCSC increases system
risk more than the UPFC [36]. Identification of the optimal location of TCSC and UPFC
device that maximizes the real power transfer through the line was proposed by T.
Orfanogianni et al. and the authors mentioned that the solution was more difficult in the case
of UPFC than TCSC [37]. At least two independent variables are needed to be considered for
the UPFC, and it was found that the selection of starting values of control variables have a
significant effect on getting global optimum solution [37]. S.K. Srivastava et al. mentioned
that the system and equipment constraints must be considered for determining the location,
size, and operating mode of UPFC for controlling and maximizing the real power flow in the
lines [38]. L. Liu et al. analyses the real, reactive power and voltage balance of UPFC and
found that the shunt converter provides control of line reactive power and dc-link capacitor
voltage, whereas the series converter provide real power transfer through the line, maintain
voltage at the UPFC terminal and avoid excessive voltage at dc-link as well [39]. The optimal
power flow control using the UPFC and the performance comparison of UPFC with a phase-
shifting transformer is presented by M. Noroozian et al. The authors show that the UPFC can
relieve the overload by regulating power flow and minimize system loss without rescheduling
the generation [40]. Comparison of various FACTS devices for stability enhancement was
proposed in [41, 42, and 43]; found that the performance of UPFC was more effective than the
other FACTS devices such as SVC, STATCOM, TCSC, and SSSC. Using multiple FACTS
devices thermal burdens of the lines are alleviated where active and reactive power injections

were taken as independent variables, and the control parameters of FACTS devices were not
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included in the power flow equations therefore, change in the structure and the elements of the

Jacobian matrix were not required [44].

M. A. Sayed et al. presents line loss minimization by eliminating loop current using
series compensation of UPFC [45]. M. Tripathy et al. proposes a comparison of Bacteria
Foraging Algorithm (BFA) and Interior Point Successive Linear Programming (IPSLP) to
minimize system loss by determining optimal tap position of OLTC transformer. After
optimizing the tap positions, UPFC is introduced in the system. The optimized value of the
series injected voltage, the location of UPFC are determined using (BFA) and (IPSLP) [46]. A
suitable location of UPFC for congestion management using total real power loss sensitivity
factors, which reduces system loss and improves voltage profile proposed by J. Douglas et al.
[35]. K.S. Smith et al. proposed a method to regulate the UPFC to improve the dynamic
performance of a power system. The series voltage of UPFC responds to the power variations
of the transmission line, while the shunt compensation is controlled to maintain the system
bus voltage and stabilize the DC link of the UPFC [47]. Minimization of line loss and voltage
regulation is achieved by using UPFC by regulating the phase angle of the injected voltage
[48-49]. D. Hazarika et al. proposed a method to reduce line overload through rescheduling
the power flow for the line with series power flow controllers without considering the
impedance of the converter transformer of SPFC devices [50]. FACTS controller is an
electronically operated device, thus it has a fast response time and execution time. Among all
the FACTS devices, the UPFC is an attractive member of its family, because of its ability to

control real and reactive power flow in a transmission line simultaneously or selectively [51].

From the above discussions it is understood that the following types of FACTS devices can

effectively participate in power flow control through the transmission lines:

i) Series power flow controller (SPFC)
i1) Unified Power Flow Controllers (UPFC)

Among these two devices, UPFC is a very versatile and powerful FACTS device although it is
costlier than other FACTS devices.
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1.4.4 Reduction of Standing Phase Angle (SPA)

The power system normally operates in a preventive state. Slight overloading is allowed
for a small duration of time but, if the disturbance is large, normal operation of the power
system gets affected and the system must go for restoration. During restoration, if the SPA
difference between two buses is large, then the closing of the circuit breaker may cause
equipment damage. Therefore, it is very important to reduce the difference in phage angles
between two buses, so that the restoration of the lines becomes easy. Many research works
have been done so far in the area of reduction of SPA. A brief description is listed below [52-
62].

During the restoration of the EHV/HV network of a PSN, the operator may encounter the
problem of excessive SPA across a line to be re-connected. Closing a breaker to reconnect a
disconnected line on a large SPA difference causes large power flow through the line. This
introduces system oscillation due to the power swing phenomenon. As a result, it may damage
the equipment of a power system [52] due to significant limits (voltage and current) violation
of the equipment and can lead to the system outage. Therefore, EHV lines are equipped with
synchrocheck relays to prevent the breaker closure on SPA greater than the prescribed value
for that category of the line. The authors present an algorithm for the reduction of SPA
through generation rescheduling and load shedding [54]. Using decoupled load flow model,
the SPA reduction technique is presented in [56, 60]. For the SPA reduction, augmentation of
the Jacobian matrix is done for the row associated with the reduction in SPA, and a
continuation method is applied to achieve an optimal SPA [57]. An approach is presented in
[58], where load shedding is incorporated to achieve the desired SPA. Mixed-integer
nonlinear programming (MINLP) and alternative Two-Stage Decoupled (TSD) algorithm has
been used to restore some un-served load during the process of SPA reduction [58]. The
authors use GA to minimize a weighted sum of generation adjustments and load shedding for
SPA reduction [59]. Using the Wide Area Monitoring System (WAMS) data, a GA-based
approach is presented for the reduction of SPA [60]. Mixed-integer nonlinear programming
(MINLP) and alternative Two-Stage Decoupled (TSD) algorithm have been used to restore
some unserved load during the process of SPA reduction [61]. An approach for optimal

reschedule of generation has been presented for the reduction of SPA [62].
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As series power flow controllers are effective for controlling the line power flow.
Therefore in this research work initially SPFC device and then the UPFC device is used to
reduce system loss and excessive SPA across the two buses of a PSN by controlling the power

flow through the transmission lines.
1.5 Motivations towards the Work

Due to the unpredictable nature of the disturbances, PSN faces outages of the equipment such
as generators/ transmission lines lead to bus voltage deviations or overloading of the nearby
lines or large phase angle difference across the two end buses, etc. Most of the time power
system operates in a preventive state. A fault and any abnormal condition bring the system
into the emergency condition. If the disturbance is large enough, the system goes into the
restorative state. The most likely outcome is either a partial or total outage of the system. So
the system has to be re-energized. The process of re-energizing is called restoration. During
restoration, if the phase angle difference across the two busses is very large, then the circuit
breaker equipped with the synchro-check relay does not allow the system to re-connect the
line between the two busses. To maintain the continuity, or avoid system collapse, it is
required to re-connect the line as early as possible; otherwise, power flow through another line
may violate the limit. Thus, the SPA should be within the specified limit. To overcome this
problem power flow control is required to keep the power system parameters within their
respective limits. With the use of FACTS devices, it is possible to maintain bus voltage
profile, reduce line overload, system loss and improve the overall performance of a PSN by
controlling power flow through the transmission lines. Proper initializations of control
parameters of FACTS devices are mandatory to ensure the effective performance of FACTS

devices. Therefore, the objectives of the work are:

(i) to develop a mathematical model of using SPFC devices for reducing system loss.
(i) to develop a mathematical model using the UPFC device for reducing excessive SPA

across the two buses.
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1.6 Methodologies

The following methodologies are adopted:
a) to achieve the reduction of Total Real Power Loss (TRPL) using SPFC devices

(i) Determine Power Loss Sensitivity Factors (PLSF) for all the transmission lines of
a PSN.

(i1) Identify the highly sensitive lines for introducing SPFC devices.

(iii) Obtain optimal values change in Real and Reactive Power Flow (RRPF) through
the lines with SPFC device using PSO technique and determine modified schedule power flow
through the line.

(iv) To validate the proposed method, perform the LF analysis with modified
schedule power flow and calculate the TRPL of the PSN.

b) to achieve the reduction of excessive SPA across the two end buses using UPFC

devices

(i) Sensitivity relation between change in SPA across two end buses of a disconnected
transmission line and the change in power flow through the line having UPFC device have
been formulated.

(if) The sensitivity relations are used to reschedule the power flow through the line
having UPFC device to reduce SPA across the line to be re-connected.

(iii) To validate the effectiveness of the proposed method perform the LF analysis
using UPFC device with the modified scheduled power flow through the lines with UPFC

device.
1.7 Organization of the Thesis

The thesis includes five chapters and a bibliography:

Chapter 1: This chapter provides an introduction of FACTS devices and a brief review of
work done on various applications of different types of FACTS devices in a PSN along with

the objective of this research work.

Chapter 2: This chapter provides the basic LF analysis using the Newton Raphson method.

The detailed modeling of LF analysis using SPFC device including the impedance of
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converter transformer of series controllers and also the modeling of LF analysis using UPFC

device with three state variables are provided in this chapter.

Chapter 3: This chapter presents a sensitivity analysis to determine the suitable location for
placements of SPFC devices in a PSN. SPFC devices introduced in the selected transmission
lines for the reduction of TRPL in a PSN by rescheduling the power flow through the
transmission lines. Power flow analysis with SPFC device described in chapter-2 is used to

examine the performance of SPFC device for the reduction of TRPL of a PSN.

Chapter 4: This chapter provides a formulation of the relationship between the change in
SPA across two end buses of a disconnected transmission line and the change in power flow
through the line having a UPFC device. Reduction of excessive SPA difference across the two
buses of a PSN by rescheduling the power flow through the highly sensitive lines with the
UPFC device is presented here. Power flow analysis with the UPFC device described in
chapter-2 is used to examine the performance of the UPFC device for the reduction of SPA

across the two buses of a disconnected line.

Chapter 5: This chapter presents the summary of the research work in light of its

contribution and future scope.



Load Flow: A tool for analysis of Power
System Network

2.1 Introduction

Load flow (LF) analysis is a computational tool that involves numerical techniques to
determine the operating conditions of a PSN during the steady state condition. Disturbances
are unavoidable circumstances in a PSN. Due to the rapid growth in power demands and other
abnormal conditions, sometimes PSN has to operate near the maximum operating limits for
which expansion of the PSN is necessary. Expansion is possible by upgrading the existing
system by adding new generating units, new lines with the existing network for which the
power system layout has to be changed. Upgrading existing PSN without changing the power
system layout is possible by the use of FACTS devices in the power system that also ensures
secure or stable operation of the PSN. LF analysis is an important tool for the planning and
operation of a power system. It provides information about the PSN such as the magnitude of
bus voltage, the phase angle of bus voltage, power injections, line power flows, and losses in

the network.

2.2 AC Power Flow equations

To determine the operating state of a PSN power flow equation has to be solved. This section

describes the detailed derivation of power flow equations.
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Bus 2

Bus 1

Bus 3

Fig. 2.1 Three bus network

The complex current injections at i bus for n- bus system is

n _

li = EleYij (2.1)
Let,

Complex power injection at i*" bus is calculated as:

Si =R +iQ =Vil{ (2.4)

Using Equations (2.1-2.4) the active and reactive power injections at i"" bus is calculated as:

P= {anvivj (G, coss; +Bysing, )} (2.5)
j=1

Q = {ivivj (Gysing; - B; coss, )} (2.6)
j=1

where, &; =Phase angle difference of voltage between bus-i and bus-j.

Each node/ bus has four variables, i.e., active power (P;), reactive power (Q;), voltage
magnitude (V;), and phase angle (¢;). Thus, for a three bus network, there are twelve variables
and six equations. It is not possible to determine these twelve variables from six equations.
Therefore the number of unknown variables has to be reduced to six, and this is done by

classifying the buses into two types (i) generator bus (PV bus) and (ii) load bus (PQ bus). In
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Table 2.1 Types of buses for power flow analysis

Bus type Quantities specified Quantities to be obtained

Load bus P.Q; M6,
Generator bus RV Q.9

Slack bus AR P.Q

each bus, two known variables and two are unknown. Table 2.1 shows the classifications of

buses in a power system according to the known and unknown variables at each bus.

a) PQ or load bus
At this bus, real power injection (PR ), reactive power injection (Q,) are the specified
quantities, and the voltage magnitude (|v;|), phase angles (5 ) are the quantities to be

determined. Most of the buses (about 85% of total buses) in a PSN are load buses.

b) PV bus or Generator bus

When a generator is connected to any bus is called a generator bus or PV bus. At this bus,
real power injection (R ) and voltage magnitude (|v;|) are the specified quantities, and the
reactive power injection (Q;) and phase angles (s;) are the quantities to be determined.15% of
the total buses in a PSN are of PV bus. In generating station controlling governor settings, i.e.,
controlling prime mover input controls active power, and the reactive power is controlled by a
voltage regulator which maintains constant voltage at the generator terminals. The bus at which
active power injection and voltage magnitude constant is also called the voltage control bus.
Tap changing transformers can maintain a fixed voltage at this bus. However, a pure voltage
controlled bus has a distinction that it is connected with only voltage controlled equipment like

SVCs and not generators. Hence, for voltage controlled busP;; =Qg =0,P, =—Pp; , Qi =—Qp; ,

V;|=specified quantity and &; is unknown quantity.
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¢) Slack bus/ Swing bus/ Reference bus
The bus with a large capacity of a generator connected where voltage magnitude (|v;|),
phase angles (s;) are the specified quantities and real power injection (PR), reactive power
injection (Q,) are the unknown quantities to be obtained called a slack bus. Among the

generator buses, one is considered as a slack bus because until the LF solution is complete the
losses in the system remain unknown. One of the generator buses is used to supply the losses in
the system known as a swing bus. The voltage at the slack bus is assigned as 1.0 p.u. Therefore
voltage at the slack bus is taken as reference, and thus its angle is equal to zero. Only one bus
is the slack bus in a PSN.

2.3 Load Flow analysis using Newton Raphson Method

Newton Raphson (NR) method is an iterative technique to solve a set of numerical equations
for an equal number of unknowns. NR method can be solved using two methods. One uses the
rectangular form of the variables while the other uses the polar form of the variables. The polar
form of the NR method is a widely used method for solving power flow equations. NR method
is preferred over other LF methods because it has a faster response due to quadratic
convergence characteristics, the solution is independent of the choice of slack bus, require a
fewer number of iterations, and the number of iterations is independent of system size,
therefore the system having any size can be easily solved using this method. For solving the
power flow equations represented by equations (2.5) and (2.6) bus number 1 is considered as
the slack bus. Thus, to relate the change in voltage magnitude and phase angle to the change in
real and reactive power injections for the n-bus power system, the LF Jacobian matrix is used.
Equation (2.7) represents the relation between change in voltage magnitude and phase angle to

change in real and reactive power injections.
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Equation (2.8) represents the compact form of equation (2.7)
AQ; | S 1AV,
Qi i (2.8)

where,

[As]=[a8, AS; .. As,T
AV ]=[aV, AV, .. AV,

[AP]=[aP, AP, .. AP,T

[AQ]=[aQ; AQ; .. AQ,T

AP, = Fgi =Py,

-P

AQi = QGi _QDi _Qi

Equation (2.9-2.16) calculates the elements of Jacobian matrix.
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P n :
J#l
oP, .
E=ViVJ-(G”-sm 5; — By cos5ij) (2.10)
% =2G;V; + 2;(G; coss; + By sin ;) @1)
i =t
J#
v,
R _ 3V, (6, coss, + By sing; ) (2.13)
0% =
J#
06,
@:—2Biivi + ivj(eij sin j; — By coséij) (2.15)
vV, =
J#
v,

For the n-bus power system if npq represents the number of load buses and npy represents

the number of generator buses and n=ng, +np, +1 then the size of the Jacobian matrix will be
(n+npo —1)x(n+np —1). For each iteration, the power injections at the buses are calculated to

calculate the mismatches (AP andAQ). The elements of the Jacobian matrix are calculated to
determine the corrections values (Asand AV ) using equation (2.7). Equation (2.17) evaluates

the updated values of voltage magnitude and phase angles at the buses.

\/—K+1:V-K+A\/iK
é‘iKJrl: iK+Aé‘iK

(2.17)

With the updated values of Vv;and s, equation (2.5-2.7) are solved until all the mismatches are

less than specified tolerance value.
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2.4 Series Power Flow Controller (SPFC)

Primarily line power flow is limited by the series impedance of the transmission line. Series
capacitive compensators were used to modify the line reactive impedance to reduce line
voltage drop and change the receiving end voltage of a transmission line, thus change the
transmittable power through the line. The FACTS technology allows the introduction of
variable series voltage with the line that enables modification in transmittable power through
the line and improves the performance of a PSN. A static synchronous series compensator
(SSSC) can be used in a transmission line to regulate real and reactive power flow (RRPF)
through the transmission line. In this work, an SSSC modeled with a synchronous voltage
source having controllable magnitude and phase angle for load flow analysis. Figure 2.2
represents the schematic representation of a transmission line containing an SPFC. The SPFC

device is considered to be a synchronous voltage source with controllable magnitude (V) and
phase angle (&, ). The configuration shows that the SPFC device placed between the k™ bus of

a power system and one end of the transmission line becomes an integral part of the
transmission line connected between k™ and m™ buses of the power system.

VkLSk

Vmsdm
K SSSC Transmission line m
Vses8se

Wy QJ km + jbkm
mT" ac

Multi pulse

converter | v L Y

T~ T

DC 2 2
terminal

Voltage Source

Fig.2.2 SPFC connected in the line km of the system
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2.5 Load Flow analysis Model using SPFC device for an

Interconnected Power system

The SPFC device used in reference [51] for alleviation of line overload, the SPFC is modeled
with a synchronous voltage source with controllable magnitude and phase angles without the
impedance of converter transformer. The advantage of the model is that it represents the SPFC
device as an integral part of the transmission line. However, the SPFC device is an SSSC, thus
it is necessary to include the impedance of SSSC along with the controllable voltage source to
evaluate the performance of SPFC realistically. Therefore this work considers the detailed
modeling of the SPFC with its impedance when incorporated in a transmission line. The SPFC

device is modeled as a synchronous voltage source with controllable magnitude (V, ), phase
angles angles (s, ) and series impedance (Z_). The equivalent circuit of a transmission line

with an SPFC device containing its controller shown in Figure 2.3 is used to determine RRPF
through the transmission line with an SPFC device connected between bus-k and bus-m.

I = current through the line km i.e., from bus k to m.
I e =current through the line mki.e., from bus m to k.

V= voltage at node x.

k m
Ikm vseLsse
Lim Inx
oo @ gkm + jbim | Ik

Fig. 2.3 The equivalent circuit diagram of a transmission line with a SPFC device.
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The expression for complex power flow in line km is represented as:

Pkm - ijm :\7l<*(|_xm +I—ck)

Power flow in line km is represented as:

R A A

Y| Ly, |0y,

Using equation (2.21) in the above equation,

I:)km - ijm :\71: |:<\7k _\7se> ya +\7m yb:||: y;m + ykm:|_\Z<vmykm

(2.18)

(2.19)

(2.20)

(2.21)
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(ya |: yckm + ykm :D _\7[:\7%. (ya l: y;m + ykm :D +\Z<vm [yb |: yc2km + ykm :D \7l<\7m ykm

= \7k2 Ya _\7|:\7se Ya +\7k*\/m Ys _\7k*\7m Yim

= sz A AN (9 -9,

kse

)+VkayBé(eB _5km)_vkvm ykmé(ekm _5km) (222)

where,

yA:(ya|:yc_2km+ykm:D:gA+ij
_ yckm _ b
Ye = Yo 5 T Y | |= 95 1 10

Separating real and imaginary parts of equation (2.22) the expressions for RRPF through the

line km i.e., from bus-k to bus-m are calculated as:

P =Vi'Ya 088, —V,V, .y, cos(6, -4,

kse

)V V. Yg €05(6; =S ) —ViVa Yien €05(Gy = S )

=V’g, -V, V.. [0, 0SS, +b,sing

kse kse

]+, [9g 0SS, +Dg 5iN G, |-V, [ 94 COS Sy +by, SING,, | (2.23)

Qe =Y, 5iN0, =V, V,,y,sin(6, -4,

kse

)+Vka Ve sin (‘95 - 5km )_Vkvm Yim sin (ekm _é‘km )

Qe = Vb, -V, V. [9,5in 6, —b, cOs S,

kse

[+ViV, [95 5in 8, =g €08 Sy, | -ViV,y [ Gim SIN Sy — by €OS S, | (2.24)
where,

ise = O —Ise

Sm = Ok —Om

Om = O — O,

Equation (2.25) represents the expression for complex power flow through the line mk i.e.,

from bus-m to bus-k.

—jQu =Vu (T, +1,,) (2.25)
While calculating the power flow from bus-m to bus-k, from Figure 2.3, the current through
SPFC device (Is) can be written as:

1 =(V, +V, V)., (2.26)
T (T 7 7 Yo

=V =) i~V 55 2.27)
Using equations (2.26) and (2.27),
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V= (Vi Vo ) Yo + Vo Yo (2.28)

Equation (2.25) is rewritten as:

Using equation (2.28) in the above equation,

:Vr; |:\7m (ykm + y;(m j_((\7k _\Ze)ya +\7m yb)ykm:|

=V§(ym+-”m)—vﬁﬁymya+@3&ymya—ijmm

=V£(wm+yng—VDZy;+VQEJL—nymyé

:Vn%|:ykm40km + J yc;m i|_Vka y:’-\é(e,:-\ _5mk )+VmVse yZAL(e,A _5mse)_vn§ylr346é (229)

where,

Ya = YimYa = 9a + Jb;

Yo = YimYs = 95 + I

Separating real and imaginary parts of equation (2.29) the expressions for RRPF from bus-m to
bus-k is calculated as:

Pk =V Vi €082 Oin —VinVic Y'a €0S (B — o )+ Vi Ve Y a COS Z(Op — Frnse )~V 2y COSL G

zvrﬁ (gkm -0 ;3 )—Vka (g:A C055mk + bfA sin é‘mk )+Vsevm (g:’-\ Cc)Sé‘mse + bfA sin é‘mse) (230)
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ka = _Vrr21 (bkm + y(;m ]+vak y:A sin Z(Q’A - 5mk )_VmVse y:’-\ sin 4(9,& - 5mse)+vrr21yi3 sin 49{3

= —Vrﬁ[bkm + yc;m +bg j ~V Vi (9 SIN Sy — by COS Sy )+ VeV (9a SIN Sipge — b COSS e ) (2.31)
where, Sy =S — e aNd Sy = Sy — I

SPFC is considered an integral part of the transmission line. Thus the expression of bus power
injections where SPFC is connected will be different from the power injections represented in

equations (2.5) and (2.6). Therefore, the expression for P, with SPFC device given by

equation (2.23) is added and subtracted by V/’g,, to represent the P, through the line with

SPFC device so that the expression for line flow without SPFC is also present in it.

Pan :szgA —ViVe [gA €osJ,

kse

+b,sind,, | +V.V, [9, cos S, +by sind,, |
(2.32)

_Vkvm [gkm Ccos §km + bkm sin 5km ] +szgkm _szgkm
The term V0., —ViV, [0y €088y, +b, Sin S, | represents B, through the line without the SPFC

device, and this term is already incorporated in the power injection expression. Therefore, the

modified expression of power injection (R, ) with SPFC device is:

P = [ZVij (G, coss,; + B, sin s, )} +V,20, —V, V.. [9, COS S, +D,5iN S, ] (2.3
i .

WV, [9; €088y, +by sin S, |-Vi9,,

Similarly, the expression for Q,, with SPFC device given in equation (2.24) is added and

subtracted by vkz(bkm +VC%J to represent the Q,, through the line with SPFC device so that the

expression for line flow without SPFC is also present in it.

ka = _szbA _Vkvse [gA sin 5kse

— bA COos é‘kse ] +Vka [gB Sin 5km - bB cos 5km ] +Vk2 (bkm i y;m j

(2.34)

Ve (bkm + yczkm j ~V,V, [g,, sin &, —b,, 055, ]
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The term -V [bkm + y°2km j—Vka [9yn SiN S, —b,, cos S, | represents the Q,,through the line without

SPFC device, and this term is already incorporated in the power injection expression.

Therefore, the modified expression for power injection (Q, ) with SPFC device is:

Q. = {kavj (ij sin 3, — B, COS 3, )} -V2b, =V,V,,[9,sin &, —b, cos ., |
- (2.35)

WV, [9, sin 6, —b; cos S, | +V, [bkm " yczkm j

Again, the expression P, with SPFC device given in equation (2.30) is added and subtracted
bY Vi Vi (G COSTy + by SiN Sy ) 1O represent P, with SPFC device, so that the expression for
line flow without SPFC is also present in it.

Prk =Vin i ~ViVim (Giam COS S +bign SN Gy )~V O =ViVin (9, COSS . +bp 51N S )

, " : 2.36
+VseVm (g A COS5mse + bA sin 5mse )+Vka (g km COSé‘mk + bkm sin 5mk ) ( )

The term V,.2gimn —ViVin (Gin COSSny +bin SN Sy ) represents the P, through the line without
SPFC device, and this term is already incorporated in P, expression. Therefore, the modified

expression for P, with SPFC device is:

P = [Z;vaj (G coss,; + B sing, )} -V?2g; -V,V, (g, cos S, +b,sind,,) (2.37)
1= .

V.V, (9, €088, +b,sind,, ) +V,V,, (G4 COS Sy + by, SINS,, )

se'm mse

Similarly, the expression for Q,, with SPFC device given in equation (2.31) is added and
subtracted by V,V, (9,,Ssind,, —b,,cosd,,)to represent the expression of Q, with SPFC

device, so that the expression for line flow without SPFC is also present in it.

y . ' . .
ka = _Vnrzl(bkm + c;m j_vmvk (gkm sin 5mk - bkm C055mk )_Vn%bB —Vka (g ASIN 5mk -b A COSé‘mk) (2 38)

+V V(9" SIN S — 0" 5 €05 816 )+ Vi Vi (Gn SIN S — by €O )
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The term —an(bkm +y°%j ~V, Vi (G SiN S — by OS5 ) TEPESents the Q, without SPFC device,

and the term already incorporated in Q,, expression. Therefore, the modified expression for Q,,

with SPFC device is:

Q, = [szVj (G sin(s,;) - B, cos(S,, ))} ~V20; -V,V, (g',sin S, —b',cos 5, ) (239)
=i :

Ve, (g 'A sin 5mse _blA €osJ, )+vak (gkm sin 5mk _bkm Cosgmk)

se’m mse

Using equations (2.32, 2.34, 2.36, and 2.38) for power flow through the line with SPFC device
and power injection expressions given in equations (2.33, 2.35, 2.37, and 2.39), the NR LF
model with the SPFC device connected in the line km can be represented as:

[ oP, op, o, oP oP op, op,

2 2 r . =2 z z A 0
s, s, a6, a6, v, v, v, v,
P, oP, P, P, P, P, oP, P, P P,
as, ~ 8s, a5, 065, &, TV, Toev, T oav, 85, ov,

e e e e e e e . . |[As, ] [ AR, ]
P, P, P, P, P, P, P, P, P, P || - .
es, =~ 8s, = o5, = 85, v, eV, T oav, ooV, a5, oV, || As, AP,
LA S R A . L L A T L
as, a3, s, a5, v, v, v, v, . .
Q QR N Q QW Qo o |24 AP,
s, s, s, a6, v, v, v, v, AV, | | AQ,

R R QR QR QR Qe AQ AV AQ

a3, s, T a5, T e, oV, v T ooV, T ooV, a5, oV, | . .
e e e e e w e e e e e . . AV, | | AQ,
aQ, Q, aQ, aQ, aQ, aQ, aQ, aQ, aQ, aqQ, || . .
s, ~ as, ~ o5, 86, o, " ov, T oov, T ooV, a5, oV, ||Av, AQ,
w e e e e W e e e . . |las, | | AR,
Q N R R R Q R Q5 ([AV.] [AQ] (2.40)
s, a6, a6, a6, v, v, v, v,
0 aPkm aPkm . O O . aPkm aPkm . 0 aIka aF)km

6, 06, v, YA o8, oV,

. anm B anm B O 0 B anm N 6ka . 0 anm anm
6, 06, v, v, as, oV, |

Equation (2.41) represents the compact from of equation (2.40)
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AP AS
AQ AV
=(J
AR [serc] 5. (2.41)
Aka AVse
where,

h
AP = Pan' = Pim }
sch
Aka = ka _ka

Equations (2.42-2.69) calculates the elements of Jacobian matrix due to the introduction of

SPFC device in line km.

P 1 . .
%5, = _zlvkvj (— Gy SIN &y + Byj COSO )—Vsze [— gaSIN Oy +D4 cosé‘kse]

ko i=

2.42

+V, V[~ gg sin 8,y +bg COSSyy | (2.42)
P, 0 . .
Ne (2.43)
+V,, [95 €088, +bg sin Sy |- 2V G

g;m = ivmvj (—ij $in &y + Bpyj COSy; )=ViVin = 9'a SN S + b COSS |
o | (244)
+VmVse [_ gasm 5mse + bA COSé‘mse]"’Vka [_ Yym SIN 5mk + bkm COSé‘mk]

P n . , , o
8Tm = _zlvj (ij COSSy; + By SiN Sy )— N0k Vi [0 0SS,y +Dbisin sy |
m 1=

, . _ (2.45)
+Vse [g A COSé‘mse + bA sin 5mse]+vk [g km COS5mk + bkm sin 5mk ]

00, 0 . . .
ﬁ = lekaJ (ij COSé‘kJ + Bkj Sin 5kj )_Vkvse [g A Cosﬁkse + bA Sin 5kse]+Vka [g B COSé‘km + bB sin 5km] (2.46)
k =

oQ n ] ;

—avk = _zlv,- (ij sin &) — By C0SS )— 2V ba =V [g4SiN Sige —bp COSSiee |
N

(2.47)

Vi[9 $in Gy — g COS iy |+ 2V (bkm * yc;m ]

ng = il\/mVj (G SN G + Bryj €088 )~ Vb —Vi Vi [0 COS Sy +Dip SN Sy ]
Vals (2.48)
+VseVm [g:A cos 5mse + b:,A sin 5mse ] +Vka [g km COSé‘mk + bkm sin 5mk ]
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aQ n M ’ ’ M !
an = J21\/J (ij $in 8y — Byyj COSOy )— N pbg -V [9'4 SN Sy —bp COSS |
i

+Vse [g :A sin 5mse - bfA COSé‘mse ]+Vk [g km sin 5mk - bkm 0085mk ]

oP, .
€= —V\(Vse [g ASINSyge =Dy COSékse]
25,
P .
a_m =VinVee [g A SN Oppge —by COSé‘mse]
00
an = _Vsze [_ 9a C055kse - bA Cosgkse]
004
Xn =ViVse [g A SN Opse — D Cosgmse]
004
P . :
865"”‘ =V Ve (= g a SiN Sy +bp COSSyge )+ ViV (= G SiN Sy +bg COSSyry )
k
~V, V(= Gy SIN Sy + b COSSyy )
oP, . .
aékm =V Vin (9 SN Gy — g COSGian ) ViV (Qyen SIN Sy By COS iy )
m
P . .
2\;‘”‘ =2V g —Vee (94 COSOyse +bp SIN Sie )+ Vi (9 COSSyy + b SIN Sy )
k

~Vp (Gim COS i + b SIN Sy )

P ) -
kam =V, (95 COSSym +Dg SIN Sy )~ Vi (Ghem COSTi + iy SN Sy )
m
Pn _ V Ve [94 5N Sge —ba COSGye |
00
P -
Vg
P -
i 8 ~V, [9a COSise +bpSiN Siee |
Ve
Fo =V, [9a COSS,y + by SiN 5y |
N
o0Qy

., =V, [g45iN Gie ~bp COSTice |

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)

(2.59

(2.60)

(2.61)

(2.62)



32 Load Flow: A tool for analysis of Power System Network

oQ ;o ,
GT:; :Vm [gAsm é‘mse _bA C055mse] (263)

Qi _ V Voo (g COSSige + D SIN S )+ Vi Vi (9 COSy + b SIN Sy )

00 _ (2.64)
_Vka (g km COSé‘km + bkm sin 5km )

?Tk: =V, V(= 9 €088y —bg SiN S )= ViVin (= Gin COSFin — By SIN S ) (2.65)
5§}<km =~V b —Vin (g SN Sy — b COS S )~ Vi (i SiN Sy g COS Sy ) (2.66)
%?/T =V, (g Sin Sy —bg C08Gier )~Vi (G SN Sy — By COSSyy ) (2.67)
‘Z?Tksr: =V Ve[~ g a COSSe —bp COSSi, | (2.68)
aa(\?/zr: Vi [/ $iN Gpge — b} COSGie (2.69)

Equation (2.70) evaluates the updated values of voltage magnitude and phase angles of the
SPFC device.

VseKJr1 = VseK + AvseK }
K+1 K K
5se = 559 + Aé‘se

(2.70)
Once the elements of the Jacobian matrix are calculated then corrections values are
determined. Updated values of v;,s;,V,, and s.are calculated. Equations (2.32-2.39) calculate
the power flow through the line and power injections with the SPFC device. The process

repeats until the mismatches are less than the specified tolerance value. The limits on the SPFC

device are:
Vse| 0.2 (2.71)
—T<Se <7 (2.72)

2.6 Unified Power Flow Controller (UPFC)

Gyugyi proposed the concept of UPFC in 1991. UPFC is a type of combined compensator that
consists of a static synchronous compensator (STATCOM) and an SSSC connected by a
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common dc link that allows bidirectional real power flows between the output terminals of
STATCOM and the SSSC [8]. It serves multiple functions in power systems including shunt
compensation, series compensation as well as phase shifting. It can control all the parameters
related to power flow through the transmission lines like voltage magnitude, phase angle,
impedance simultaneously and selectively. Due to this unique specialty of UPFC, the adjective
‘unified’ is used in the name. The RRPF through the line is controlled independently by
combining the function of shunt and series compensators of UPFC. The inclusion of UPFC in
the transmission lines allows the transmission line to operate near to its thermal limit, thus
allows more power transfer through the line.

Conventionally UPFC is a combination of two voltage-source converters. One converter
Is connected to the power system through a shunt transformer, and the other is connected to the
transmission line through a series transformer. DC- link connects the two converters where the
capacitor is coupled and allows a bi-directional real power flow between the output terminals

of the shunt converter.

Transmission Line V326
Supply Transformer i Series Transformer —
VAAANY Y
YN Converter 1 Converter 2
YRYAYA| | [YATATR
ac | : : T Jae) | : : ac | |
T T | i e I | T
YAYAYA| | |YAVAYA
| {y T T ; ;Z
A A A A A A
Measured V.
«—O
Variables © <«—O zr::,
Parameter __,.| Control DI
Settings [0 Qg

Fig. 2.4 Basic UPFC Configuration [3].
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N

Fig. 2.5 Phasor representation of UPFC

Figure 2.4 shows the basic configuration of the UPFC. The series controller acts as a
synchronous voltage source that can inject a controllable voltage in series with the line. The
phase angle of the injected voltage is controlled independently of the line current. UPFC can
inject controllable magnitude in the range of (0-v,"®) and the phase angle of (0-360°). The
function or effect of the UPFC device can be easily explained by the phasor diagram shown in
Figure 2.5, where Vs is the voltage at the series terminal of the UPFC device and 6; is the phase
angle of Vs with respect to V. From the phasor diagram, it is clear that the change in Vs will

change the magnitude of voltage (V;), and the phase angle difference (5') between sending

end and receiving end voltage.

Table 2.2 Line Parameters with and without UPFC device

Without UPFC With UPFC
Vi= Sending end voltage V; = Sending end voltage
Vj= Receiving end voltage V= Voltage drop
Vyo= Voltage drop d'=Phase angle (SPA) difference

d=Phase angle (SPA) difference
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a) Shunt converter

The shunt branch of UPFC is consists of a DC capacitor, shunt converter and a shunt
transformer. It can absorb or generate only reactive power because the output current is in
quadrature with the terminal voltage. The function of the shunt branch is to provide the real
power demanded by the series converter through the common DC link terminal. Also, it can
generate or absorb reactive power independently of the real power and regulates the terminal
voltage at the sending end; thus shunt converter regulates the voltage at the input terminals of
the UPFC. Again the shunt branch of UPFC provides direct control of the DC capacitor voltage
and consequently an indirect regulation of the real power required by the series UPFC branch.
The shunt converter provides the amount of real power demanded by the series converter plus
the circuit losses. Real power flow from the series converter to shunt converter is possible and
in some cases desired, in that case, the series converter would supply the required real power
plus the losses to the shunt converter. The shunt converter controls the dc voltage and the bus

voltage at the shunt converter transformer.
b) Series converter

The series branch of UPFC consists of a DC Capacitor, series converter, and a series
connected transformer. It can act as a voltage source injected in series to the transmission line
through the series-connected transformer. The real power can flow from the series converter to
the shunt converter and vice versa. Hence, it is possible to introduce positive or negative phase
shifts between the voltage at the source and the load. The series injected voltage (Vs) can have
any phase shift with respect to the terminal voltage at the source. Therefore, the operating area
of the UPFC becomes the circle limited with a radius defined by the maximum magnitude of

Vs, i.e., V™. The series converter controls the active and reactive powers flow through the

transmission line by adjusting the magnitude and phase angle of the series injected voltage.
The series converter directly controls the real power of the line by controlling the magnitude of
the series injected voltage. The series converter generates the voltage and phase shift at the
fundamental frequency is added in series with the transmission line and directly to the terminal

voltage by the series-connected coupling transformer. The transmission line current passes
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through the series transformer, and in this process, it exchanges real and reactive power with

the series converter.

2.7 Load Flow analysis using UPFC device for an

Interconnected Power system

A modified UPFC is considered for the modeling of LF analysis which consists of an SSSC
and SVC, SSSC modeled with a controllable series voltage source (V,£6,), and SVC modeled

as a controllable shunt susceptance (B, ). The UPFC model considered in this research work

has only three state variables compared to traditional UPFC with four state variables. As a
result, the size of the Jacobian Matrix for LF analysis with this UPFC model is reduced
compared to a traditional UPFC model. Further, the motive behind this model is to create a
facility for independent control of power flow through the transmission line using the SSSC
device and reactive power control at the bus with the SVC device. During LF modeling, the
UPFC is considered an integral part of the transmission line. Figure 2.6 shows the
configuration of the UPFC device along with a transmission line where the UPFC device
containing SSSC and SVC is connected between the k™ bus and one end of the transmission
line so that the UPFC becomes an integral part of the transmission line connected between k™

and m™ buses of the power system.

VL8 V8
Ko SSSC Transmission line
VSLGS .
e gkm+kam
Y yn ‘”| ac
L
Multi pulse
converter = Yo  YVekm T~
l 2
DC .
SVC L terminal
L, — G Voltage
: Source

Fig. 2.6 Configuration of UPFC device containing the SSSC and SVC.
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Vil 8k Vs 8m

I
k T Vs20s liam < 5 —‘7 m
@ Zkm + jbkm

/ Tekm Ickm
BSh — y ——— Yckm
— ckm ] 2

R B

Fig. 2.7 Equivalent circuit of a transmission line with an UPFC device containing the SSSC

and SVC.

Figure 2.7 shows the equivalent circuit of a transmission line with an UPFC device containing

the SSSC and SVC presented in Figure 2.6. As UPFC is considered as an integral part of the

transmission line thus the expression for power injections where UPFC is connected will be

different from the power injections represented by equations (2.5) and (2.6). Therefore, with

UPFC device implemented in the transmission lines of a PSN depicted in Figure 2.7, the

expression for complex power flow from bus-k to bus-m is derived as:
l:)km + ijm :\7k (I_km + I_ckm)

v‘(&‘ Vi + [ ] ]

2

*

y o
=Vk2 YimZ = O —ViVs Yim 4(5k =05 — O )—Vka Yim 4(5k —Om — b )+Vk2 % Z£-90

VY, VC% (5, -6, —90°)

Separating real and imaginary parts of the equation (2.73) P,and Q. is expressed as:

Pan = sz Yim COS(— Okm )—Vsz Yim 005(5k =05 — O )—Vka Yim 005(5k —Om —bm )

v yc%cos(— 90°) -V, V, y°;m cos(s, — 6, —90°)

Qum = Vi Yien SN(= On ) =VieVs Yien SIN(Syc = O = b )= ViV Yiem $IN(S = Sy — i)

#V2 29 sin(-90°) -V, v, F4nsin (s, -6 ~90°)

Simplifying equation (2.74) the real power flow through the line km is represented as:

(2.73)

(2.74)

(2.75)
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Pkm =szgkm _Vkvm(gkm Cos 5km +bkm sin 5km) _Vkvs ((gkm COs(é‘k —95) +(h<m +yc_2kaSin(5k _Qs)j (276)
Simplifying equation (2.75), the reactive power flow through the line km is represented as:

ka = _sz (bkm + MJ _Vka (gkm sin 5km - bkm Cos 5km) _Vsz [gkm Sin(é‘k - 65) - (bkm + Mj COS(5k - es)j
2 2 (2.77)

Again power flow through the shunt branch is represented as:
Qun = _szBsh (2.78)

Now, the modified expression for real power and reactive power injection (P, and Q, ) at the k™

bus with UPFC device connected in line ‘km’ is represented as:

P = {Zn“vkvj (G, coss, +B,sing, )} V.V, ((gkm cos(s, —6,) + (bkm + y°2”” jsin(&k - Q)J (2.79)
j=1

Q = [Zn“vkvj (ij sing, — B, cos )} -V,’B,, -V,V. ((gkm sin(s, —6.) —(bkm + %}cos(ék - Qs)j (2.80)
j=1

Again the expression for RRPF from bus-m to bus-k is derived as follows.

Pric + 1Qmk =Vin (T + Tom ).

=\7m(BTm Ve + ] kaj

=V YinZ = On —ViVin Yian 20 = S = On )+ ViV Yien £y = 65 = Oim )+ Vi yc%l —90° (2.81)

Separating real and imaginary parts of equation (2.81), P, and Q,, can be written as:

I:)mk :Vn% Yim COS(_ Hkm )—Vka Yim COS(5m - §k - Hkm )+VmVs Yim COS(5m - Hs - 6’km )+Vrr% yczkm COS(_ 900) (282)

ka =Vrr21 Yim Sin(_ ekm )—Vka Yim Sin(gm _5k _Hkm )+VmVs Yim Sin(gm - ‘95 - ekm )+Vr721 yc%sm(_ 900) (283)

Simplifying equation (2.82), the real power flow through the line km is represented as:
P, =V.’0,, ~V.V,(9,, c0os S, +b, sins,)+V.V, (g, cos(s, —6,)+b,, sin(5, —6,)) (2.84)

Simplifying equation (2.83), the reactive power flow through the line km is represented as:

ka = _Vm2 (bkm +yc_2kmj_vkvm (gkm sin 5mk _bkm cos §mk) +VmVs (gkm Sin(é‘m _05) _bkm COS(5m _95)) (285)



39 Load Flow: A tool for analysis of Power System Network

Now, the modified expression for real power and reactive power injection (P, andQ, ) at the m™"

bus with UPFC device connected in line ‘km’ is represented as:

P = [vavj (ij cosd,, +B,,sing,, )} +V,V, (9, COS(S,, — 6,) +by, sin(5,, —6,)) (2.86)

=1
Q, :{ V,V; (G, sins,; —B,; cosd, )} +V,V, (9, €OS(3,, —6,) ~ by, sin(S, —6,)) (2.87)
-1

With the power flow through the line with a UPFC device and power injection expressions the

NR LF model with the UPFC device connected in the line km can be represented as:

[P, P, P, P, P, P, P, k) 0 0 1
as, a5, T 85, T o5, v, T oov Toav, T oav
R ok, R R R R ok, ok Ok R
s, 85 T 85, T 86, o, T ov. T oav, T eV 86 oV
e e e e e e e e . . fa5] T AP ]
ok kK K K F ok R K K K
as, a5, T es, T a8 &, T ov T ooV, T eV 06 oV } "
2 k m n 2 k m n B B Aék Apk
)0 &K KR R R R 5 o 0 |[as| |ar
a5, a5, a8, as, v, v, v, v, "
QX R R R QR QR g g as ]| |
a5, a5, a6 as, v, N, B v ' "
’ ' ’ ' AV, | | AQ,
QW QR QR QR QRN
as, a5, T es, T o6, &, T ov T av, T eV, 06 V. 0B, - "
e e e e e e e . . N AQ
Q R R R R W QW R R ' '
as,  es T a5, T 86 v, T oev. T oav, TV a8 v R ”
AV, || AQ
N T T T T T
n .. n .. L - —_—n n .. n .. —_— .. —_—n 0 0 0
a5, 5, a5, a5, oV, v, Y EY i;/s igm (2.88)
o . Hk kR o O R 4 OB R T
s, as, v, v, 6. V.
0 Q. Q. o . Q. R, 5 R NQ
a5, s, v, v, 6. V.
0 . 0 . 0 . O Qo 9 . 0 o0 0o R
| N, oB, |

The Jacobian matrix relates the change in system voltages and phase angles along with UPFC
state variables to the change in real and reactive power injections of the system along with the
change in power flows for the lines with UPFC device.

Equation (2.89) represents the compact form of equation (2.88).
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AP AS
AQ AV
APy |=[397] ae, (2.89)
Aka AVS
Akah ABsh
where,

APgy =Pat — P,

AQqn = Q' ~ Qien
h

AQysh = Qush — Qsh

Equations (2.90-2.117) equates the elements of Jacobian matrix.

oP, = : i

ﬁ = El\/kvj (— ij Sin 5kj + Bkj Cosgkj )_VkVS |:_ gkm Sln(é‘k - 95)+ (bkm +yc%)cos(5k - 05 ):| (2'90)

oP, o - i

ﬁ = Elvj (ij COS 5y + By sin 6 )_Vs|:gkm cos(d —95)+(bkm +yc%js'n(5k _95)} (2.92)

op, : i

85: i Eymvj (_ ij sin 5mj + ij COS5mJ- )+vas [_ Gkm Sm(é‘m _95)"' bkm COS(é‘m _‘95 )] (291)

P, 0 : i

6Vm B Z_:lvl (ij COSSj + Bryj SIN Sy )+Vs [gkm co8(Sy — )+ byen siN (S, — 6 )] (2.92)
m J=

oQ, _ m : i

% = J-Z::lvkvj (ij COS5kj + Bkj Sin 5kj )—VkV{gkm COS(5k _05)+[bkm +yc%)sm(§k _95)i| (293)

I R PR E SRR (NP O e

N AN J J j s s 2 s (294)

o n : -

632 - ElvmV,— (ij $in 8y + By 0SSy )+VmVs [~ 9ien SIN(S — 4 )+ by cOS(S, = 6, )] (2.95)

P, 0 : i

av: B Elvl (G $in Gy — By €0y )+ Ve [Gm COS(y — 6,)+ B Si (5, — 6] (2.96)

op, :

ﬁ = —Vkv{gkm sin( — 95)—[bkm + yc%] cos(S, 0 )} (2.97)

oP, :

ﬁ =V Vs G Sin(Sy, = 65) by cOS(S, — 6 )] (2.98)
S

a -

a(;: =-V,\V, {— n COS(S — &)—[bkm + yc%js'”(fsk —0s )} (2.99)

0 .

aigr: =VinVs [9ien $N(Sy —6; )~ Biy OS5, — 6, )] (2.100)
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_sz.m =-ViViy (_ Gkm sin O + bkm COS Sy, )_Vkvs[_ Gkm Sin(é‘k - 95)+ [bkm +yc%)cos(5k - 95 ):|

k

P _ Vi1 (G4n SN Sy — by COS Sy )

a5,

—le;m = Vi Gk —Vin(Gkm COS Sy + by SIN S )_Vs|:gkm cos(dy —6;)+ (bkm + yc%}sin(&k -6, )}
k

Bhn _ _, [g157 €08 S + Diy SiN S ]

EYA

6Pkm = —Vsz gkm S|n(5k —95)_ bkm +ycﬂ Cos(é‘k _93)

06, 2

Pan =V, | Om cos(5k —95)+ b +y°ﬂ Sin(5k —6’5)

oV, 2

R _ _Vk{gkm cos(5, —HS)+(bkm + yg‘m jsin(ék —HS)}

(2.101)

(2.102)

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

(2.110)

(2.111)

(2.112)

oV,
T Vi G COS(S — )+ by (5, 0, )]
EVA
0 .
6_(\3: = _Vk|:gkm 5'“(5k - 95)_(bkm + yc%)cos(@ -0 )}
Z?/m :Vm [gkm COS(5m _Hs)"'bkm Sin(é‘m _Hs)]
S
% =Vka (gkm COS5km + bkm sin 5km )_Vkv{gkm COs(é‘k - es)"‘(bkm + yc%jsm(é‘k - ‘93 ):|
k
RQun =ViViy (gkm COS Sy — by SIN 5km)
a5,
aka _ b, Yekm H —b S —V inls. —6.)=| b Yekm )
EVERE V| by + 2 +Vm(gkm Sin Sy km COS km) s| Gkm Sm( k s) km t 2 COS( Kk s) (2113)
k
anm _ ; _ _ ; _ _ Yokm _
oV _Vk (gkm sin 5km bkm cos 5km) Vs gkm Sln(5k ‘gs) bI<m + 2 COS(5k 95)
m

% =Vsz[9km cos(6y —95)—(bkm +y°%jsin(5k —HS)}
S

0 .
aQTk;n =_Vk|:gkm S'n(5k —93)—(bkm +yc%j005(5k —5’5)}

Ry =2V By
oVy

(2.114)

(2.115)

(2.116)

(2.117)
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For n-bus power system with npo number of load buses, npy number of generator buses
and with | no of lines with UPFC devices, the size of the Jacobian matrix becomes

(n+npg ~1+31)x(n+npq ~1+31). At each iteration, the power injections at the buses and line

power flows are calculated to determine mismatches (AP, AQ, AP, , AQ, and AQy;, ). Elements
of Jacobian matrix are calculated to determine the corrections values As , AV , A6, AV and AB,, .
Equation (2.118) calculates the updated values of UPFC parameters.

V=V H AV

é‘KJrl — §K +A5K

v K —V +AV « (2.118)

0K+1 —19 +A9K
BK+1_BK +ABK

ksh ksh ksh

Once the elements of the Jacobian matrix are calculated then the corrections values are

determined using equation (2.88). Further updated values of Vv;,s;,V,, By,and 6,are calculated

until the mismatches are less than the specified tolerance value. The limits on the UPFC device

are:
Vg|<0.2 (2.119)
—r<O,<rx (2.120)

2.8 Conclusions

This chapter provides the detailed theoretical background and the computational process of a
power flow analysis using the SPFC and UPFC devices. In the modeling of LF analysis, the

SPFC device is considered with a controllable voltage magnitude and phase angle (V,.Z£9,,)

along with its impedance. The advantage of the model is that it represents the SPFC device as
an integral part of the transmission line. As a result, the sensitivity relations between power
flows through the SPFC device with any power system control variable (i.e., real and reactive
power bus injections) would possess the collective or integrated effect of the SPFC device and
transmission line state variables. The use of SPFC to reschedule the power flow through
transmission lines helps to reduce system loss. Chapter 3 provides the detailed theoretical

background and the computational process of this work.
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Similarly, detailed modeling of LF analysis using UPFC device considered with a
controllable series voltage source (V,£6.) and a controllable shunt susceptance (B, ) is

provided here. As such the model allows independent control of power flow through the SSSC
and SVC of the UPFC device. The advantage of the model is that it represents the UPFC
device as an integral part of the transmission line. This allows the derivation of sensitivity
relations among line power flow, reactive power injection at one end of the line and system
control variables. The use of UPFC device to reschedule the power flow through the
transmission line and the reactive power at one end of the transmission line reduces the
excessive SPA problem of the PSN. The detailed theoretical background and the computational

process of this research work are provided in chapter 4.



Application of Series Power Flow
Controller in Reduction of Total Real

Power Loss

3.1 Introduction

Due to the tremendous growth in power consumption and population, a large amount of power
needs to be transmitted over a long distance through the transmission lines, lead to increased
power system loss. To meet the increased load demand the existing network has to operate near
the limiting value so, the power system becomes less secure. Thus the generation and
transmission network has to be expanded to meet the load requirement. When it comes to an
interconnected power system network (PSN), the random nature of power demands creates
complexity in controlling or operating the power system. Again due to the occurrence of
unavoidable disturbances PSN faces outages of the equipment such as generators/ transmission
lines lead to bus voltage deviations or overloading of the nearby lines or large phase angle
difference across the two buses, etc. Therefore it is important to control the line power flow.
The use of FACTS devices helps to control and transfer more power through the transmission
lines without changing the power system layout by keeping the line flow within their
respective limits. FACTS devices are used in the power system to enhance line power transfer

capacity and increase the controllability of the transmission networks. Controlling power flow



45 Application of Series Power Flow Controller in Reduction of Total Real Power Loss

with FACTS devices reduces line overload, reduces system loss, maintains bus voltage profile,
and improves overall power system performances. Also, placements of FACTS devices in
suitable locations play a significant role in the improvement of power system conditions. Thus
in this work, to identify the transmission lines suitable for placements of SPFC devices, a
sensitivity relation among the power through lines and TRPL is determined. Highly sensitive
lines are selected to introduce SPFC devices for rescheduling the power flow through the
transmission lines to reduce the TRPL of a PSN. Further cost-benefit analysis (CBA) based on
the installation cost (IC) of SPFC devices and saving due to the reduction of TRPL is presented

to show the economic benefit of installing SPFC devices in the selected lines of a PSN.

3.2. ldentification of sensitive lines to introduce SPFC devices

To identify the suitable location of SPFC devices a LF analysis is performed for the baseload
condition of the system, and utilizing LF results, power loss sensitivity factor (PLSF) values are
calculated. Then highly sensitive lines are identified to introduce the SPFC devices for the
reduction of TRPL. PLSF is the SF that relates the change in TRPL due to the change in power
flow (CPF) through the transmission lines, can be calculated as follows:

Equation (3.1) calculates the TRPL for a power system containing ‘n’ number of buses.

H=iR (3.1)

Therefore, using (3.1) and (2.5) the TRPL can be represented as:

P.=Y">VV,(G,coss, +B,sins, ) (3.2)
=1 j=1

Considering bus number 1 as the slack bus of the PSN, the change in TRPL in terms of the

Jacobian (J) matrix and changes in real and reactive power injection (RRPI) can be expressed

as:

AP, =[SFPL]AP, .. AP, AQ, ..AQn[ (3.3)
where,

AR G ﬁ[J]’lz[SFPL]

05, o5, v, v,

Again, AP, interms of [J], AP, and AQ; for the line km can be expressed as:

AP, =[SLFp JAP, .. AP, AQ, .AQn[ (3.4)
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where,
P P P P 1[5 ]
06, 05, oV, v, F

Multiply both sides of (3.4) by [sLF, [
[SLFe " AP, =[SLFp [SLFs [ [AP, .. AP, AQ, ..AQn[ (3.5)
Divide (3.3) by (3.5),

AP, _ [sFpL]
[SLFe ' ARG, [SLFs [SLFRT

AP, [SFPLJSLF,T
APy~ [SLRJSLF, ] ©9)

Using (3.6), SFpkm can be represented as:

oP,  [SFPLJSLF,T
SFpyn = —t = P 3.7
M 0P [SLFp JSLFeT (3.7)

Similarly, AQ,, in terms of [J] and RRPI can be represented as:

AQq =[SLFyJAR, . AP, AQ, ..AQnT (3.8)
where,

aka anm anm anm [J ]—1 — [SLF ]

s, 7 oo, N, oy, Q

Multiply both sides of (3.8) by|[sLr, [

[sLFo [ AQqn =[sLFo [sLFo [ [aR, .. AP, AQ, .AQN[ (3.9)

Divide (3.3) by (3.9)
AP, [SFPL]

ISLFo [ AQew  [SLFo JSLFo [

AP, [SFPLJSLF,T
AQum  [SLFq [SLR, (3.10)

Therefore, SFqim can be represented as:

Cop [sPPUsLRyT
oo =g sty JsLro T (3.11)

Using (3.7) and (3.11), the PLSF value for the line km is calculated as:
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PLSF, = \/SFPka + Sl:ka2 (3.12)

Equation (3.12) calculates the PLSF values for all lines of a PSN. PLSF values are ranked to
select the lines for the introduction of the SPFC device to reduce TRPL. The lines possessing a
significant value of PLSF in the PLSF rank list are chosen to introduce the SPFC device.
Sensitivity factors (SF) and their relation to the change in TRPL are used to represent an
objective function for applying particle swarm optimization (PSO) technique to estimate the
necessary optimal values CPF in the lines considered for the introduction of SPFC devices.
Incorporating the optimal values of CPF through the transmission lines obtained using PSO, LF
analysis with SPFC is performed to estimate the state variables (v,) and (s,) of the SPFC device

and determine TRPL.

3.3 Problem formulation of reduction of TRPL using SPFC

device

The objective of the proposed work is to reduce the TRPL of a PSN by rescheduling the line
flow of the selected transmission lines using SPFC devices also analyze the IC of the SPFC
device, and saving due to reduction of TRPL. The selection of transmission lines to introduce
SPFC devices has been made based on the rank of PLSF. To reduce the TRPL it is necessary to
maximize the difference between TRPL obtained before and after the introduction of the SPFC
devices in selected transmission lines. Therefore, the objective function for maximization in
terms of the difference between TRPL obtained before and after the introduction of SPFC

devices with power system operating constraints is:
[yax P =PECHF —RFFE (3.13)
where,

P2°Fis the TRPL obtained from base case load flow (BCLF) analysis without SPFC device.

P PFC is the TRPL obtained using LF analysis with SPFC devices in the selected sensitive lines.

The operating constraints of the network are:

a) Equality constraints:

e Power balance equations are:
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R =| LVIM[(8, cos(s,) + B sin(s,)) | =0
=1

Q. -| SNV (8, sin(s,) - B, cos(,)) | <0

(3.14)
b) Inequality constraints:
e Constraints on PSN are:
R™ <R <R™
ALEVE AL
o =o=a” (3.15)

e Constraints on SPFC device are:

|Vse | < Vse e
5semin < 5se < 5semax (316)

3.4 Particle Swarm Optimization (PSO) Technique

PSO is a swarm-based search technique where the potential individuals or particles fly through
the search space and follow the current optimum particles. Potential particles make the
decision based on their own and other particles’ experiences. The particles change or update
the velocity and positions after each generation based on previous best positions of their own
and neighbors’. If the velocity and position of i particle in j- dimensional search space is

Vi =Ma Vi e, V;|, and By =Py, Pa ... P;] respectively; where,i=1 2 .., Np, and
Np is the population size. Then, the particle changes their velocity and position in j- dimensional

search space are determined using equations (3.17) and (3.18) [21].

v+l It

itr
| Ly <Vij i)

it
+Wy x Ry x (Pbestjj — B ) +W x Ry x (Gbest;j — R

(3.17)
Pij(itr+l) _ Pij(itr) +Vij(itr) (3.18)

where,

lw= Inertia weight.

W, = weighting factor (constant) related to Ppest.
W,= weighting factor (constant) related to Gpest.

R; and R is the random numbers varies from 0 to 1.

Pbest;; aNd Gest;; IS the personal best and global best of the particle i.
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Proper selection of ‘/w’ provides the balance between local and global search which results in
less iteration required to get an optimal solution. Thus, a higher initial value of lw and lower
final values of Iw is selected to apply the PSO technique. It provides the particle with higher
global search ability at the beginning and higher local search ability at the end of the run result

in faster convergence.

I _ I _ Iwmax B Iwmin Xltr
i (3.19)

max
where,

lwmax =INItial weight (random numbers).
Iwmin = final weight (random numbers).

itr = iteration count.
3.4.1 Implementation of PSO technique for minimization of TRPL

The objective function for implementation of PSO for reduction TRPL is:
[pso = PET + AR, (3.20)

£ is the factor, represents the targeted percentage of loss to be reduced with respect to the
TRPL determined from the BCLF results. AP_is the change in system loss due to the change in
power flow through the selected lines containing SPFC devices. The value of AP _has to be
negative to reduce the TRPL of the power system. Therefore, AP, is considered as a positive

term in the objective function configured for PSO.

Using the calculus of variation, AP, due to CPF through the line km can be represented as:

oR, oP,
AP =| —- AP, +—=AQ 3.21
L |:6Pkm km anm km ( )

Now, using SFs due to the change in real and reactive power flow (RRPF) represented in
equations (3.7) and (3.11) AP, can be calculated as:
AP = SFpyn AR + SFonAQkm (3.22)

Therefore, for M number of lines, equation (3.22) can be expressed as:

M
AP_ = 3> SFp AR + SFq AQ (3.23)
=
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where, ‘I’ represent the line number, connected between two buses.

The limits of the change in RRPF for the lines are selected and using the PSO optimal values

of AR andAQ,of the selected lines is obtained. Thus, the schedule values of RRPF of the line
are calculated as:
i } (3.24)
Q" =Q +AQ
e Algorithms for the implementation of PSO technique for the minimization of objective
function are as follows:
1. Initially LF analysis is performed for the baseload condition is to obtain P5°tF

without the SPFC device.
2. Calculate ¢ :Lfmln.

3. Initialize PSO parameters such as population size, inertia weight (l,;) and weighting

factors (w,, w, ), etc.

4. Set the upper and lower limits for the control variables i.e., change in RRPF (AR,
and AQ,,,, ) for the selected lines.

5. Set iteration count (itr) and the tolerance value.

6. Generate the initial parameters of (AP, and AQ,,, ) randomly.

7. Calculate the objective function using equation (3.20).
8

Select Ghest; and position Pbest; corresponding to minimum objective function.
9. Update velocity (V;;) and position (B;) using equations (3.17) and (3.18).

10. If the tolerance value is less than the specified tolerance value then stop and show
results.
11. Otherwise update iteration and go to step (6), and repeat till the maximum iteration

count is reached.
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3.5 Selection of transmission lines for the reduction of TRPL
of a power system and implementation of the LF analysis with

SPFC devices in the selected lines

Initially, LF analysis without the SPFC device is performed on IEEE 118 bus system to
determine the initial operating condition of the system. Using those LF results, SF relation for
change in TRPL (AR )with the changes in RRPF (aR)and (AQ) are determined using
equations (3.7) and (3.11). Equation (3.12) calculates the PLSF value of the transmission lines

using the value of SF andSF, . To identify/select transmission lines to introduce the SPFC

devices to reduce the TRPL PLSF values are utilized. The necessary change in RRPF through
the selected transmission lines is determined using the PSO optimization technique based on
the objective function given in equation (3.20). The required change in RRPF obtained with the
PSO technique are used to reschedule the power flow through the selected lines. Then the LF
analysis model containing the SPFC device described in chapter 2 is used to validate the

operating state of the power system.

3.6 Solution procedure for reduction of TRPL

The solution process starts with a BCLF analysis of a power system to determine its initial
operating condition and TRPL of the system. Using the BCLF results, PLSFs for the lines are
calculated and ranked according to the degree of their sensitivity values to select the lines. To
introduce the SPFC device for reducing the TRPL, the lines that possess significant values of

PLSF in the PLSF rank list are selected. It is necessary to adjust the value of & given in the
objective function of PSO to determine the changes in RRPF (AR and AQ,) through the lines
with the SPFC device. The reduction of TRPL is possible to a certain percentage of B°tF.
Therefore, an iterative search technique has to be adopted with assigned limits of & . To assign
the value of & in the objective function of PSO using the upper limit (gma") and lower limit
(émi”) of & the bisection method is applied. With the assigned value of &, the optimal values

of AR andAQ, through the lines with the SPFC device are determined using the PSO

technique. The modified values of scheduled power flow are determined using equation (3.24).
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Conduct BCLF and determine PLSF and P2°-F

v

Rank the PLSF and select highly sensitive lines
v

ASSIgN &, , Emin» Iteration count (K=1), =0
\Z

min

Compute &= gmax%

Apply PSO to obtain AR,
and AQ,using (3.20)

!

Update P°" and Q" using equation (3.24)
and conduct LFAWSPFC and determine
P

£ =g

Check for limit violation given
in equations (3.15) & (3.16)

Update SFs
& K\:K+1 Determine gK+l. _ PLBCLF _ PLSPFC
9gmin =& gkl oK

No

Yes

Stop

Fig. 3.1 Flowchart for rescheduling of power flow using SPFC device.

At this point, a LF analysis with the SPFC device is performed to validate the proposed
method. Therefore, to examine the possible operating limit violation of SPFC parameters and

other power system operating constraints LF analysis with SPFC (LFAWSPFC) is carried out.
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In case any violation is detected, and then &™® is set to the value of & assigned in the objective
function of PSO, i.e., with the current assigned value of & and the reduction of TRPL is not
possible due to limit violations of power system operating constraints. If no limit violation is
detected, then £™" is set with the assigned value of & in the objective function of PSO, i.e.,
with the current value of &, reduction of TRPL is achieved, and a further reduction in TRPL is

possible. It is worth mentioning that the CPF through lines with the SPFC device would affect
the power balance of the system, and to maintain the power balance, the power flow through
other transmission lines would change. The CPF through other transmission lines which are
less sensitive to the CPF would also influence the TRPL of the system. At one point of time,
TRPL may increase for further modification of scheduled power flow through the line with

+1_ PLBCLF _ PLSPFC is

SPFC. This condition is checked during the iterative process. The term &

introduced in the flow chart, where &"*'represents the reduction in TRPL achieved
at (K+1)" iteration. The iterative process has to be carried out till <% >K, where, ¥
represents the reduction in TRPL achieved at K" iteration. The logic used for the termination
of the iterative process confirms the satisfaction of the objective function shown in equation
(3.13). Figure 3.1 shows the flow chart of the solution procedure adopted to reduce the TRPL.

3.7 ldentification of sensitive lines and reduction of TRPL

using SPFC devices

PLSF values obtained using initial LF results without the SPFC devices are utilized to identify
the transmission lines suitable for the inclusion of SPFC devices. PLSF relates the change in

TRPL (AP, )with the changes in RRPF through the transmission line of a power system. It is

worth mentioning here that the significantly sensitive transmission line(s) with higher values of
PLSF are to be selected for the introduction of SPFC devices while reducing the TRPL of a
power system. The maximum value of PLSF is used to determine the threshold value of PLSF,
and the transmission lines possessing PLSF values above the threshold value of PLSF are
considered for the introduction of SPFC devices. Equation (3.25) evaluates the threshold value
of PLSF.

PLSFTHOMD — L sFma (3.25)
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The value of nhas to be decided in such a way that only the significantly sensitive

transmission lines participate in the process of reduction of TRPL using SPFC devices.

3.7.1 Simulation results of the proposed method

To examine the validity and applicability of the proposed approach to reduce the TRPL
of a power system using the SPFC devices IEEE 118 bus system is considered. At first, LF
analysis at the baseload of the IEEE 118 bus system is carried out without the SPFC device.
Figure 3.2 shows the PLSF values obtained for transmission lines using the initial LF results
for IEEE 118 bus system. To reduce the TRPL of a power system it is necessary to install
optimum numbers of SPFC devices at the potential locations of the IEEE 118 bus system
because an insignificant PLSF value would change the TRPL negligibly due to the change in

RRPF in the lines. To select the line(s) for the SPFC devices only significant sensitive lines are

to be considered. The maximum PLSF ( PLSF™) value is used as a reference to select the other
lines to participate in the process of reduction of TRPL using the SPFC device. The lines

having PLSF MO > zpLSF™  considered for the reduction of system loss, where?7 is the

percentage value to be selected to ensure the participation of highly sensitive lines in the
process of TRPL reduction using SPFC devices. It is advisable to select the value of 77 in such a
way that only the sensitive lines have to participate in the process. Therefore, the lines having
the PLSF value more than 30% of the maximum value of the PLSF are considered to
participate in the process of reduction of TRPL using SPFC devices. From Figure 3.2 it is seen
that the line no 111, 41, 112 have significantly large values of PLSF than the other lines of the
system. Therefore, these lines are considered for the introduction of the SPFC device. As line
no 111 is connected between slack bus and PV bus and line no 41connected between two PV
buses so, it is not possible to change the power flow through these lines as they are radially
connected without any parallel path to accommodate the CPF in the lines. Therefore, these
lines will not participate in the process of reduction of TRPL using SPFC devices. Line no 112
is considered for rescheduling the power flow with the SPFC device to reduce the TRPL of the
system. It is found that a significant reduction of TRPL was possible by rescheduling the
power flow through line 112 but, for the demonstration purpose, multiple numbers of SPFC
devices at line numbers 112 and 116 and 120 are considered here for rescheduling the power

flow to reduce TRPL of the system. As line 39 is connected between two PV buses thus, it will
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Fig. 3.2 PLSF for IEEE 118 bus system.

not participate in the reduction of TRPL. Table 3.1 shows the SPy, and SQum Vvalues of the
selected lines to introduce SPFC devices. Figure 3.3 shows the SPy, and SQm, for the line no
112, 116 and 120, and it is observed that the line 112 and 116 have a positive value of SF and
120 has negative SF. As the change in RRPF through the transmission lines has been related to
the change in TRPL of the power system thus the changes in RRPF in lines are considered as
control variables for applying the PSO technique. The objective function of PSO has to

minimize the difference between &*“'Fand AP_ due to the changes in B and Q, (for I= 1.. M).

The AP, is estimated using equation (3.23) for the selected three lines with SPFC devices.

Table 3.1 SFs of the selected lines for the introduction of SPFC devices obtained using BCLF

results
Line Line connected between Sensitivity Factor
No(l) Bus-k Bus-m SFpkm SFqkm
112 69 75 0.2917 2.5859
116 70 75 0.3138 2.3577

120 75 77 -0.1036 -1.3723
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Fig. 3.3 Sensitivity factors of the selected lines.

While finding optimal values of AR and AQ, for the selected lines using PSO, the CPF limits
are taken as -0.2 p.u. to +0.2 p.u. The limits are restricted to narrow values so that the

estimated values of AR and AQ, remain relatively low during the iteration process of the

bisection method. It helps to avoid large changes in AP, and AQ; in a single step of the bisection
method as the insignificantly low value of SFs for the line would lead to estimation of large
value of AR andAQ,. Due to the large values of AR andAQ,, changes in scheduled RRPF
through the line with SPFC will be more. Thus, LF analysis with SPFC may not converge or
may violate the operating limits of the SPFC parameters. For each iteration step of the
bisection method, AR and AQ, (for I1=1,..., M) is determined using PSO to calculate the modified
scheduled power through the line with the SPFC device using (3.24). LFAWSPFC is carried
out with the modified schedule power flow by SPFC at lines 112, 116, and 120. For the

bisection method, limits for & are assigned as &™ =02 (i.e., 20%) and&£™" =0.0. The

maximum reduction of TRPL is targeted as the 20% of P*°F . Table (3.2-3.4) represents the

final results obtained after the termination of the iterative process. The RRPF obtained for
initial LF analysis and LF analysis with SPFC devices are given in Table 3.2. The proposed
method can control both RRPF through the lines results in the reduction of TRPL presented in
Table 3.2. Table 3.2 represents the voltage magnitudes and phase angles of the three SPFC

devices connected at the transmission lines 112, 116, and 120. The results show that all the
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SPFC parameters are within their respective limits. Again it has been observed that the
introduction of SPFC in the three lines of the system can improve the bus voltage profile of the
IEEE 118 bus system. Table 3.3 shows the improvement of bus voltages of the test system
using SPFC at the selected transmission lines. Table 3.4 shows the TRPL obtained with and
without SPFC devices. Thus, the proposed method of LF analysis with SFFC devices can
reduce the TRPL to 2.5151 p.u. from 3.0851 p.u. i.e., 0.57 p.u. reduction of TRPL is achieved

as shown in Figure 3.4 with the final value of & at 0.18475 at the end of the termination of the
iterative process. The value of & appeared as 0.2 (i.e., 20%, the maximum targeted %
reduction of TRPL), the bisection iterative process has to be repeated with a higher value

of &M as there is room for further reduction of TRPL of the system. The values of &, and

&..are to be chosen in such a way that it should not overestimate P and Q*™ because it may

lead to overloading of the lines with SPFC and further causes numerical instability of LF
analysis and create convergence problem. Again, an immediate large CPF at lines with SPFC
would result in substantial changes in power flow through the transmission lines of the power
system to maintain the power balance, which may again increase the TRPL. In this work, the
assigned range for targeted percentage loss to be reduced is considered as (0-20) %. It is settled
down to 18% corresponding to minimum TRPL.
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Table 3.3 Bus voltage and phase angles obtained using LF analysis without and with SPFC

device in the selected transmission lines (all parameters are mentioned in p.u. and s in radian)

Bus Bus type Bus voltage and phase angles

No Without SPFC device With SPFC device
® V| 9 V| 3
69 Slack 1.035 0 1.035 0

75 PQ 0.863 -0.2868 0.9004 -0.3041
70 PV 0.984 -0.2488 0.984 -0.2404
77 PV 1.006 -0.1422 1.006 -0.1317

Table 3.4 TRPL in p.u. obtained for IEEE 118 bus system

TRPL from TRPL from Reduction of
BCLF LFAWSPFC TRPL
3.0851 2.5151 0.57
3.5 -
3 4
2.5 -
2 4
1.5 -
1 4
0.5 -
. | 1
TRPL from BCLF TRPL from Reduction of
LFAWSPFC TRPL

Fig. 3.4 Reduction of TRPF with SPFC devices.
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3.7.2 Cost analysis for installation of SPFC devices and cost benefit due to
reduction of TRPL

CBA based on the IC of SPFC device and the reduction of system loss is done to show the
economic benefit of installing SPFC devices in the selected transmission lines of the standard
IEEE 118 bus system. The IC of the SPFC device is quite significant, and it varies according to
the installation capacity of the device. Equation (3.25) represents the IC of the SPFC device
[32].

C =0.0003R} —0.2691R , +188.22 (3.25)

where,
C is the IC of the SPFC device.

R, is the range of operation of the SPFC device in MVAr [32].
Therefore, the value of R,would be the difference in MVAr flow for a line with and without

the SPFC device and can be represented as:

With Without
SPFC SPFC
Rp = |Qun  |~|Qum (3.26)

Equation (3.25) shows that the IC of a SPFC has a fixed term and two other variable terms
dependent on the installation capacity of the device. The overall IC [32] for a SPFC is

represented as:

IC=C*R,*1000in $ (3.27)

Calculation of IC for SPFC devices to reduce TRPL of the test system is shown in Table 3.5.
The cost of energy generation in India varies from I4/kWhr - I5/kWhr throughout the day.
Therefore, to compare the IC of SPFC devices and cost of saving due to reduction of TRPL,
the cost of energy is considered in US$. The reduction in TRPL using SPFC devices in the
selected sensitive lines of the IEEE 118 bus for the baseload has been found as 0.57 p.u. (=57
MW). However, it would vary according to the loading condition of the system at different

hours of the day. As such, average reduction of TRPL for a year can be represented as:

Average reduction of TRPL/ year
= MF * Reduction of system loss in MW at the baseload*1000* 8760 (kwWhr) (3.28)
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Table 3.5 Calculation of IC of the SPFC devices in three lines
(with base MVVA =100)

Line Installation Cost of Over all installation cost
R, the SPFC devices (IC = 1C112+1C116+IC120)
"o (ICi= C; * Ry * 1000)in $ in$
112 87.11  167.06*87.11*1000=14,552,597
116 9144  166.12*91.44*1000=15,190,013 32,614,569
120 15.6 184.10*15.6*1000=2,871,960

Table 3.6 Comparison of cost for installation of SPFC and saving due to reduction of

TRPL
Total IC three Cost/ ) Saving due to
_ ) Cost/unit ($/kWhr) _
SPFC devices unit ) MF  reduction of TRPL/
(Assuming 1 $=X 73.35)
$) (R/KWhr) year
0.5 13,481,640
0.6 16,177,968
0.7 18,874,296
4 0.054
0.8 21,570,624
0.9 24,266,952
1.0 26,963,280
32,614,569
0.5 16,976,880
0.6 20,372,256
0.7 23,767,632
5 0.068
0.8 27,163,008
0.9 30,558,384
1.0 33,953,760

Therefore, cost of saving due to reduction of TRPL for IEEE 118 bus system can be

represented as:

Cost of savings = Average reduction of system loss/ year * cost/unit (in $) (3.29)
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Figures 3.5 and 3.6 represent the cost savings due to the reduction of TRPL per year in $ for
different MFs with the cost price of ¥4/kWhr and I5 /kWhr respectively. Table 3.6 shows that
the cost of savings due to reduction in TRPL with two different costs per unit and MF is
significant. It shows with MF=1, and the cost of the power unit as I5/kWhr would recover the
IC of the three SPFCs within a year. However, the reduction in TRPL would vary according to
the load variation through a day therefore; MF may be less or more than one depending upon

the loading condition of the power system.

To present a scenario for recovery of the IC of three SPFC devices, MF is taken as 0.7.
For this value, the savings per year for the IEEE 118 bus system would be $18,874,296 or
$23,767,632/ year for the unit cost of ¥4/kWhr or X5/kWhr respectively. Even for this

scenario, the recovery of the IC of three SPFCs could be attained within 1 and % years, 1 and

%years for two different costs per unit. Beyond this period, they will offer cost benefit due to

the reduction of TRPL of the system. In addition to this, the SPFC devices would provide
other applications, such as power transfer enhancement, alleviation of line overload in nearby

overloaded lines, improvement of bus voltage profile, etc.

3.8 Conclusions
In this research work, a method for the reduction of TRPL by CPF through the lines with SPFC

devices is proposed. To identify the suitable location of the SPFC devices a LF analysis is
performed for the baseload condition of the system, and utilizing LF results, PLSF values are
calculated. Lines with significant values of PLSFs are considered for the introduction of SPFC
devices. Power flows through these lines are rescheduled to reduce the TRPL of a power
system. Using the PSO technique the optimal changes in RRPF are obtained to reduce the
TRPL. To verify the effectiveness of the proposed method LF analysis is performed in standard
IEEE 118 bus. It has been observed that the rescheduling of power flow through the sensitive
lines using SPFC devices involving the PSO technique could reduce the TRPL of the system
from 3.0851 p.u to 2.5151 p.u.

Further, it has been observed from the CBA of the SPFC devices that the IC of the SPFC

devices would be recovered within 1 and % years, even with MF=0.7 and cost of the unit as
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I4/kWhr. Further, they would also create a facility for other applications such as power
transfer enhancement, alleviation of line overload in nearby overloaded lines, improvement of

bus voltage profile, etc.



Table 3.2 Power flows in the selected lines before and after the introduction of SPFC device and SPFC parameters (all parameters

are mentioned in p.u. and O in radian)

Line Line connected Line flow without Schedule line flow o
_ ) _ Change in line flow SPFC Parameters
No between buses SPFC device with SPFC device
(I) Bus-k Bus-m I:)km ka I:)km ka ARm AQm Vse 5se
112 69 75 2.3912 0.8314 2.0972 1.7025 -0.294 0.8711 0.1569 2.4806
116 70 75 0.4452 0.6786 0.3173 1.593 -0.1279 0.9144 0.1825 2.4267
120 75 77 -0.7317 -0.3891 -0.5324 0.2331 -0.1993 -0.156 0.1226 3.1374
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Application of Unified Power Flow
Controller for Reduction of Standing

Phage Angle

4.1 Introduction

The phase angle associated with the bus voltage of an AC Power System Network (PSN) under
real and reactive power balanced conditions is referred to as the Standing Phage Angle (SPA)
of the bus. The occurrence of unavoidable disturbances in PSN may lead to outages of
generators or transmission lines. This creates overloading in the nearby lines, voltage
deviations, and changes in bus voltage angles, which may result in a partial or complete
blackout of the system. Due to these, it is necessary to restore the power system to a normal
condition within the shortest possible time. The restoration process of the power system must
be done by taking restoration time as a prime concern but it should include prioritization of
repairing, balancing between supply and demand without violating network constraints, and
creating fewer transients effects. During the restoration of extra high voltage or high voltage
lines of a PSN, the operator may experience the problem of excessive SPA difference between
the two buses of a PSN for the line to be re-connected. If a circuit breaker is closed to
reconnect a line during a large SPA difference, then it results in a large power flow through the

line. Due to this system dynamics change and power oscillation occurs due to the power swing
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phenomenon. This may damage the equipment connected to the power system [52] due to
significant limits (voltage and current) violation of the equipment and can further lead to the
system outage. Thus, it is necessary to reduce the SPA difference between the two buses of the

system for the line to be re-connected.

4.2 Reduction of Standing Phase Angle across the two buses

using UPFC device

For restoration of transmission lines, SPA across the two buses should be small enough to
avoid large power transfer through the lines. The reduction of excessive SPA across the two
buses of a PSN by rescheduling the Real and Reactive Power Flow (RRPF) through the line
with the UPFC device is reported in this chapter. Reduction of SPA in a power system is an
emergency process to re-energize the EHV line having excessive SPA across the two end buses
of the line. Therefore, it is economically not advisable or worth installing the UPFC device
especially for the reduction of SPA in a power system. However, the UPFC devices readily
available in a power system can be used to reduce excessive SPA in a power system. UPFC
device is normally used to influence a limited area in the vicinity of a large PSN [51]. A
modified UPFC is considered for the modeling of LF analysis which consists of the SSSC and
SVC. SSSC is modeled with a controllable series voltage source and SVC is modeled as a
controllable shunt susceptance. The UPFC has considered in this research work has only three
state variables, as compared to that of traditional UPFC with four state variables, as a result,
the size of the Jacobian Matrix [J] for LF analysis with this UPFC model is less compared to a
traditional UPFC model. Further, the motive behind this model is to create a facility for
independent control of power flow through the transmission line using the SSSC and reactive
power control at the bus with the SVC. Again, during LF modeling, this UPFC is considered
an integral part of a transmission line, wherever, it is installed. As a result, the sensitivity
relations between power flows through the series controller with any power system control
variable would possess the collective or integrated effect of UPFC device and transmission line
state variables. In the proposed work excessive SPA difference between the two buses is
created by disconnecting the lines having power flow greater than 1.8 p.u. For the reduction of
SPA across the two buses with the use of UPFC device sensitivity relation between change in

SPA across two end buses of a disconnected transmission line and the change in power flow
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through the line having UPFC device have been formulated. The sensitivity relations are used
to reschedule the power flow through the line having UPFC device to reduce SPA across the

line to be re-connected.

4.2.1 Formulation of Sensitivity Relation between change in SPA and the

change in RRPF through the Transmission line

To show the effect of change in RRPF through the transmission line on the SPA difference, it
is necessary to develop the relationships between change in SPA and the changes in RRPF
through the transmission line. The expression for change in SPA for the p™ and g™ buses of an
interconnected PSN is derived using NR LF model with an UPFC device connected between
k™ and m™ buses of the system explained in sections 2.7. Using NR LF with UPFC device at k™
bus of the transmission line connected between k™ and m™ buses of a PSN represented in

equation (2.88), the change in phase angle at p™ bus can be represented as:

n 2n

A8, =| X f5AP + X fAQy |+a AP + By AQq +7pAQush (4.1)
i=2 i=n+2

where, f, fi,a,,8, and 7, are the p" row elements of the inversion of [svr= |. These are the

SFs which relates AP, AQ, AP, AQ,, and AQ,,, with the system variables.

Similarly, using NR LF with UPFC device at k™ bus of the transmission line connected
between k™ and m™ buses of a PSN represented in (2.88), the change in phase angle at g™ bus

can be represented as:

n 2n
Ady :L;z fidR + X fq’iAQi}LanPkm + BqAQun +74AQusn (4.2)

i=n+2

where, f

» fin faivagq, By and y, are the q™ row elements of the inversion of [J UPFCJ. These are the

SFs which relates AP, AQ, AP, AQ,, and AQ,, with the system variables.

Using equations (4.1) and (4.2), the expression for change in SPA difference across p™ and g

buses is epresented as:

ASy —Ad, :{i“pi — Ty )Api +i:§2(féi — fqi )AQi}L(ap _aq)APkm +(ﬂp _ﬂq)Aka +(7’p _7/q)Akah (4.3)

i=2
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n 2n , 44
Ay, :ng f i AP +i:nz+ ) quiAQi}aquPm + BoqAQum + 7 pgAQisn (4.4)

If SPA value across the two buses of the disconnected line exceeds the prescribed limit (5gge)of

the transmission line, to reconnect the disconnected line, it is necessary to reduce the SPA

difference less than the s5°value. The desired value of change in SPA across the bus-p and

bus-q (5335) in terms of prescribed value of change in SPA across the bus-p and bus-q (positive

value, i.e., 20° 40° and 60°, according to the category of transmission lines) is represented as:

d
A% =0 ~Om i Om” 0} (4.5)
==0pq —Fpq Opg <0

In this proposed work of reduction of SPA between the two buses of the disconnected line (pq)
without changing power injection at the buses is achieved by regulating the power flow
through the line km connected between bus-k and bus-m containing UPFC device. Thus, by
considering the change in Real and Reactive Power Injection (RRPI) at the other buses of a
PSN except the bus where UPFC shunt branch is connected is considered ( AP, and AQ, ) as zero
in equation (2.88), the desired change in SPA across the bus-p and bus-q in terms of the change

in RRPF flow through the line km containing a UPFC device is represented as:

AP,
A5ggs = [apq Prq 7’pq{Aka } (4.6)
AQysn

To obtain the required change in RRPF flow though the line km containing UPFC device in

terms of desired change in SPA across the disconnected line connected between two bus-p and

bus-g, both sides of equation (4.6) is multiplied by [w,q By 7pal -

FS”“ ]; o s @)
s BT [ |

Thus, the change in RRPF flow through the line km (AR, ,AQ,,) and the change in reactive

power through the shunt branch (AQ,, ) are represented as:
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o

APy = —5— 5 ——Adpy’

g+ Ppq 7 b
Q=D st (4.8)

Apg+ g 7

7 d

AQush =— pzq 2 A(SPSS

Apg + g 7

Using the values of change in RRPF flow obtained with equation (4.8) and the pre- modified

power flows, the modified scheduled RRPF through the line km and reactive power flow

through the shunt branch (PS™ , Qi and Q™ ) is calculated as:

sch
Pen™ = Pin ™" + 0APyg

sch

Qljr%hm = ka "+ O-Aka (49)

sch _ SChpm
ksh = Qusn’" +0AQsh

During simulation of LF analysis with UPFC device it has been found that the voltage
magnitude of series controller of an UPFC plays decisive role in the operation related planning

of an UPFC device. Therefore, proper selection of the initial value of series parameters (v,and
6, ) of UPFC device is necessary to ensure the convergence of LF analysis with UPFC device.

As the estimated values of UPFC series parameters are dependent on schedule power flows
through the line, thus, over estimation of modified scheduled power flow through the series
controller of the UPFC device may results in violation of voltage magnitude and phase angle of

series controller (v,ande,). Thus, to avoid this limit violation a normalization factor o is

introduced while estimating the modified scheduled power flow through the line with UPFC
device using equation (4.9). The factor o normalizes the effect of over estimation of modified
line flows. Because, overestimation of modified schedule power flow may cause numerical
instability of LF analysis using UPFC device. Also the estimated values of modified power

flows through the line must satisfy the maximum power transfer capacity of the line (s5*) i.e.,

\/[(Pk?ﬁ“m f+ (o )2} < S (4.10)
Qe < Sig (4.11)

While reducing the SPA of the disconnected line connected between bus-p and bus-q, SFs of
the line containing UPFC device must be enough sensitive that it should be able to keep the

line flows within their respective limits given in equations (4.10-4.11). During reduction of
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excessive SPA by rescheduling of RRPF through the line with UPFC device if the line flow
limit violation occurs then reduction of SPA difference between the buses of the disconnected
line is not possible by rescheduling the power flow through the line containing UPFC device.
Along with the line flow limit the UPFC parameters have to be within their respective limits
given in (2.119) and (2.120).

4.3 Algorithm for the method of reduction of excessive SPA

across the two buses

LF Jacobian matrix provides linear relationship among change in bus voltage magnitude and

phase angle to the change in CPI. As SFs («,, 8, andy,,) are determined using LF Jacobian

matrix given in equation (2.88) thus, it also provides linear relationships between the change in

RRPF flow (AR, , AQ,, and AQ,y, ) of the line containing UPFC device and the change in SPA
(A8,,)- Modified schedule power flow (P™, QX and Qi) determined using equation (4.9)
may not guarantee the exact value of change in SPA (As5). So an iterative technique which

involves LF analysis using UPFC device is used to verify the SPA (5,,) by rescheduling the
power flows through the line containing UPFC device. With the LF analysis using UPFC
device, if the desired value of SPA is not achieved then A5 is calculated using equation (4.5).
The modified scheduled power flow are determined at current operating condition and the

iterative procedure is to be repeated until the value Of‘A(Sggs

iS less than £=0.001. Rescheduling

of power flow through the line will change the line loading thus; the iterative procedure has to
be terminated if either of the two conditions is reached:
(i) line flow limit violate and

(i) operating limits of UPFC parameters violate.
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Determine excessive SPA across
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equation (4.8) and calculate modified
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Fig. 4.1 Reduction of SPA across two buses of a disconnected transmission line using UPFC

device.

To restore the disconnected line pq, the reduction of SPA is done by rescheduling the power

flow through the line with UPFC device and the detail procedure is depicted with the help of
flowchart given in Figure 4.1.
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4.4 Simulations and results

In the proposed work of reduction of excessive SPA across the two buses of the disconnected
transmission line, UPFC device is used to reschedule the RRPF. To examine the effectiveness
of the proposed method, the analysis is performed on standard IEEE 118 bus. Initially a LF
analysis with baseload is performed to obtain the initial operating conditions and power flows
through the transmission lines of 118 bus system. As the convergence of LF analysis using
UPFC device depends on the selection of initial values of UPFC parameters i.e., V,and g, .
Therefore, proper selection of the initial value of V and 6, are necessary. For this purpose, the
calculation of initial value of v ,and e, are done based on the scheduled values of RRPF

through the line with UPFC device is shown below:

P’ Vi G + ViV (G COS(G) + iy SN0 )) =WV, [(gkm cos(é ~6,) {bkm +%)sin(6k —es)j (4.14)

Q:;h +Vk2 (bkm + yczkm j_'_vkvm (gkm Sin(gkm) - bkrn COS(5km )) = _Vkvs (gkm Sin(é‘k - 65) _(bkm + L;j COS(5k - Q)j

(4.15)
Let,
A=-VV. [(gkm cos(8, —6,) +(bkm +yC—2km)sin(6k —9s)j (4.16)
B=-VV. (gkm sin(5, —6.) —(bkm +%) cos(d, —Q)J (4.17)

Divide equation (4.16) by (4.17)

o ((@acosa 03+, st -0 |
E =

(.50, -0)-( b, + 5 eose, -0 |

= EA[gm sin(s, —@—(bkm +%jcos(5k —es)j = [gm cos(S, —6) +(me + y2 Jsin(&k —Q)J

A km
(gkm +B(bkm + y02 jj
A y
o0 _ b ckm
(B gkm ( km + 2 j}

= tan(s, - 6,) =
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A y
o b ckm
gkm+B[ km+ 2 )

A Y
iy —| b 4 Zckm
B gkm ( km 2 j

Using the expression of phase angle (¢, ) obtained from (4.18), the initial value of magnitude of

(4.18)

=6 =5 —tan™

series controller voltage v, is calculated from (4.16) and it is represented as:
V = A (4.19)
@ o ~0)+ 0+ 5 Jsino, -0 |

The large SPA difference between the two buses is created by disconnecting the transmission
lines one at a time with power flow more than 1.8 p.u. While removing the line one at a time
of 118 bus system, it has been found that the SPA difference between the two buses after
disconnection of lines through which power transfers is more than 1.8 p.u. remains below 40°.
Therefore, SPA value more than 30° were considered to investigate the use of UPFC devices
for reducing SPA difference between the two end buses of a disconnected lines. SPA across the
two end buses of the disconnected lines of 118 bus system is presented in Table 4.1. From the
economic point of view, it is not advisable or worth to install UPFC device only for SPA
reduction in PSN. Therefore, to reduce excessive SPA difference between the two end buses of
a PSN readily available UPFC devices in the vicinity can be used. If a UPFC device is installed
in a transmission line it must influence the power flow through the other lines in the vicinity of

a large PSN [17]. Thus, in this research work of reduction of SPA across the two end buses of
the disconnected lines, it is decided to select the line having significant values of SFs 8,
and y ,, for introduction of UPFC devices around the vicinity of the disconnected lines. For

simplicity line-tier scheme shown in Figure 4.2 is considered for introducing UPFC devices to
investigate the effectiveness of the use of UPFC devices for the reduction of SPA across the

two end buses of the disconnected lines.
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Table 4.1 SPA difference between the two end buses after disconnection

Line connected Power flow before removal of  SPA value after removal of

between the line the line
Bus-p Bus-q
26 30 2.14501- j 0.3951 35.2594
38 65 1.6735 - 0.8149 -30.4312
42 49 -1.2609 - j 0.0011 -38.5252
Disconnected line
I i
first tier lme

—zecond terlne
— third tier line
Fig. 4.2 Line-tier scheme for incorporating UPFC devices in the transmission lines.

Figure 4.2 shows the different tier levels such as first tier, second tier and third tier lines
connected on the bus-p and bus-g of the disconnected line pg. To incorporate UPFC devices,
the lines in the three tier level are considered to reduce excessive SPA across the bus-p and
bus-g of the disconnected line pg. The lines were removed to create large SPA difference
across the two buses and the LF analysis is performed to estimate the SPA values across the
two buses are presented in Table 4.1. To determine the line numbers for incorporating UPFC
devices search process based on ‘line to bus connectivity’ are used in the tier system extended
up to three tier level. LF using UPFC is performed by considering one line at a time with the

scheduled power flow (P and Q") as 1.01 times of power flow through the line obtained
from initial LF and Q¢ is taken as 0.05 p.u. The lines having significant values ,, , 8,, and y

with an UPFC device under three tier scheme were selected for reduction of SPA across the

two end buses (bus-p and bus-q) of the disconnected lines pg. SF of the selected lines («,, 8,

andy ), state variables of UPFC and the lines having excessive SPA across the buses- (i) bus
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26 and bus 30 and (ii) bus 38 and bus 65 and (iii) bus 42 and bus 49 due to removal of the
lines one at time are shown in Table-4.2. UPFC is implemented in the line km considering the
scheduled power flow though as 1.01 times of power flow through these lines obtained from

initial LF and Q" is taken as 0.05 p.u. It can be observed from the Table 4.2 that when the

power flow through the line km is rescheduled with the introduction of the UPFC devices, SPA
across the disconnected line gets modified from the SPA difference obtained using initial LF
analysis. When the line connected between bus-26 and bus-30 was removed, the SPA across
the bus-26 and bus-30 obtained using initial LF analysis was 35.2594° but rescheduling of
power flow through the line connected between bus-25 and bus-23 has reduced the SPA across
the bus-26 and bus-30 to 34.98214°. The desired value of SPA across the two buses is
considered as 20° and the allowable limit for series controller voltage is considered as 0.2 pu.
As the of voltage of series controller is highly sensitive to the change in power flow through
that line therefore, it is necessary to assign the value of o between 0.05 to 0.1 to avoid large
change in schedule value of power flow through the line km calculated by using equation (4.9).
The simulation results for IEEE 118 bus system are presented in Table 4.2 and Table 4.3.



76 Application of Unified Power Flow Controller for Reduction of Standing Phage Angle




77 Application of Unified Power Flow Controller for Reduction of Standing Phage Angle




78 Application of Unified Power Flow Controller for Reduction of Standing Phage Angle




79 Application of Unified Power Flow Controller for Reduction of Standing Phage Angle




80 Application of Unified Power Flow Controller for Reduction of Standing Phage Angle

The final results obtained by rescheduling the power flow through the line having UPFC
device are presented in Table 4.3. It is found that there is a significant reduction in SPA value
across the disconnected line but due to the limit imposed on series controller voltage
magnitude it could not be reduced to the desired value of SPA i.e., 20°. From Table 4.3 it can
be seen that when power flow is rescheduled through the selected lines of IEEE 118 bus
system using UPFC device, the SPA across the disconnected line connected between bus-26
and bus-30 is reduced from 35.2594° to 25.8356° again the SPA across the disconnected line
connected between bus-38 and bus-65 is reduced from -30.4312° to -21.7816° and the SPA
across the disconnected line connected between bus-42 and bus-49 is reduced from 38.5252° to
-27.1562°. However, the line under three tier levels is also effective in reduction of SPA across

the two end buses. Therefore, any line with UPFC device having significant values of SFs (
, Bpgandy,.) can be selected for reduction of excessive SPA across the two end buses by

rescheduling the power flow through the lines. Thus, SFs provide a basis for selecting the lines
with UPFC device for reduction of excessive SPA. SFs value varies from first iteration to final
iteration presented in Table-4.2 and Table-4.3 and the method is explained in the above
algorithm. For creating large SPA (>40°) for 118 bus system across the two end buses of a
disconnected line, reference [54] is used, transmission line connected across buses 25 and 23,
25 and 27 were disconnected for creating large SPA across bus-25 and bus-23. Table-4.4
shows the first LF results considering scheduled power flow though the line km for different

tier levels as 1.01 times of the power flow through these lines obtained from initial LF and Q'

is taken as 0.05 p.u.
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Reduction of SPA across the bus-25 and bus-23, keeping voltage magnitude of series controller
of UPFC within maximum limit of 0.2 p.u. are represented in Table-4.5. Here, the desired
value of SPA is considered as 20° but due to the voltage constrain of series controller of UPFC
device the SPA across bus-25 and bus-23 could not be reached to the desired value by
rescheduling the power flow through the line with UPFC device. Therefore, to reduce SPA
value further it is necessary to use generation rescheduling or load shedding. To apply
generation rescheduling for further reduction of SPA value across the bus-25 and bus-23, the
reduced value of SPA across the bus-25 and bus-23 achieved by rescheduling the power flow
through the line with UPFC connected between bus-30 and bus-26 appeared in the second tier
are considered as reference as maximum reduction was possible with this line. Now, for

remaining reduction (AsS =20°-35.8711° = -15.8711°) of SPA across the bus-25 and bus-23,

generation rescheduling is applied by modifying the generation using the procedure give in
[54]. It has been found that the generator located at bus-25 or bus-26 can reduce SPA to the

desired value. The results are presented in Table-4.6 and Table 4.7.

Table 4.6 Simulation results of generation rescheduling to reduce remaining SPA across bus-25

and bus-23 after termination of process of SPA reduction by using UPFC device.

Bus Generation  SPA before  Generation  SPA after

number before SPA  generation  after SPA  generation
reduction  rescheduling  reduction  rescheduling

26 3.1390 p.u.  35.8711°  2.0805p.u.  20.0153°

Table 4.7 Simulation results of generation rescheduling to reduce remaining SPA across bus-25
and bus-23 after termination of process of SPA reduction by using UPFC device.

Bus Generation  SPA before  Generation  SPA after

number before SPA  generation  after SPA  generation
reduction  rescheduling  reduction  rescheduling

25 1.850 p.u. 35.8711°  0.8927 p.u.  20.0042°
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Table 4.8 Simulation results of generation rescheduling to reduce remaining SPA across

bus-25 and bus-23, using the method given in reference [54].

Bus Generation ~ SPA before  Generation  SPA after
number before SPA  generation  after SPA  generation
reduction  rescheduling  reduction  rescheduling
25 1.8500 p.u. 48.1037°  0.6107 p.u.  20.0034°
26 3.1390 p.u. 1.1475 p.u.

Again, using the method of reduction of SPA presented in [54], the SPA across bus-25 and
bus-23 is reduced by generation rescheduling at the sensitive buses. It is observed that to bring
the SPA value at the desired value of 20° from 48.1037° minimum two generating units located
at bus-25 and bus-26 are required and the results are presented in Table-4.8. To achieve desired
value of SPA total generation rescheduling required is ((1.85+3.139) — (0.6107+1.1475))=
3.2308 p.u [54], but with the combined use of UPFC device and rescheduling of generation
using generator at bus-26 would be (3.1390-2.0805)= 1.0585 p.u., similarly, rescheduling of
generation using generator at bus-25 would be (1.8500-0.8927) = 0.9573 p.u. Thus, it can be
conclude that the combined method required less amount of generation rescheduling than only
generation rescheduling using generating units and load shedding which result in less ramping
time for generation rescheduling. This allows faster restoration of the transmission line. Use of
UPFC for SPA deduction along with generation rescheduling and load shedding would help in
avoiding/reducing load shedding, in case load shedding becomes necessary to reduce SPA to

the desired value.

4.5 Conclusions

In this method of reduction of excessive SPA across the two busses, a sensitivity-based method
is adopted to reduce the SPA difference below the prescribed value for the category of the line
to be restored/ re-connected. Sensitivity relation between change in SPA across two end buses
of transmission line and the change in power flows through the line having UPFC device have
been formulated for this purpose. The sensitivity relations are used to reschedule the power
flow through the line having UPFC device to reduce SPA across the line to be re-connected.

The sensitivity factors of the line containing the UPFC device have to be sensitive enough to
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keep the scheduled power flow and the state variables of the UPFC device within the operating
limits. It has been found that the voltage magnitude of the series controller of the UPFC plays a
decisive role in the operation-related planning of the UPFC device. Simulation results for IEEE
118 bus system indicated that SPA reduction across the buses of a disconnected line is
sensitive to the voltage magnitude of the series controller of the UPFC device. The voltage
limit on the series controller of UPFC plays a significant role in the reduction of SPA across
the buses of a disconnected line. It may not be possible to reduce excessive SPA across the
buses of a disconnected line to the desired value using rescheduling of power flow through the
UPFC device. Therefore, in case of violation of the operating limit of a UPFC device, it is
possible to achieve only a partial reduction of SPA across the buses of the line to be re-
energized. Under such circumstances, for the reduction of the remaining SPA value across
buses of a line, a method like generation rescheduling or load shedding can be adopted. Such a
combined process would ensure less amount of generation rescheduling or load shedding
compared to the method that applies only generation rescheduling or load shedding to reduce
excessive SPA across the buses of a disconnected line and may help in avoiding load shedding
or reducing the magnitude of load to be shaded during the restoration of a transmission line

having SPA problem.



Table 4.2 The first load flow analysis results with assigned scheduled power flow as P2 =1.01P%, Q" =1.01Q2, and Q%" =0.05 for the

disconnected line connected between two end buses 26 and 30, 38 and 65, 42 and 49.

Disconnected line
and SPA across

the two end buses

Two end bus

number of line

considered for

Tier  Line flow through
level the line considered
for SPA reduction

Power flow result of the UPFC

device, where the UPFC power flow

is assigned as PS" =1.01R% ,

SPA value across the two end
buses of the disconnected line
after introducing the UPFC

determined by introducing determine by Qe =1.01Qg, and Qi =0.05 device in the line connected
BCLF UPFC BCLF between bus-k and bus-m
k m RS PSh —1.01R2  V,inpu Opg
Q. 0, in radian Bpg
oo B Y
SPA value across 30 17 1 0.9940 1.0041 0.0051 0.1231 35.0585°
the two end buses 1.0064 1.0164 1.1251 0.0014
26 and 30 of 0.0500 -0.0494 0.0003
disconnected line 25 23 2 2.9430 2.9724 -0.0108 -0.3013 34.9821°
=5, 0.4556 0.4601 1.5500 0.0117
— 35.9504° 0.0500 -0.0453 0.0000
32 113 3 0.6040 0.6101 0.0028 -0.1143 35.2312°
-0.2978 -0.2978 -2.0648 -0.0012
0.0500 -0.0540 0.0024
SPA value across 37 38 1 -1.4756 -1.4904 0.0293 0.2361 -29.5412°
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the two end buses
38 and 65 of

disconnected line

= 5,,=-30.4312°

SPA value across
the two end buses
42 and 49 of
disconnected line
= 5,,=-38.5252°

0.8134

-4.8323
-0.7707

1.9704
0.2113

3.6223
-0.2268

-4.8326
-0.7472

-0.1944
0.1625

0.8215
0.0500
-4.8807
-0.7784
0.0500
1.9901
0.2134
0.0500
3.6585
-0.2290
0.0500
-4.8809
-0.7546
0.0500
-0.1963
0.1641
0.0500

-1.7794
0.0512
-0.0216
1.6273
-0.0488
-0.0180
0.9836
-0.0490
-0.0204
1.0870
-0.0530
-0.0219
1.8078
-0.0487
-0.0018
-1.5442
-0.0516

-0.0834
-0.0063
-0.2615
0.0303
0.0065
0.6646
0.3373
0.0000
0.3016
0.1008
0.0519
-0.0987
0.0100
0.0012
-0.1771
0.0117
0.0000

-30.1223°

-30.0345°

-37.3256°

-38.4036°

-38.4768°
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Table 4.3 UPFC scheduled power flow, variables and sensitivity factors «, , 8,, and y ,, for the lines after reduction of SPA across the

buses- (i) bus-26 and bus-30 (i) bus-38 and bus-65 and (iii) bus-42 and bus-49 due to removal of the lines one at time

Disconnected SPA value across the two end Two end bus Tier UPFC scheduled power flow, variables SPA
lineand SPA  buses of the disconnected line  number of line level and sensitivity factors «,, B,,andy,, value
across the two after introducing the UPFC considered for after
end buses device in the line connected introducing reduction
determined by between k and m buses. UPFC 8pq
BCLF
Kk m P iN pU Vv in pu Upg
Qun iN pu o, in radian Bpg
Q% in pu By, iN pu Ypq
SPA value 35.0585° 30 17 1 -0.2336 0.2020 0.1282  25.9291°
across the two 0.9608 1.3476 0.0015
end buses 26 0.0433 -0.0426 -0.0048
and 30 of 34.9821° 25 23 2 3.5304 -0.2139 -0.3014  25.8356°
disconnected 0.4401 1.5221 0.0117
line =5, 0.0294 -0.0267 0.0000
= 35.2504° 35.2312° 32 113 3 1.0985 0.2085 -0.1139  30.1162°

-0.2938

-1.8914

0.0024
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SPA value -29.5412°
across the two
end buses 38

and 65 of -30.1223°

disconnected

line = Spg=
_30.43120 '30.03450
SPA value -37.32567°

across the two
end buses 42
and 49 of -38.4036°
disconnected
line =65, =

38.5957° -38.4768°

37

49

38

34

38

42

37

43

0.0541
-0.9798
0.6238
-0.1488
-5.4557
-0.8058
0.0960
2.1996
0.3081
0.1457
4.0470
-0.1105
0.1606
-5.5076
-0.7913
0.0866
-0.4978
0.1338
0.0619

-0.0589
0.2089
-1.8406
0.1524
-0.2062
1.9055
-0.0953
-0.2202
0.9481
-0.1429
0.2007
-1.9860
-0.1773
-0.2183
2.0532
-0.0855
-0.2376
-2.0767
-0.0639

-0.0000
0.2760
-0.1326
-0.0063
-0.1903
0.0058
0.0067
0.4212
0.1599
0.0000
0.1946
0.0407
0.0405
-0.1013
0.0109
0.0013
-0.1949
0.0047
-0.0000

-21.7816°

-22.1584°

-22.1161°

-27.1562°

-33.6721°

-33.5344°
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Table 4.4 First load flow analysis results showing UPFC variables and sensitivity factors «,, ,,and y ,, for the lines considered for

reduction of SPA having assigned scheduled power flow through the UPFC device as 1.01 times of its line flow through the line

determined from BCLF and Q' is taken as 0.05 p.u. having excessive SPA across the bus-25 and bus-23

Disconnected line
and SPA across
the two end buses

Two end bus
number of line

considered for

Line flow through

the line considered

for SPA reduction

power flow result of the UPFC device,

where the UPFC power flow is assigned as

Peh =1.01R, , Q' =1.01Qg, and Q¢ =0.05

SPA value across the
two end buses of the
disconnected line after

determined by introducing determine by introducing the UPFC
BCLFA UPFC BCLFA device in the line
K m P, P =1.01P¢, v, in pu g connected between k
o Qi =10100 4 in radian Boo and m buses.
Qén =0.05 B, in pu -
SPA value across 32 23 -0.2332 -0.2355 -0.0019 -0.2814 48.1662°
the two end buses -0.1297 -0.1310 -1.2833 0.0141
25and 23 of 0.0500 -0.0543 0.0005
disconnected line 26 25 1.8529 1.8714 -0.0512 0.5615 47.6293°
= 5, =48.1037° 0.9827 0.9925 2.0406 0.0026
0.0500 -0.0453 0.0000
30 26 -4.7889 -4.8368 -0.034069 -0.7468 50.0249°
0.7681 0.7681 2.092793 0.4556
0.0500 -0.051509 0.1007
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Table 4.5 UPFC scheduled power flow, variables and sensitivity factors «,,, 8,,andy,for the lines after reduction of SPA across the bus-25

and bus-23

Disconnected line
and SPA across
the two end buses
determined by
BCLF

SPA value across the two end
buses of the disconnected line
after introducing the UPFC
device in the line connected

between bus-k and bus-m

Two end bus number Tier UPFC scheduled power flow, variables  SPA value

SPA value across
the two end buses
25 and 23 of
disconnected line
= 6,4 =48.1037°

48.1662°

47.6293°

50.0249°

of line considered for  level and sensitivity factors «,, B, andy after
introducing UPFC reduction
8pq
k m Py inpu V; in pu g
Qxm INpU 65 in radian Bog
QXin pu Bgp, in pu Y
32 23 1 0.1163 0.2004 -0.2566  42.1987°
-0.1602 -1.9690 0.0423
0.0197 -0.0216 0.0013
26 25 1 1.6746 -0.2234 0.5752  36.0573°
0.9937 1.9019 0.0123
0.0512 -0.0464 -0.0000
30 26 2 -4.6474 -0.2005 -0.7457  35.8711°
0.6495 -1.2378 0.4547
-0.0522 0.0534 0.1005
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Conclusions and Recommendation for

Future Research

5.1 Conclusions of the proposed work

Due to the growth in power consumptions and populations, a huge amount of power needs to
be transmitted through the transmission lines thus the existing network has to operate closer
to its limiting value. Again disturbances/faults in PNS bring the system into an emergency
condition. Large disturbance in a power system may lead to outages of the generators or
transmission lines that result in overloading of nearby lines, voltage deviations, and large
changes in bus voltage angles. Due to these, it is necessary to restore the PSN to a normal
condition within the shortest possible time. Abnormal conditions like loss of heavy
generators/ loads, or fault on a PSN cause heavy power flow through the transmission lines
results in significant change in phase angle difference across the two buses as a result
stability problems may arise if the system is not restored within the shortest possible time.
During the restoration of transmission lines if the phase angle difference between the two
buses is huge then the circuit breaker equipped with the synchrocheck relay does not allow
the system to re-connect the line across the two buses. Again to avoid the line flow limit

violation of other lines of the PSN it is required to reconnect the line as early as possible. In
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order to avoid these problems, this thesis presents line power flow control with SPFC and
UPFC devices.

To evaluate the performance of SPFC realistically the impedance of SSSC along with
controllable voltage source is considered when it is incorporated in the transmission lines.
The advantage of this LF model is that the sensitivity relations between power flows through
the SPFC device with any power system control variables would possess the collective or
integrated effect of SPFC device and transmission line state variables. Similarly, modeling
of LF analysis with UPFC device allows derivation of sensitivity relations among line power
flow, reactive power injection at one end of the line, and system control variables would
possess the collective or integrated effect of UPFC device and transmission line state
variables. Mathematical modeling of LF analysis with SPFC and UPFC devices are
configured to investigate the use of SPFC and UPFC devices for the reduction of TRPL and
the excessive SPA across the two buses of the disconnected lines of IEEE 118 bus system.

The reduction of TRPL is done by rescheduling the power flow through the lines
using the SPFC devices. The lines having a large value of PLSF i.e., a large value of change
in TRPL due to change in RRRF through the lines are considered for rescheduling of power
flow. The optimized value of TRPL is achieved using equation (3.13) by rescheduling the
power flow through the selected lines using SPFC devices. The TRPL obtained with the
proposed method is 2.5151 p.u. Thus (3.0851-2.5151=) 0.57 p.u. loss reduction is achieved
with the proposed method of rescheduling of power flows through the selected transmission
lines of the IEEE 118 bus system. In addition to this, the use of SPFC devices in the
selected lines also improves the bus voltage profile of the system. Further, the use of SPFC
devices would also create a facility for other applications such as power transfer
enhancement, alleviation of line overload in nearby overloaded lines, etc. The cost analysis
related to the installation of SPFC devices and saving due to reduction of TRPL is also

reported in section 3.6.2. It is found that the IC of the SPFC devices would be recovered

within 1 and % years, even with MF=0.7 and cost of unit as 4/kWhr.

Chapter 2 represents LF modeling with UPFC device, the UPFC device is modeled with

only three state variables so that the size of the Jacobian matrix is reduced. SFs (aq, 8,
andy,,) are determined using the LF Jacobian matrix which provides a linear relationship

between the change in SPA across two end buses of a disconnected transmission line and
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the change in power flow through the line (AR, , AQ,, and AQ,) having UPFC device. As

modified schedule power flow may not ensure the exact change in SPA across the

disconnected line pq thus, to verify the SPA (5,,) obtained by rescheduling the power flow

with the line having UPFC device a LF analysis with UPFC is performed. The SFs of the
line containing the UPFC device have to be sensitive enough to keep the scheduled power
flow and the state variables of the UPFC device within the operating limits. It has been
found that the voltage magnitude of the series controller of the UPFC device plays a
decisive role in the operation of a UPFC device. Simulation results for IEEE 118 bus
system indicated that the SPA reduction across the buses of a disconnected line is sensitive
to the voltage magnitude of the series controller of the UPFC device. During simulation
violation of operating limit of UPFC device was detected therefore, only a partial reduction
of SPA was possible with the use of UPFC devices and the remaining SPA across the buses
of the line to be re-energized are achieved using generation rescheduling. This combined
process of rescheduling of line power flow with UPFC device and generation rescheduling
ensures less amount of generation rescheduling than the method that applies only
generation rescheduling or load shedding to reduce the excessive SPA across the two end

buses of the line to be re-energized.

5.2 Conclusions

During simulation, it is observed that the rescheduling of RRPF with the use of SPFC
devices at line number 112 of the IEEE 118 bus system was able to reduce a considerable
amount of TRPL of the system as the line have a PLSF value of more than 30% of the
maximum value of the PLSF. Even though line numbers 111 and 41 have higher values of
PLSF than line number 112 but as they are radially connected without any parallel path to
accommodate the change in power flow in the lines thus could not participate in the process
reduction of TRPL of the IEEE 118 bus system. In addition to the reduction of TRPL
placements of SPFC devices also provides improvement of bus voltage profile of IEEE 118

bus system.

To achieve the desired value of SPA (20.0153°) with only generation rescheduling, the
total generation rescheduling required was 3.2308 p.u. ((1.85+3.139) — (0.6107+1.1475)) [54].

With the combined use of UPFC device and rescheduling of generation using the generator at
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bus-26 is (3.1390-2.0805) = 1.0585 p.u. Similarly, rescheduling of generation for the generator
at bus-25 is (1.8500-0.8927) = 0.9573 p.u. So the total generation rescheduling required with
the combined method is 2.0158 p.u. Thus, it can be concluded that the combined method
required less amount of generation rescheduling than only generation rescheduling using
generating units and load shedding. This allows faster restoration of the transmission line. Use
of UPFC for SPA deduction along with generation rescheduling and load shedding would help
in avoiding/reducing load shedding, in case load shedding becomes necessary to reduce SPA

to the desired value.

5.3 Scopes for Future Research

Following are the future scopes of the research work:

. For identifying the locations of SPFC device only real power loss in the transmission
line is considered in the proposed work. In addition to real power loss, power transfer
capability, stability can also be considered to identify the locations of SPFC devices.

. These FACTS devices can also be utilized to improve the voltage stability of a PSN.

. Investment cost of UPFC devices can be done to justify the use of UPFC device for
reduction of SPA across the two buses of a power system as well as other applications.

. The hardware implementation of the proposed method can be taken up as a future
research work to examine the performance of the method under the working environment of

a power system.
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o7 Appendix

A.1 Single line diagram and bus data and line data of IEEE
118 bus system

The single line diagram of IEEE 118 bus systems for the implementation of reduction of
excessive SPA across the two end buses and system loss using FACTS devices such as UPFC
and SPFC are presented in Figure A-1. The information of loads and generations for system is
provided in Table A-1.

Fig. A-1 Single line diagram of IEEE 118 bus system
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Table A-1.1 Generation and load data for IEEE 118 bus system
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Table A-1.2 Transmission line data for IEEE 118 bus system

Line No. FromBus ToBus Circuit ID R (p.u.) X (p.u.) B (p.u.)

1 1 2 1 0.0303 0.0999 0.0254
2 1 3 1 0.0129 0.0424 0.01082
3 4 5 1 0.00176 0.00798 0.0021
4 3 5 1 0.0241 0.108 0.0284
5 5 6 1 0.0119 0.054 0.01426
6 6 7 1 0.00459 0.0208 0.0055
7 8 9 1 0.00244 0.0305 1.162
8 9 10 1 0.00258 0.0322 1.23

9 4 11 1 0.0209 0.0688 0.01748
10 5 11 1 0.0203 0.0682 0.01738
11 11 12 1 0.00595 0.0196 0.00502
12 2 12 1 0.0187 0.0616 0.01572
13 3 12 1 0.0484 0.16 0.0406
14 7 12 1 0.00862 0.034 0.00874
15 11 13 1 0.02225 0.0731 0.01876
16 12 14 1 0.0215 0.0707 0.01816
17 13 15 1 0.0744 0.2444 0.06268
18 14 15 1 0.0595 0.195 0.0502
19 12 16 1 0.0212 0.0834 0.0214
20 15 17 1 0.0132 0.0437 0.0444
21 16 17 1 0.0454 0.1801 0.0466
22 17 18 1 0.0123 0.0505 0.01298
23 18 19 1 0.01119 0.0493 0.01142
24 19 20 1 0.0252 0.117 0.0298
25 15 19 1 0.012 0.0394 0.0101
26 20 21 1 0.0183 0.0849 0.0216
27 21 22 1 0.0209 0.097 0.0246
28 22 23 1 0.0342 0.159 0.0404
29 23 24 1 0.0135 0.0492 0.0498
30 23 25 1 0.0156 0.08 0.0864
31 25 27 1 0.0318 0.163 0.1764
32 27 28 1 0.01913 0.0855 0.0216
33 28 29 1 0.0237 0.0943 0.0238
34 8 30 1 0.00431 0.0504 0.514
35 26 30 1 0.00799 0.086 0.908
36 17 31 1 0.0474 0.1563 0.0399
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37 29 31 1 0.0108 0.0331 0.0083
38 23 32 1 0.0317 0.1153 0.1173
39 31 32 1 0.0298 0.0985 0.0251
40 27 32 1 0.0229 0.0755 0.01926
41 15 33 1 0.038 0.1244 0.03194
42 19 34 1 0.0752 0.247 0.0632
43 35 36 1 0.00224 0.0102 0.00268
44 35 37 1 0.011 0.0497 0.01318
45 33 37 1 0.0415 0.142 0.0366
46 34 36 1 0.00871 0.0268 0.00568
47 34 37 1 0.00256 0.0094 0.00984
48 37 39 1 0.0321 0.106 0.027

49 37 40 1 0.0593 0.168 0.042

50 30 38 1 0.00464 0.054 0.422

51 39 40 1 0.0184 0.0605 0.01552
52 40 41 1 0.0145 0.0487 0.01222
53 40 42 1 0.0555 0.183 0.0466
54 41 42 1 0.041 0.135 0.0344
55 43 44 1 0.0608 0.2454 0.06068
56 34 43 1 0.0413 0.1681 0.04226
57 44 45 1 0.0224 0.0901 0.0224
58 45 46 1 0.04 0.1356 0.0332
59 46 47 1 0.038 0.127 0.0316
60 46 48 1 0.0601 0.189 0.0472
61 47 49 1 0.0191 0.0625 0.01604
62 42 49 1 0.0715 0.323 0.086

63 42 49 2 0.0715 0.323 0.086

64 45 49 1 0.0684 0.186 0.0444
65 48 49 1 0.0179 0.0505 0.01258
66 49 50 1 0.0267 0.0752 0.01874
67 49 51 1 0.0486 0.137 0.0342
68 51 52 1 0.0203 0.0588 0.01396
69 52 53 1 0.0405 0.1635 0.04058
70 53 54 1 0.0263 0.122 0.031

71 49 54 1 0.073 0.289 0.0738
72 49 54 2 0.0869 0.291 0.073

73 54 55 1 0.0169 0.0707 0.0202
74 54 56 1 0.00275 0.00955 0.00732
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75 55 56 1 0.00488 0.0151 0.00374
76 56 57 1 0.0343 0.0966 0.0242
77 50 57 1 0.0474 0.134 0.0332
78 56 58 1 0.0343 0.0966 0.0242
79 51 58 1 0.0255 0.0719 0.01788
80 54 59 1 0.0503 0.2293 0.0598
81 56 59 1 0.0825 0.251 0.0569
82 56 59 2 0.0803 0.239 0.0536
83 55 59 1 0.04739 0.2158 0.05646
84 59 60 1 0.0317 0.145 0.0376
85 59 61 1 0.0328 0.15 0.0388
86 60 61 1 0.00264 0.0135 0.01456
87 60 62 1 0.0123 0.0561 0.01468
88 61 62 1 0.00824 0.0376 0.0098
89 63 64 1 0.00172 0.02 0.216

90 38 65 1 0.00901 0.0986 1.046

91 64 65 1 0.00269 0.0302 0.38

92 49 66 1 0.018 0.0919 0.0248
93 49 66 2 0.018 0.0919 0.0248
94 62 66 1 0.0482 0.218 0.0578
95 62 67 1 0.0258 0.117 0.031

96 66 67 1 0.0224 0.1015 0.02682
97 65 68 1 0.00138 0.016 0.638

98 47 69 1 0.0844 0.2778 0.07092
99 49 69 1 0.0985 0.324 0.0828
100 69 70 1 0.03 0.127 0.122

101 24 70 1 0.00221 0.4115 0.10198
102 70 71 1 0.00882 0.0355 0.00878
103 24 72 1 0.0488 0.196 0.0488
104 71 72 1 0.0446 0.18 0.04444
105 71 73 1 0.00866 0.0454 0.01178
106 70 74 1 0.0401 0.1323 0.03368
107 70 75 1 0.0428 0.141 0.036

108 69 75 1 0.0405 0.122 0.124

109 74 75 1 0.0123 0.0406 0.01034
110 76 77 1 0.0444 0.148 0.0368
111 69 77 1 0.0309 0.101 0.1038
112 75 77 1 0.0601 0.1999 0.04978
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113 77 78 1 0.00376 0.0124 0.01264
114 78 79 1 0.00546 0.0244 0.00648
115 77 80 1 0.017 0.0485 0.0472
116 77 80 2 0.0294 0.105 0.0228
117 79 80 1 0.0156 0.0704 0.0187
118 68 81 1 0.00175 0.0202 0.808

119 77 82 1 0.0298 0.0853 0.08174
120 82 83 1 0.0112 0.03665 0.03796
121 83 84 1 0.0625 0.132 0.0258
122 83 85 1 0.043 0.148 0.0348
123 84 85 1 0.0302 0.0641 0.01234
124 85 86 1 0.035 0.123 0.0276
125 86 87 1 0.02828 0.2074 0.0445
126 85 88 1 0.02 0.102 0.0276
127 85 89 1 0.0239 0.173 0.047

128 88 89 1 0.0139 0.0712 0.01934
129 89 90 1 0.0518 0.188 0.0528
130 89 90 2 0.0238 0.0997 0.106

131 90 91 1 0.0254 0.0836 0.0214
132 89 92 1 0.0099 0.0505 0.0548
133 89 92 2 0.0393 0.1581 0.0414
134 91 92 1 0.0387 0.1272 0.03268
135 92 93 1 0.0258 0.0848 0.0218
136 92 94 1 0.0481 0.158 0.0406
137 93 94 1 0.0223 0.0732 0.01876
138 94 95 1 0.0132 0.0434 0.0111
139 80 96 1 0.0356 0.182 0.0494
140 82 96 1 0.0162 0.053 0.0544
141 94 96 1 0.0269 0.0869 0.023

142 80 97 1 0.0183 0.0934 0.0254
143 80 98 1 0.0238 0.108 0.0286
144 80 99 1 0.0454 0.206 0.0546
145 92 100 1 0.0648 0.295 0.0472
146 94 100 1 0.0178 0.058 0.0604
147 95 96 1 0.0171 0.0547 0.01474
148 96 97 1 0.0173 0.0885 0.024

149 98 100 1 0.0397 0.179 0.0476
150 99 100 1 0.018 0.0813 0.0216




105 Appendix

151 100 101 1 0.0277 0.1262 0.0328
152 92 102 1 0.0123 0.0559 0.01464
153 101 102 1 0.0246 0.112 0.0294
154 100 103 1 0.016 0.0525 0.0536
155 100 104 1 0.0451 0.204 0.0541
156 103 104 1 0.0466 0.1584 0.0407
157 103 105 1 0.0535 0.1625 0.0408
158 100 106 1 0.0605 0.229 0.062

159 104 105 1 0.00994 0.0378 0.00986
160 105 106 1 0.014 0.0547 0.01434
161 105 107 1 0.053 0.183 0.0472
162 105 108 1 0.0261 0.0703 0.01844
163 106 107 1 0.053 0.183 0.0472
164 108 109 1 0.0105 0.0288 0.0076
165 103 110 1 0.03906 0.1813 0.0461
166 109 110 1 0.0278 0.0762 0.0202
167 110 111 1 0.022 0.0755 0.02

168 110 112 1 0.0247 0.064 0.062

169 17 113 1 0.00913 0.0301 0.00768
170 32 113 1 0.0615 0.203 0.0518
171 32 114 1 0.0135 0.0612 0.01628
172 27 115 1 0.0164 0.0741 0.01972
173 114 115 1 0.0023 0.0104 0.00276
174 68 116 1 0.00034 0.00405 0.164

175 12 117 1 0.0329 0.14 0.0358
176 75 118 1 0.0145 0.0481 0.01198
177 76 118 1 0.0164 0.0544 0.01356
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Table A-1.3 Transformer tap changing data

Transformer No. From Bus To Bus Circuit ID  Tap setting
1 8 5 1 0.985
2 26 25 1 0.96
3 30 17 1 0.96
4 38 37 1 0.935
5 63 59 1 0.96
6 64 61 1 0.985
7 65 66 1 0.935
8 68 69 1 0.935
9 81 80 1 0.935

Table A-1.4 Shunt data of IEEE 118 bus system

Bus No. Shunt value in p.u.

5 -0.400
34 0.140
37 -0.250
44 0.100
45 0.100
46 0.100
48 0.150
74 0.120
79 0.200
82 0.200
83 0.100
105 0.200
107 0.060
110 0.060

The network transmission lines and transformer data for IEEE 118 bus system are presented
in Table A-1.2 and Table A-1.3 respectively. The shunt parameters for IEEE 118 bus system

is provided in Table A-1.4.



